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Introduction

Vascular endothelial growth factor (VEGF), a soluble heparin binding glycoprotein, is a cytokine with potent angiogenic properties, enhancing vascular permeability and modulating thrombogenicity [START_REF] Ferrara | Molecular and biological properties of vascular endothelial growth factor[END_REF]. VEGF further serves as an endothelial cell survival factor, protecting endothelial cells against apoptosis and delaying endothelial cell senescence [START_REF] Gerber | Vascular endothelial growth factor induces expression of the antiapoptotic proteins BCL-2 and A1 in vascular endothelial cells[END_REF]. The biological properties of VEGF have led to interest in its role within the lung in both health [START_REF] Kaner | Compartmentalization of vascular endothelial growth factor to the epithelial surface of the human lung[END_REF] and disease [START_REF] Thicket | Vascular endothelial growth factor may contribute to increased vascular permeability in acute respiratory distress syndrome[END_REF]. In fact recent studies have suggested that the expression of VEGF in lung tissue obtained from patients with chronic obstructive pulmonary disease (COPD) may play a role in the pathogenesis of the disease [START_REF] Kasahara | Endothelial cell death and decreased expression of vascular endothelial growth factor and vascular endothelial growth factor receptor 2 in emphysema[END_REF][START_REF] Kranenburg | Enhanced bronchial expression of vascular endothelial growth factor and receptors (Flk-1 and Flt-1) in patients with chronic obstructive pulmonary disease[END_REF]. Kasahara and colleagues [START_REF] Kasahara | Endothelial cell death and decreased expression of vascular endothelial growth factor and vascular endothelial growth factor receptor 2 in emphysema[END_REF] have shown that VEGF protein expression is reduced in lung specimens obtained from patients with emphysematous type of COPD. The authors have suggested that the absence of VEGF, which is a trophic factor for endothelial cells, contributes to the development of emphysema. In consistency with these findings, Kanazawa et al. [START_REF] Kanazawa | Possible effects of vascular endothelial growth factor in the pathogenesis of chronic obstructive pulmonary disease[END_REF] observed a positive relationship between VEGF concentrations in induced sputum samples and FEV1 in patients with stable COPD.

Over the last few years VEGF levels have also been measured in the peripheral circulation as a biomarker of neovascularization and/or vascular remodeling. Several studies reported increased circulating VEGF levels in conditions in which tissue hypoxia and/or inflammation are critical, such as coronary heart disease [START_REF] Soeki | Serial changes in serum VEGF and HGF in patients with acute myocardial infarction[END_REF], sepsis [START_REF] Van Der Flier | Plasma vascular endothelial growth factor in severe sepsis[END_REF], cancer [START_REF] Li | Correlation of serum VEGF levels with clinical stage, therapy efficacy, tumor metastasis and patient survival in ovarian cancer[END_REF], and rheumatoid diseases [11]. Furthermore, there is cumulating evidence that circulating VEGF levels have prognostic significance particularly in cardiovascular disease [START_REF] Heeschen | Prognostic significance of angiogenic growth factor serum levels in patients with acute coronary syndromes[END_REF], which could provide a mechanism to link the association between inflammation and promotion of cardiovascular disease. Both hypoxia and inflammation are also relevant to COPD. Thus the aims of the present study were threefold: 1. to determine circulating levels of VEGF and systemic inflammation in patients with COPD and appropriate controls 2. to assess the effects of acute deteriorations of respiratory health in COPD on circulating VEGF and systemic inflammatory markers during and after recovery from an acute exacerbation of COPD and 3.

to assess the relationship between markers of systemic inflammation, hypoxemia, and lung function parameters with circulating VEGF levels in both stable and exacerbed COPD.

Patient characteristics

The characteristics of patients and controls are summarized in Table 1. The groups were wellmatched with respect to age, gender, and BMI. By definition lung function parameters were normal in controls and significantly reduced in patients with COPD. There was no significant difference in the proportion of patients with oxygen therapy, hypertension, inhaled bronchodilator or corticosteroid use between patients with exacerbated and those with stable COPD. Mean (SD) duration of hospitalisation for patients with exacerbated COPD was 10.6 (3.7) days.

VEGF measurements

Coefficients of variation of the duplicate analyses of ELISA were generally less than 5%. The (median [IQR]) serum concentration of VEGF (359 [201-639] pg/ml) was significantly higher (p < 0.001) than the corresponding concentration of VEGFprp (178 [90-302] pg/ml), despite a higher platelet count in the latter (432 [350-591] platelets × 10 3 /μL of PRP versus 251 [202-309] platelets × 10 3 /μL of serum; p < 0.01). There was a significant correlation between VEGFser and VEGFprp (r = 0.681; p < 0.001), and between VEGFser and VEGFppp (r = 0.474; p < 0.01). Correlations did not change significantly when the data from the control subjects was subtracted.

Circulating VEGF and systemic inflammatory markers in the study groups

The groups were well-matched with respect to hemoglobin concentrations and platelet count (Table 2). Overall, VEGF levels were significantly higher (p < 0.01) in patients with acute exacerbated than in patients with stable COPD or controls with normal lung function. These findings were paralleled by an elevation in CRP, peripheral blood neutrophil cell count (PBNC), and circulating IL-6 levels in patients with exacerbated COPD. Fibrinogen levels were significantly higher in patients with COPD compared to controls (p < 0.01 for both), with no significant difference between stable and exacerbated patients. There were no statistically significant differences in TNF-α concentrations between the groups.

Circulating VEGF and systemic inflammation at clinical recovery

There was a significant reduction in VEGFser levels from 602 [457-883] during acute exacerbation to 490 [378-699] pg/ml (p = 0.032) six weeks after hospital discharge (Figure 1). There was a similar decrease in VEGFprp and VEGFppp levels (data not shown). The

Discussion

This study has investigated circulating levels of VEGF and markers of systemic inflammation in carefully selected patients with stable COPD, patients with acute exacerbated COPD, and age, weight and gender matched controls with normal lung function.

The origin of circulating VEGF:

Platelets have been proposed as the major source for circulating VEGF [START_REF] Gunsilius | Thrombocytes are the major source for soluble vascular endothelial growth factor in peripheral blood[END_REF]. VEGF is released from platelets during blood clotting [START_REF] Webb | Vascular endothelial growth factor (VEGF) is released from platelets during blood clotting: implications for measurement of circulating VEGF levels in clinical disease[END_REF], hemostatic plug formation [START_REF] Weltermann | Large amounts of vascular endothelial growth factor at the site of hemostatic plug formation in vivo[END_REF], and in response to inflammatory stimuli [START_REF] Caine | Platelet activation, coagulation and angiogenesis in breast and prostate carcinoma[END_REF]. VEGFser concentrations in the present report, however, were significantly higher than VEGFprp levels, despite a higher platelet count in the latter. These findings, suggest that in addition to platelets, a further VEGF pool exists in serum that cannot be explained by platelet activation alone. In a previous report from our laboratory, Mittermayer et al. [START_REF] Mittermayer | Marked increase in vascular endothelial growth factor concentrations during Escherichia coli endotoxin-induced acute inflammation in humans[END_REF] observed a significant increase in circulating VEGF levels in healthy volunteers after experimentally induced systemic inflammation. VEGF levels in that report were related to markers of neutrophil activation rather than clot formation, suggesting a mechanism of VEGF release different from that of the coagulation cascade. There is cumulating evidence that neutrophils contribute to circulating VEGF [START_REF] Gaudry | Intracellular pool of vascular endothelial growth factor in human neutrophils[END_REF]22]. According to Kusumanto and co-workers [22] approximately 60% of total circulating VEGF resides in neutrophils, whereas only 34% resides in platelets. Although we have not assessed the relative contribution of neutrophils to VEGF liberation into circulation, we observed a strong relationship between VEGFser levels and PBNC, which may support a role for neutrophils in blood-borne VEGF. In disease conditions, the amount of neutrophil-derived VEGF may further increase. Neutrophils may secrete VEGF in response to acute inflammatory stimuli associated with viral [START_REF] Ghildyal | Rhinovirus infects primary human airway fibroblasts and induces a neutrophil chemokine and a permeability factor[END_REF] and bacterial infections [START_REF] Van Der Flier | Streptococcus pneumoniae induces secretion of vascular endothelial growth factor by human neutrophils[END_REF], which are frequently associated with exacerbations of COPD.

Vascular endothelial growth factor in patients with COPD VEGF is a potent mediator of angiogenesis, which has multiple effects in lung development and physiology. An increasing number of reports suggest an important role for VEGF in the pathogenesis of COPD [START_REF] Kasahara | Endothelial cell death and decreased expression of vascular endothelial growth factor and vascular endothelial growth factor receptor 2 in emphysema[END_REF][START_REF] Kranenburg | Enhanced bronchial expression of vascular endothelial growth factor and receptors (Flk-1 and Flt-1) in patients with chronic obstructive pulmonary disease[END_REF][START_REF] Kanazawa | Possible effects of vascular endothelial growth factor in the pathogenesis of chronic obstructive pulmonary disease[END_REF]. Kasahara and co-workers [START_REF] Kasahara | Inhibition of VEGF receptors causes lung cell apoptosis and emphysema[END_REF] previously demonstrated that blockade of the VEGF receptor in rats resulted in emphysema via induction of alveolar septal cell apoptosis. Kanazawa and co-workers [START_REF] Kanazawa | Possible effects of vascular endothelial growth factor in the pathogenesis of chronic obstructive pulmonary disease[END_REF] Few recent studies also investigated circulating VEGF levels in patients with COPD [START_REF] Hurst | Use of plasma biomarkers at exacerbation of chronic obstructive pulmonary disease[END_REF][START_REF] Cheng | Increased expression of placenta growth factor in chronic obstructive pulmonary disease[END_REF][START_REF] Aldonyte | Analysis of systemic biomarkers in COPD patients[END_REF][START_REF] Kierszniewska-Stepien | Serum vascular endothelial growth factor and its receptor level in patients with chronic obstructive pulmonary disease[END_REF]. The range of VEGFser concentrations observed in our study population are comparable to those of previously published reports [START_REF] Cheng | Increased expression of placenta growth factor in chronic obstructive pulmonary disease[END_REF][START_REF] Aldonyte | Analysis of systemic biomarkers in COPD patients[END_REF]. Consistent with our findings, Cheng et al [START_REF] Cheng | Increased expression of placenta growth factor in chronic obstructive pulmonary disease[END_REF] have recently shown no significant differences in circulating VEGF concentrations between patients with stable moderate to severe COPD (FEV1% pred 47 ± 16%; VEGFser 282 ± 13pg/ml) and matched controls (VEGFser 318 ± 19pg/ml) without airflow obstruction. Kierszniewska-Stepien and co-workers [START_REF] Kierszniewska-Stepien | Serum vascular endothelial growth factor and its receptor level in patients with chronic obstructive pulmonary disease[END_REF] similarly reported no significant differences in VEGFser between controls and stable patients with severe COPD, however, the authors observed overall higher VEGFser levels in patients with mild COPD.

The latter findings suggest differential VEGF expression at different levels of disease severity. This hypothesis is further supported by the significant positive relationship between VEGFser levels and FEV1 observed in our report. Although it has yet to be determined whether VEGF concentrations in the blood mirror expressions of the cytokine in induced sputum samples, our findings may suggest a similar association between VEGF concentrations and airflow obstruction in patients with emphysematous type of COPD as reported previously [START_REF] Kanazawa | Possible effects of vascular endothelial growth factor in the pathogenesis of chronic obstructive pulmonary disease[END_REF].

Compared to stable COPD, patients with acute exacerbated COPD in the present report demonstrated higher circulating concentrations of VEGF and increased systemic inflammation. We furthermore observed a significant relationship between markers of systemic inflammation, such as c-reactive protein, interleukin-6 and fibrinogen, with VEGFser levels in acute exacerbated COPD.

Low grade systemic inflammation is common in patients with COPD [START_REF] Gan | Association between chronic obstructive pulmonary disease and systemic inflammation: a systemic review and a meta-analysis[END_REF]. The degree of systemic inflammation associated with COPD tends to increase over time [START_REF] Donaldson | Airway and systemic inflammation and decline in lung function in patients with COPD[END_REF] and is furthermore upregulated during acute exacerbations [START_REF] Hurst | Use of plasma biomarkers at exacerbation of chronic obstructive pulmonary disease[END_REF][START_REF] Wedzicha | Acute exacerbations of chronic obstructive pulmonary disease are accompanied by elevations of plasma fibrinogen and serum IL-6 levels[END_REF]. Systemic inflammation in COPD has been associated with an increased risk of developing CVD [33]. One mechanism for this may be an increase in procoagulatory factors such as IL-6 and fibrinogen, both which have also been linked to VEGF [START_REF] Caine | Platelet activation, coagulation and angiogenesis in breast and prostate carcinoma[END_REF]34,35]. Increased VEGF expression, in turn, may support prothrombotic effects via expression of the plasminogen activator inhibitor, von Willebrand factor, and tissue factor [36,37]. In fact, there is evidence that circulating VEGF levels are elevated in patients with acute coronary syndrome [START_REF] Soeki | Serial changes in serum VEGF and HGF in patients with acute myocardial infarction[END_REF][START_REF] Heeschen | Prognostic significance of angiogenic growth factor serum levels in patients with acute coronary syndromes[END_REF]. In a report by Heeschen [START_REF] Heeschen | Prognostic significance of angiogenic growth factor serum levels in patients with acute coronary syndromes[END_REF], patients with acute myocardial ischemia and serum VEGF levels above 500 pg/ml had the lowest 6-month survival rates. Similarly, Slevin and co-workers A recent report [START_REF] Hurst | Use of plasma biomarkers at exacerbation of chronic obstructive pulmonary disease[END_REF] similarly assessed several circulating biomarkers including VEGF in patients with COPD during a stable state as well during an exacerbation. In contrast to our findings, however, the authors did not observe a significant difference in median plasma VEGF between baseline (0.01 pg/ml) and exacerbation levels (0.01 pg/ml). Several methodological reasons may account for the discrepancy between our findings: 1. The authors have measured only free plasma levels of VEGF, and may therefore have missed to assess the contribution of platelets and neutrophils to circulating VEGF levels. 2. Hurst and co-workers used an antibody microarray to assess 36 different biomarkers in their patients. Compared to conventional ELISA, the former is basically a qualitative exploratory technique with overall lower sensitivity particularly in the low picogramm range, whereas the latter is a more accurate method to specifically quantify protein levels [39,40]. Moreover, the ELISA results in our report were verified by duplicates in all cases. 3. All patients in the present protocol were admitted to hospital because of acute exacerbated COPD, whereas only 3% of the patients studied by Hurst et al. [START_REF] Hurst | Use of plasma biomarkers at exacerbation of chronic obstructive pulmonary disease[END_REF] required hospitalization, indicating differences in exacerbation severity and therefore potential differences in the stimulus for VEGF release between the studies. Finally, we observed that recovery from an exacerbation resulted in a reduction of circulating VEGF levels and systemic inflammatory markers in patients with COPD. Similar results were obtained by McColley et al. [41], who have shown that antibiotic therapy decreased VEGF levels and inflammatory markers in patients with cystic fibrosis. Since all of our patients received systemic steroids and most received antibiotic therapy, we have to acknowledge that we cannot identify the effects of either on VEGF or systemic inflammation. Furthermore the impact of the observed changes in VEGFser levels on patient outcomes has yet to be determined in logitudinal studies.

Potential limitations of the study

On a molecular level hypoxia is an important stimulus for VEGF production [START_REF] Ferrara | Molecular and biological properties of vascular endothelial growth factor[END_REF], however, we did not observe a relationship between circulating VEGF levels and arterial oxygenation in Circulating VEGF in COPD p. 11 our report. In this context it has to be acknowledged that the hypoxic stimulus for VEGF production was diminished, as practically half of the COPD patients were on LTOT. On the other hand, there is experimental evidence that both platelets and neutrophils, the predominant sources of circulating VEGF, do not release VEGF in response to hypoxia [42]. In addition, it has previously been shown that the transcription of VEGF may be inhibited in patients with chronic hypoxia [43]. Thus, we suggest that hypoxemia associated with COPD seems to not be an independent stimulus for circulating VEGF.

We furthermore have to acknowledge that we did not perform echocardiography to rule out pulmonary hypertension, a potential confounder of circulating VEGF levels in patients with COPD. Tanaseanu and colleagues [44] recently reported elevated VEGF plasma concentrations in COPD patients with pulmonary hypertension compared to those without.

Nevertheless, given the close matching of the patient groups and the strong association between changes in systemic inflammation and circulating VEGF levels, it is unlikely that the presence of pulmonary hypertension may have significantly biased our findings.

Conclusions

Our findings suggest up-regulation of systemic inflammation and circulating VEGF levels in patients with acute exacerbated COPD. Given the compelling evidence implicating vascular factors in the pathogenesis of both chronic lung and cardiovascular disease processes, VEGF may be an important factor linking COPD to cardiovascular pathology. 
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 1 Figure 1 -VEGFser concentrations in patients with acute exacerbated COPD at admission and clinical recovery
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