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ABSTRACT  The loss of pulmonary vessels has been shown to be related to the severity of pulmonary
hypertension in patients with chronic obstructive pulmonary disease (COPD). The severity of hypoxaemia
is also related to pulmonary hypertension and pulmonary vascular resistance in these patients, suggesting
that the hypoxic condition probably plays an important role in this form of pulmonary hypertension.

However, pulmonary hypertension also develops in patients with mild COPD without hypoxaemia.
Oxygen supplementation therapy often fails to reverse the pulmonary hypertension in these COPD patients,
thus suggesting that the pulmonary vascular alterations in those patients may involve different sites of the
pulmonary vasculature or a different form of vascular remodelling. It has recently been demonstrated that
pulmonary vascular remodelling, resulting in pulmonary hypertension in COPD patients, can develop
independently from parenchymal destruction and loss of lung vessels.

We wonder whether the changes in the lung microenvironment due to hypoxia and vessel loss have a
causative role in the development of pulmonary hypertension in patients with COPD. Herein we review the
pathobiological features of the pulmonary vasculature in COPD patients and suggest that pulmonary
hypertension can occur with and without emphysematous lung tissue destruction and with and without loss
of lung vessels.
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Introduction

Chronic obstructive pulmonary disease (COPD) is generally acknowledged to be a lung disease that presents
with extrapulmonary manifestations, including skeletal muscle dysfunction, weight loss and osteoporosis
[1]. COPD is characterised by chronic airflow limitation owing to lung parenchymal destruction and a
narrowed airway calibre, frequently associated with alveolar hypoxia [2]. It is generally recognised that a loss
of pulmonary vessels may contribute to secondary pulmonary hypertension in COPD, although its precise
pathogenesis has not been fully elucidated. In truth, diminution and narrowing of the pulmonary vessels by
angiography has been shown in patients with COPD [3, 4], and a diminished number of small pulmonary
vessels, assessed by chest computed tomography (CT) scanning, contributes to the severity of pulmonary
hypertension in patients with COPD [5].
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In addition, the severity of hypoxaemia has been related to the increase in pulmonary arterial pressure
(PAP) and pulmonary vascular resistance in patients with COPD [6, 7]. The 4th World Symposium on
Pulmonary Hypertension classified COPD-related pulmonary hypertension under group 3 “pulmonary
hypertension associated with lung disease and/or hypoxia”, thus indicating that hypoxic conditions play an
important role in this form of pulmonary hypertension [8]. Alveolar hypoxia induces regional pulmonary
vasoconstriction, which plays an important role in the maintenance of the ventilation/perfusion balance
[9, 10]. For instance, in healthy high-altitude natives, long-term alveolar hypoxia can cause pulmonary
vascular alterations, including medial wall thickening and muscularisation of nonmuscularised arterioles
[11]. These are caused by the hypoxic pulmonary vasoconstriction (HPV) associated with high fluid shear
stress (fig. 1). These vascular changes are potentially reversible, because when such subjects return to sea level
for a sufficient amount of time, the shear stress decreases and pulmonary hypertension is ameliorated [12].
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FIGURE 1 A hypothetical mechanism underlying the pulmonary vascular remodelling in highlanders, chronic obstructive pulmonary disease (COPD) patients
and idiopathic pulmonary arterial hypertension (IPAH) patients. In healthy highlanders, long-term alveolar hypoxia can cause pulmonary vascular alterations,
including medial wall thickening and muscularisation of nonmuscularised arterioles with proliferative smooth muscle-like cells (SMLCs). These are caused by the
high fluid shear stress owing to hypoxic pulmonary vasoconstriction (HPV), resulting in an elevated pulmonary arterial pressure. In the patients with COPD,
both vascular injuries caused by toxic agents and airborne particulates, including tobacco smoke, and the haemodynamic changes induced by the hypoxic
condition resulting from the parenchymal destruction and the decreased vascular bed, may have a role in inducing the neointimal lesions consisting of
proliferative SMLCs in the pulmonary muscular arteries. These lesions are different from the pulmonary vascular alterations seen in highlanders and in the
pulmonary hypertension models induced by chronic hypoxic exposure alone. In the patients with IPAH, the defining pulmonary vascular alterations are complex
vascular lesions consisting of phenotypically altered and proliferating endothelial-like cells (ELCs). The distinction between the pathological features in IPAH and
COPD seems to largely be the presence or absence of complex vascular lesions with phenotypically altered and proliferating ELCs. EC: endothelial cell; SMC:
smooth muscle cell.
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It has been reported that the pulmonary vascular remodelling in patients with advanced COPD resembles the
lesions observed in healthy high-altitude natives [13, 14]. However, pulmonary vascular remodelling also
develops in patients with nonhypoxaemic mild COPD [15]. Moreover, oxygen therapy often fails to reverse
the pulmonary hypertension in COPD patients [16], suggesting that the pulmonary vascular remodelling in
those patients includes different components not explained by hypoxic vasoconstriction.

Experimentally, tobacco smoke can cause the development of pulmonary vascular alterations, suggesting
that hypoxia may not be a sufficient explanation for pulmonary arterial remodelling in COPD [17, 18].
These reports suggest that the vascular lesions caused by tobacco smoke were probably different from the
alterations caused by hypoxia. The pulmonary hypertension arising due to pulmonary vascular remodelling
in COPD patients could develop independently from the emphysematous parenchymal destruction and
lung vessel loss. SEIMETZ et al. [17] related the development of pulmonary hypertension and lung vascular
remodelling to the inducible nitric oxide synthase (iNOS) pathway in bone marrow-derived cells, and the
development of emphysema to the iNOS pathway in non-bone marrow-derived cells. FERRER et al. [18]
demonstrated that cigarette smoke-related endothelial dysfunction might induce proliferation of smooth
muscle-like cells (SMLCs), resulting in neointimal lesions in patients with COPD, and that the remodelling
caused by cigarette smoke might be enhanced by hypoxic conditions.

Clinically, MINAT et al. [19] emphasised that most patients with COPD had mild-to-moderate pulmonary
hypertension and normal cardiac function. Severe pulmonary hypertension (defined as mean PAP
>40 mmHg) in COPD patients is rare, and the severity of pulmonary hypertension seems to be
disproportionate to the respiratory impairment [19]. Furthermore, in the COPD patients with mild-to-
moderate hypoxaemia, PAP seems to progress slowly, at a rate of 0.4 mmHg per year [20].

This review asks whether the lung microenvironment of hypoxia and vessel loss plays a causative role in the
development of pulmonary hypertension in patients with COPD. We also wonder why the pulmonary
hypertension in patients with COPD tends to be relatively mild and progresses slowly. As well as what the
differences are in the development of vascular remodelling between pulmonary arterial hypertension (PAH),
as classified under World Health Organization group 1, and pulmonary hypertension associated with COPD.

Herein we review the pathobiological features of the pulmonary vasculature in patients with COPD.

Hypoxic conditions and reverse remodelling in COPD

The destruction of the lung parenchyma and increased airway resistance induced by bronchial luminal
obstruction with mucoid secretions can explain hypoxia in patients with COPD [2]. In hypoxic rodent
models of pulmonary hypertension, the exposure to hypoxic conditions causes media thickening and
muscularisation of nonmuscularised arteries with hyperproliferative smooth muscle cells (SMCs), resulting
in pulmonary hypertension [21-24]. Histologically, features that closely resemble these pulmonary arterial
alterations have been confirmed in the pulmonary vasculature of COPD patients, including lumen
narrowing caused by increased medial thickness and muscularisation in arterioles [13, 14, 25]. This suggests
that COPD patients may share one or several pathophysiological processes underlying the development of
pulmonary vascular remodelling with chronic hypoxia rodent models [21-23]. Moreover, in COPD
patients, pulmonary hypertension is usually slowly progressive and pulmonary hypertension is mild or
moderate [19], as in the rat model [21, 24].

As described previously [23], the vascular lesions consisting of proliferating SMCs may potentially be
reversible as in hypoxic rodent models of pulmonary hypertension, while in severe angio-obliterative forms
of PAH, lesions with phenotypically altered endothelial-like cells (ELCs) are irreversible. Due to the reasons
described above, the vascular lesions in patients with COPD, which share pathophysiological processes with
chronic hypoxia rodent models, may potentially be reversible.

Further confirming the differences between pulmonary vascular lesions, the complex vascular lesions in a
rat model of severe PAH, which is based on the subcutaneous injection of vascular endothelial growth factor
(VEGF) receptor blockade (Sugen5416; SUGEN Inc., San Francisco, CA, USA) and the second hit of
chronic hypoxia [26, 27], have been shown to be irreversible [28]. In fact, the complex vascular lesions in
patients with idiopathic PAH (IPAH) contain apoptosis-resistant [29-31], phenotypically altered and
proliferating [26, 32, 33] and monoclonal endothelial cells [34], resulting in arterial occlusion that may be
irreversible [23, 35]. In IPAH patients, there are some complex vascular lesions, i.e. plexiform lesions, in the
pulmonary vasculature, which are the hallmark of severe PAH. In contrast, most COPD patients do not
have these lesions [6]. This may suggest that clinical features such as the mild-to-moderate pulmonary
hypertension and slow pulmonary hypertension progression in COPD patients are attributable to the
absence of these lesions and the absence of dysregulated ELCs (fig. 1).
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Intimal lesions of the pulmonary vasculature in COPD

Pulmonary vascular remodelling in patients with COPD is also characterised by an increased intimal
thickness due to proliferating SMLCs in pulmonary muscular arteries [25, 36]. This suggests that the intimal
lesions with SMLCs have different pathological features when compared to the pulmonary vascular
alterations seen in the chronic hypoxia pulmonary hypertension models. SMLCs are positive for anti-o-
smooth muscle actin (the SMC-specific marker) and vimentin (the mesenchymal-specific marker), and
negative for desmin (the SMC-specific marker) [37]. The expression pattern of these markers suggests that
they are a subpopulation of immature SMCs that may be critical for effective vascular remodelling [37, 38].
In addition, there is deposition of the extracellular matrix (ECM) in neointimal lesions in COPD patients
[37], which is thought to lead to intimal hypertrophy [39]. However, the neointimal lesions in COPD
patients do not demonstrate any phenotypically altered and proliferating ELCs, which is a different
pathological feature when compared with the neointimal lesions seen in patients with IPAH (fig. 1). In fact,
they occur in lesions in rats after the combination of pneumonectomy, with monocrotaline injection [40-42].
In this particular rodent model, the addition of increased blood flow, i.e. high shear stress caused by
pneumonectomy apparently induces neointimal lesions in the pulmonary arteries [41]. However,
pneumonectomised human patients show only medial thickening of the pulmonary arteries, but no
neointimal lesions several years after the surgery [43]. Taken together, these facts suggest that increased shear
stress in the pulmonary arteries, in combination with vascular injury, can induce neointimal lesions. In truth,
tobacco smoke products may directly cause endothelial cell dysfunction, resulting in impaired release of
endothelial nitric oxide synthase [18], increased expression of VEGF [44], and increased numbers of
inflammatory cells [45]. Moreover, endothelial cell dysfunction-related factors have been shown, in principle,
to be able to affect vascular SMC growth [46].

As mentioned earlier, the development of pulmonary vascular alterations in patients with COPD appears to
be tobacco smoke-induced, independent of hypoxaemia and perhaps independent of lung parenchymal
destruction [17, 18]. This suggests that there may be two types of vascular remodelling in patients with
COPD, i.e. tobacco smoke-related remodelling and hypoxic vasoconstriction-related remodelling. In
fact, pulmonary vascular remodelling also develops in patients with mild COPD who are not typically
hypoxaemic [15]. However, regional hypoxia in nonventilated areas of the lung may be present in COPD
patients [6], suggesting that regional vascular remodelling related to HPV may still exist, even in the absence
of systemic hypoxaemia [47]. In patients with COPD, not only the vascular injury caused by tobacco smoke,
but also the haemodynamic changes induced by HPV, may combine to induce intimal lesions in the
pulmonary arteries consisting of proliferating SMLCs. Supporting this idea, the pulmonary vascular
alterations induced by tobacco smoke in a rodent model are only characterised by muscularisation of
the arterioles, but not increased intimal thickness consisting of proliferative SMLCs in the pulmonary
muscular arteries [17]. Thus multiple “hits”, including both vascular injury and high shear stress, may
be essential for the development of the intimal alterations in the pulmonary muscular arteries of patients
with COPD (fig. 1).

However, so far, no complex vascular lesions consisting of phenotypically altered and proliferating ELCs
have been described in the lungs of patients with COPD (fig. 1).

Oxygen supplementation therapy and lung vessel loss in COPD

As mentioned earlier, some of the components of the pulmonary vascular alterations in COPD patients
include hypoxia-related remodelling, such as medial wall thickening. In fact, hypoxic conditions induce
proliferation of not only medial SMCs [21-24], but also adventitial fibroblasts [48]. Fibroblast proliferation
induces deposition of the ECM in pulmonary vasculature in COPD patients [37], which results in decreased
pulmonary vascular compliance [48].

Although oxygen supplementation therapy does not normalise the remodelled vessels in COPD patients
[16], this therapy has been shown to improve PAP in COPD patients, increasing their exercise capacity and
decreasing the frequency of exacerbations [49]. However, this therapy also reduces the ventilatory drive and
can result in hypercapnia [50]. Therefore, strictly controlled oxygen use with arterial oxygen saturation
measured by pulse oximetry in the 90-92% range is important to avoid hypercapnia [51]. This restricted
oxygen supplementation may be the reason why oxygen therapy often fails to reverse the increased
pulmonary arterial pressure in COPD patients [16]; another reason may be that there is a nonhypoxic
vasoconstriction participating in the pulmonary hypertension of COPD patients.

Studies have shown that people living at high altitude have pulmonary hypertension with reversible medial
wall thickening and muscularisation of nonmuscularised arterioles [11, 12]. Indeed, some components of
pulmonary vascular remodelling in patients with COPD consist of medial wall thickening resembling that in
healthy highlanders [13, 14]. Therefore, if oxygen therapy can increase the oxygen tension in the destroyed
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lung units without causing ventilation/perfusion mismatch, reduced ventilatory drive and hypercapnia (in
patients with COPD), some components of the pulmonary vascular alterations, including medial wall
thickening (i.e. hypoxia-related remodelling), might be reversed.

The pathophysiological factors that lead to an elevated PAP in patients with COPD are compression of
alveolar vessels due to hyperinflation, hypoxia-induced pulmonary vasoconstriction and the obliteration of
the pulmonary vasculature [52]. However, the fact that >60% of the total pulmonary arteries need to be
obliterated or lost for pulmonary hypertension to develop suggests that the destruction of the lung capillary
bed is not a major factor in the development of pulmonary hypertension in patients with mild COPD [53].
Obliteration of the pulmonary vasculature may not be the principal cause of the development of pulmonary
hypertension in the early stages of COPD, but may contribute during the progressive stage of this disease.
Although the loss of pulmonary vessels assessed by chest CT scans has been shown to be closely related to
the severity of pulmonary hypertension in COPD patients [5], the degree of lung vessel loss may be related
to the severity of parenchymal destruction. The pulmonary hypertension may not only be related to lung
vessel loss, but also to the pulmonary vasoconstrictive reactivity and/or the severity of vascular remodelling.

Conclusions

In patients with COPD, vascular injury caused by toxic agents and airborne particulates, including tobacco
smoke, and haemodynamic changes induced by hypoxic conditions resulting from parenchymal destruction
and lung vessel loss are factors that influence regional lung blood flow behaviour. The combination of
vascular injury and high shear stress may result in the formation of neointimal lesions [6, 25, 54], which are
different from the pulmonary vascular alterations seen in highlanders and the pulmonary hypertension
models induced by chronic hypoxia alone (fig. 1).

The distinction between the pathological features of IPAH and COPD is attributable to the presence or absence
of complex vascular lesions which are composed of phenotypically altered and proliferating ELCs (fig. 1).
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