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Abstract 
 

Atherosclerosis and chronic obstructive pulmonary disease (COPD) are among the 

leading causes of death and their incidences are increasing worldwide. There is a 

common risk factor for the two diseases as both are strongly associated with smoking. 

Several pathogenic mechanisms have been proposed, such as infection and inflammation 

for both diseases and dyslipidemia for atherosclerosis. However, the actual processes 

leading to the diseases are not very clear especially since none of the mechanisms 

suggested can explain the risk from smoking. We propose a simple logical hypothesis for 

these diseases, which includes all known risk factors as well as the previously proposed 

mechanisms: The diseases are caused by the anatomical and physiological weakness of 

the nutritive microvasculature, leading to hypoxia up to severe anoxia in the smooth 

muscle cells of the target organ. In the bronchi and arterial walls, smooth muscle cells 

contract rhythmically according to heart beat or breathing rhythm leading to high rates  

of oxygen consumption. Hypoxia induced by prolonged vasoconstriction (caused  

by nicotine or other vasoconstrictors) of the arterioles feeding the microvessels of the 

smooth muscles leads to inflammation of the capillary endothelium as well as the smooth 

muscle cells. The hypoxia and inflammation increase the permeability of the endo-
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thelium, which then allows large particles such as cholesterol and bacteria to invade the 

tunica media of arteries and bronchiolar walls. Hypoxia also leads to prolonged 

contraction of the smooth muscles. Furthermore, it causes neoangiogenesis in the walls of 

both systems, which may improve nutrition and reduce cholesterol accumulation in 

atherosclerosis but also has harmful effects. In COPD, the increased vascular volume 

causes thickening of the wall, which increases bronchiolar resistance and results in air 

trapping in the alveoli, contributing to the pathogenesis of airway obstruction. 

 

 

Introduction 
 

The World Health Organization (WHO) reported this year that chronic obstructive 

pulmonary disease (COPD) ranked 4
th
 among global causes of death (5.8% of deaths). This 

disease is common among smokers; it has been found in every third smoker over 50 years  

of age and in every second smoker over 70. The disease is progressive leading finally to 

incurable emphysema. Coronary heart disease (atherosclerosis of the coronary arteries) is the 

leading cause of death in western countries. The age-standardized death rate from coronary 

heart disease is 80.5 per 100,000 people. An important reason to evaluate the mechanisms of 

COPD and atherosclerosis together is their remarkable comorbid association (Bursi et al. 

2010; Coulson et al. 2010; Couillard et al. 2010; Sinden and Stockley 2010). 

There are two phenotypes of COPD (also known as chronic obstructive lung disease, 

COLD, chronic obstructive airway disease, COAD, chronic airway limitation, CAL or 

chronic obstructive respiratory disease, CORD). Bronchial COPD is characterized by chronic 

bronchitis, whereas the other type leads to emphysema. Long-term smoking is the major 

etiological factor in COPD, but the underlying pathogenic mechanisms have not been fully 

elucidated. Other risk factors include long-term exposure to industrial dust and chemicals as 

well as genetic factors (Eisner et al. 2010), which may determine the smokers who are more 

likely to get COPD. The chemical components of cigarette smoke that irritate the ciliary 

epithelium of the bronchial tree have been proposed to initiate an inflammatory reaction 

leading to COPD; however, less attention has been paid to the role of nicotine. In a recent 

study, both tobacco smoke and to a lesser degree nicotine caused relaxation of the bronchiolar 

smooth muscle (Streck et al. 2010), which, in fact, would facilitate air flow (in contrast to 

what is expected). The effect of smoking on blood circulation was not studied. 

Cigarette smoking is also a risk factor for atherosclerosis, but there are several other risk 

factors for coronary disease such as hypertension, stress, dyslipidemia, low physical activity, 

male gender, obesity and diabetes mellitus. The dominant theory for the development of 

atherosclerosis is the cholesterol-dyslipidemia theory (Brown and Goldstein 1986). There is 

also evidence supporting the inflammatory (Ross 1999) and bacterial infection (Epstein et al. 

1999) theories. In our recent study (Tuohimaa and Jarvilehto 2010), we concluded that the 

known risk or preventive factors of atherosclerosis do not completely support the cholesterol 

theory, but all are in agreement with functional hypoxia of the vasa vasorum (Jarvilehto and 

Tuohimaa 2009). 
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Microvasculature of the Bronchial Tree and the Coronary Arteries 
 

Bronchial vessels originate from the aorta or intercostal arteries, entering the lung at the 

hilum and branching at the main stem bronchus to supply the lower trachea, extrapulmonary 

airways, and supporting structures; this fraction of the bronchial vasculature drains into the 

right heart via systemic veins. Bronchial vessels also supply the intrapulmonary airways as far 

as the level of the terminal bronchioles where they form extensive anastomoses with the 

pulmonary vasculature; this systemic-to-pulmonary blood drains via the pulmonary veins to 

the left heart (Baile 1996). The terminal bronchioles are the last part of the respiratory airway 

supplied by the vasa nutritia and therefore they are especially vulnerable to hypoxia, as shown 

in Figure 23.1. The bronchiolar vasa nutritia as well as the vasa vasorum are functionally end 

arteries. The bronchial vasculature consists of a continuous dense network of subepithelial 

capillaries that converge to form venules extending to a deeper plexus of larger venules on the 

adventitial side of the smooth muscle. The branches of small arteroli (vasa nutritia) form a 

plexus on the adventitial side of the smooth muscle layer. The two capillary plexuses supply 

oxygen and nutrients to the smooth muscle and epithelium, both of which are metabolically 

very active. The innervation is under the control of vasodilatory parasympathetic nerves that 

release acetylcholine and vasoactive intestinal polypeptide, vasoconstrictor sympathetic 

nerves that release norepinephrine and neuropeptide Y, and sensory nerves that release 

substance P, neurokinin A, and calcitonin gene-related peptide. Mechanical factors such as 

downstream pressure and alveolar pressure also influence the distribution of blood flow 

through the tracheal bronchial vasculature (Baile 1996). The critical areas of oxygen supply 

are the smooth muscle layer, which contracts rhythmically with breathing, and the epithelium 

because of its secretory activity. 

 

 

Figure 23.1. Anatomy of the vasa nutritia at the terminal bronchioli. The terminal branches are 

functionally end arteries forming the adventitial and intimal capillary plexuses, which are connected 

with alveolar capillaries and the vena pulmonalis. Hypoxia (blue color) develops in the terminal 

bronchioles owing to vasoconstriction of the vasa nutritia. 
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Microvessels (vasa vasorum) in the walls of coronary and other arteries originate from 

the concave side of the upstream arterial branch (external vasa vasorum) (Figure 23.2). The 

external branches form a tight plexus on the adventitial side of the smooth muscle layer 

(Galili et al. 2004). They supply oxygen and nutrients to the media (smooth muscle layer). 

The intima obtains its oxygen supply directly from the lumen of the main artery. Few direct 

arterial branches from the lumen of the main artery penetrate into the wall (internal vasa 

vasorum). The innervation of the vasa vasorum is similar to that of the vasa nutritia in the 

bronchioli. The systolic blood pressure wave and the systolic and diastolic blood pressures 

influence blood flow in the vasa vasorum. The critical area of oxygen supply seems to be the 

smooth muscle layer of the arterial branching area, as depicted in Figure 23.2, because the 

arteries are functionally end arteries and their blood flow is reversed (Jarvilehto and 

Tuohimaa 2009). Smooth muscle contracts rhythmically with the heartbeat and needs high 

oxygen supply, so even a small constriction of the vasa vasorum may lead to hypoxia. 

 

 

Figure 23.2. Anatomy of the external vasa vasorum and development of atherosclerosis. The most 

vulnerable site is the branching area, where atherosclerosis is initiated and the arterial supply has a 

reversed flow. Branches of the vasa vasorum are functionally end arteries, although they supply rich 

capillary plexuses on the smooth muscle. Hypoxia begins at the arterial branching site and causes 

inflammation. Different phases are shown: (A) hypoxia and inflammation characterized by contraction 

of the vasa vasorum, and damaged capillary endothelium; (B) development of atheroma characterized 

by the accumulation of large particles (LDL-cholesterol, HDL-cholesterol, lipids, cholesterol esters, and 

bacteria). This phase leads to an osmotic edema, reduced blood flow in the main artery and 

calcification; (C) atheroma rupture and thrombosis caused by increased pressure in the tunica media; 

damaged arterial endothelium. 
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Hypothesis 
 

Functional Hypoxia in Microvessels May Initiate the Pathogenesis  

of COPD and Atherosclerosis 
 

The pathogenesis of COPD is not clearly understood. It has been proposed that chemical 

compounds as well as the particles in cigarette smoke and dust inhibit ciliary movements and 

cause inflammation in the sub-epithelial intima (Cornwell et al. 2010; Criner and Celli 2010). 

The reduced ciliary activity causes an accumulation of mucus in the airway. The inflame-

mation is followed by neovascularization (Walters et al. 2008), which leads to a remodeling 

and narrowing of the lumen of the terminal bronchioli (Zanini et al. 2010). Here we propose 

an alternative sequence of events, beginning with a decrease in blood flow in the vasa nutritia 

and hypoxia of bronchiolar smooth muscle layer (media). We also extend this simple model 

to the pathogenesis of atherosclerosis. 

According to this model, the initial stage of both diseases is mild or severe hypoxia of the 

smooth muscle cells of either the arteriolar or the bronchiolar wall. In both systems, the 

smooth muscle cell layer contracts rhythmically (with the heartbeat or breathing rhythm). 

Hypoxia can be induced by prolonged vasoconstriction in arterioles feeding the micro-

vasculature of the smooth muscle layer, leading to injury and prolonged contraction of muscle 

cells. Hypoxia may also progress to a severe anoxia leading to regional inflammation. The 

hypoxically injured endothelia become more permeable, allowing large particles such as 

LDL- and HDL-cholesterol, bacteria etc. to invade the tunica media of the arteries as well as 

the walls of the bronchioles. In arteries, the cholesterol particles and bacteria accumulate 

(Renko et al. 2008), since the intact endothelium of the main artery does not allow secretion 

or exudation. The inflammatory reaction will lead to breakdown of the HDL and LDL 

particles, liberating cholesterol esters, which are water insoluble and accumulate in the media-

intima. In bronchioli, cholesterol esters increase the osmotic pressure and thereby the volume 

of the interstitial tissue. Lipid/cholesterol metabolism seems to play an important role in 

inflammatory responses in the bronchi (Baldan et al. 2008), and the metabolites increase the 

osmotic pressure within the bronchial wall leading to edema (Wilson and Hii 2006). 

Cholesterol particles may also be transferred into the bronchial lumen via exudation 

(Hincman et al. 1990). The excreted/secreted cholesterol esters in the lumen may reduce the 

activity of the lung surfactant by binding to its lipophilic groups, thus promoting the 

development of emphysema. The hypoxia as well as inflammation may also cause 

angiogenesis in the walls of both systems, which may improve circulation and nutrition, but 

at the same time leads to the thickening of the wall, which further reduces the lumen of the 

artery or bronchiole. This consequently reduces blood flow in the vasa vasorum and vasa 

nutritia, creating a vicious circle with progressive injury. In the lung, progressive airflow 

obstruction ensues. Figure 23.3 illustrates schematically the similarities and differences 

between these two diseases. 
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Discussion 
 

Chronic inflammatory pulmonary diseases such as COPD and asthma are highly 

prevalent and constitute a major health burden worldwide. Despite a wealth of biological and 

clinical information on normal and pathological airway structure and function, the primary 

causes and mechanisms of these diseases remain to a large extent unknown, preventing the 

development of more efficient diagnosis and treatment (Auffray et al. 2010). COPD is 

characterized by an abnormal, persistent inflammatory response to noxious environmental 

stimuli, most commonly cigarette smoke. Although cigarette smoking elicits airway 

inflammation in all of those who smoke, persistent inflammation and clinically significant 

COPD occur in only a minority.  

The pathogenesis of COPD involves the recruitment and regulation of neutrophils, 

macrophages, and lymphocytes to the lung, as well as the induction of oxidative stress, all of 

which result in lung parenchymal destruction and airway remodeling (Cornwell et al. 2010). 

The epithelial inflammation hypothesis does not explain why COPD progresses even after 

smoking cessation, nor does it explain why the terminal bronchioli are the most vulnerable 

site; if epithelial inflammation were the origin of the disease, smoking would affect all parts 

of the respiratory tract equally.  

Our hypothesis on the microvascular origin of COPD can better explain the initiation and 

progression of the disease. The most important factor in cigarette smoke is nicotine, which is 

a bronchodilator but is strongly vasoconstrictive in the peripheral arteries. Vasoconstriction of 

the vasa nutritia will lead to hypoxia especially within the smooth muscle layer, but also in 

the metabolically active ciliary epithelium.  

Such hypoxia will cause prolonged smooth muscle contraction, increasing oxygen 

consumption and compressing the capillaries. This vicious circle continues even after 

cessation of smoking. Use of nicotine chewing gum instead of smoking would sustain the 

vicious circle. 

 

Table 1. Risk and protective factors in atherosclerosis and their vascular effects 

 

Risk factor (Vasoconstrictor) Reference 

Nicotine Rahman and Laher 2007 

Obesity Reaven 1994 

Stress Rozanski et al. 1999 

Hypertension Touyz and Schiffrin 2003 

Apnea Drager et al. 2008 

Protective factor (Vasodilatator) Reference 

Estrogen Cruz et al. 2008 

Vitamin D Zittermann and Koerfer 2008 

Phys. Exercise Roberts et al. 2007 

Alcohol Deng and Deitrich 2007 

Statins Veillard and Mach 2002  

 

 

 

 



A Unified Hypothesis for the Pathogenesis … 373 

 

Figure 23.3. A schematic presentation of the three phases of pathogenesis of COPD and atherosclerosis. 

Both diseases begin with vasoconstriction of the vasa nutritia or vasa vasorum. This leads to hypoxia, 

which may develop to severe anoxia and tissue injury. Hypoxia will cause prolonged smooth muscle 

contraction, which will cause increased oxygen consumption leading to a vicious circle. Tissue damage 

will cause increased permeability of the capillaries and extravasation of HDL- and LDL-particles. 

Cholesterol is esterified. Intercellular edema will be a consequence of increased osmolarity. Cholesterol 

esters accumulate focally in atherosclerosis, whereas, in COPD, cholesterol esters are excreted/secreted 

into the lumen, where they can bind to the surfactant molecules, beginning the pathological process 

leading to emphysema. 

The bronchial vasculature is the systemic arterial blood supply to the lung. Although 

small relative to the pulmonary vessels, it serves important functions and is modified in a 

variety of pulmonary and airway diseases. Congestion of the bronchial vasculature seems to 

narrow the airway lumen in inflammatory airway diseases, and formation of new bronchial 

vessels (angiogenesis) is implicated in the pathology of a variety of chronic inflammatory, 

infectious and ischemic pulmonary diseases. The remarkable ability of the bronchial 

vasculature to remodel has implications for the pathogenesis and especially for the 

progression of COPD (Charan et al. 1997). Although the role of microvessels in the 

progression of COPD has been recognized, it has been seen as secondary to inflammation. 

Our hypothesis proposes a new order of events beginning from a functional hypoxia, which is 

a strong stimulator of neovasculogenesis. 

The bronchial circulation, like the pulmonary circulation, is subject to the mechanical 

effects of lung inflation with each breath. Lung inflation decreases bronchial blood flow in all 

species studied because of changes in both lung volume and intra-pulmonary pressure. With 

this reduction of flow there is a relative increase in the proportion of bronchial blood flow 

drained from the lung through the systemic veins. These changes are probably due to purely 

mechanical effects on the systemic-to-pulmonary anastomotic bronchial blood vessels, with 
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both compression and stretching of the vessels (Deffebach 1990). Similarly, in coronary 

artery walls, the circulation is highly dependent on the heartbeat and the wave of systolic 

pressure, which compresses the microvessels especially in the arterial branching areas. Thus, 

the anatomical sites of both COPD and atherosclerosis strongly support the microvessel 

origin hypothesis. 

Angiogenesis is a prominent feature of structural tissue remodeling that occurs in the 

chronic airway diseases of asthma, bronchiolitis obliterans syndrome (BOS, post-lung 

transplantation), and smoking-related chronic obstructive pulmonary disease (COPD). The 

hypervascular changes secondary to inflammation are regarded as a mechanism of 

pathogenesis of these diseases (Walters et al. 2008). In asthma, the microvasculature has been 

shown from early post-mortem series to contribute to airway-wall thickening and edema 

(Wilson and Hii, 2006). Inflammation seems to induce production of vascular endothelial 

growth factor (VEGF) (Zanini et al. 2010), but hypoxia is also known to enhance VEGF 

synthesis. According to our hypothesis, hypoxia or anoxia initiates VEGF production as well 

as inflammation. There is strong evidence to suggest that local production of VEGF and its 

receptor system is a major driver of angiogenesis in the airway component of COPD, though 

paradoxically emphysema seems to be due to lack of VEGF in the lung parenchyma (Walters 

et al. 2008). In terms of therapy, evidence for the effectiveness of anti-angiogenic treatment is 

strongest for inhaled corticosteroids (ICS) and long-acting beta-agonists (LABA) in asthma 

(Bergeron and Boulet 2006). According to our hypothesis, drugs that cause vasodilatation in 

the peripheral arteries would be most successful. They would prevent the earliest phase of 

COPD. Unfortunately, there are no useful direct peripheral vasodilators, because they cause a 

serious orthostatic hypotonia. Therefore development of new vasodilatory drugs is needed, 

which might be useful for preventing COPD and atherosclerosis. Statins and vitamin D have 

weak vasodilatatory properties and they are potential prophylactic drugs (Veillard and Mach 

2002; Zittermann and Koerfer 2008). 

Female gender is associated with reduction of lung function and more severe disease in 

subjects with COPD with early onset of disease or low smoking exposure (Sorheim et al. 

2010). The reason for the gender difference is unknown, but there could be a sex difference in 

the microvessels, which are known being regulated by sex steroids (Verhave and Siegert 

2010). 

It is interesting that vitamin D may play a role in the development of both diseases. It is 

necessary for the calcification of atherosclerotic plaques (Verhave and Siegert 2010). Vitamin 

D deficiency is associated with increased carotid artery atherosclerosis (Carrelli et al. 2011). 

Genetic polymorphism of the vitamin-D-binding protein (VDBP-1F homozygosity) gene is 

considered a candidate for explaining the variation in susceptibility to COPD, whereas 

VDBP-2 has a protective effect in the Chinese Han population (Shen et al. 2010). 

Finally, the known risk and protective factors strongly support our microvascular theory. 

Table 1 demonstrates that all risk factors for atherosclerosis (except hypercholesterolemia) 

cause vasoconstriction, but only obesity may influence serum cholesterol concentration 

(Tuohimaa and Järvilehto 2010). In contrast, all protective factors for atherosclerosis are 

associated with vasodilatation, but they are variably associated with serum cholesterol 

(Tuohimaa and Järvilehto 2010). There is only one clearly verified risk factor for COPD, 

cigarette smoking, which is known for its vasoconstrictive effect. 
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Conclusion 
 

The pathogenesis of COPD is complex and not fully understood. The chemical 

components of cigarette smoke are known to depress ciliary activity so mucus clearance from 

the lower respiratory tract is impaired. There are several factors that affect expiration: edema 

of the terminal bronchioles, prolonged muscle contraction, neovascularization and poor 

mucus removal. Inflammation of the terminal bronchus degrades LDL and HDL particles to 

cholesterol esters, which are insoluble in water and increase the osmotic pressure in the 

intima and media layers leading to edema. In contrast to the arteries, where the endothelial 

barrier is tight, cholesterol esters do not accumulate in the intima of bronchioles but enter the 

lumen (Hincman et al. 1990). In the bronchiolar and alveolar lumen, cholesterol esters bind to 

surfactant molecules. The surfactant is a complex mixture of phospholipids, proteins, neutral 

lipids, carbohydrates and minor constituents including cholesterol and its esters (Frosolono et 

al. 1970). The surface tension of the surfactant varies with its content (Hills 1999; Ingenito et 

al. 2005). The putative inhibition of surfactant activity by increased levels of cholesterol 

esters may lead to emphysema. The role of the surfactant in the pathogenesis of emphysema 

is not well studied or has been entirely ignored (Ingenito et al. 2005), but our hypothesis 

recommends a closer look at this aspect. 
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