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ABSTRACT 

Diehl, Kyle James (Ph.D., Integrative Physiology) 

ET-1 System Activity, Cardiovascular Disease Risk Factors  

and Pharmacologic Intervention 

Dissertation directed by Professor Christopher A. DeSouza, Ph.D. 

 

Endothelin (ET)-1 is a potent vasoconstrictor peptide produced and released by the 

vascular endothelium.  In combination with the endothelial vasodilator nitric oxide, ET-1 plays a 

central role in the regulation of vascular tone.  In addition to its vasoregulatory actions, there is 

considerable evidence supporting the involvement of ET-1 in the pathogenesis of atherosclerotic 

vascular disease and its associated risk factors, most notably elevated blood pressure.  Nebivolol, 

a third generation beta(β)-blocker with high selectivity for β1-adrenergic receptors, has proven to 

be highly effective in treating hypertension.  A distinguishing feature of nebivolol from other 

beta-blockers is its positive effects on hemodynamic profile, particularly nitric oxide 

bioavailability.  The effects of nebivolol, however, on ET-1-mediated vasoconstrictor tone are 

unclear.  Accordingly, the primary hypotheses associated with this dissertation are: 1) chronic 

nebivolol treatment will reduce ET-1-mediated vasoconstrictor tone in adult humans with 

elevated blood pressure; and 2) reduced ET-1 vasoconstrictor activity contributes to the 

improvement in endothelial vasodilator function associated with nebivolol.  To address these 

hypotheses, we employed a 3-month randomized, double-blind placebo controlled study to 

determine the effects of nebivolol, metoprolol and placebo on ET-1 vasoconstrictor tone in adults 

with suboptimal blood pressure.  Venous occlusion plethysmography was used to measure 

forearm blood flow (FBF) responses to intra-arterial acetylcholine, sodium nitroprusside, and 
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selective and non-selective ET-1 receptor blockade.  FBF responses to acetylcholine were also 

determined with the co-infusion of non-selective ET-1 receptor blockade.  The results of this 

study indicate that although both nebivolol and metoprolol reduced blood pressure to a similar 

extent: 1) nebivolol, but not metoprolol, treatment reduced both ETA and ETB receptor mediated 

ET-1 vasoconstrictor tone in adult humans with elevated blood pressure; and 2) the reduction in 

ET-1-mediated vasoconstrictor tone contributes to the nebivolol-induced enhancement in 

endothelial vasodilator function.  Collectively, these findings demonstrate direct effects of 

nebivolol, independent of reducing blood pressure, on ET-1 system activity.  Diminished ET-1 

system activity represents a favorable pleiotropic effect of chronic nebivolol treatment 

independent of blood pressure lowering.  
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HYPERTENSION AND PREHYPERTENSION 

INTRODUCTION 

Hypertension, defined in humans as a systolic blood pressure (SBP) ≥ 140 mmHg and/or 

diastolic blood pressure (DBP) ≥ 90 mmHg (33), is an epidemic that globally affects ~40% of 

the adult population over the age of 25 (104) and is estimated to be the cause of more than 7.5 

million or ~15% of total deaths per year (130).  Accordingly, hypertension has been deemed the 

most important contributor to the global burden of morbidity and mortality (71).  While 

awareness has grown and pharmacological interventions have continued to evolve to be safer and 

more effective, prevalence of the disease has risen from 600 million people in 1980 to over 1 

billion in 2008 (104), a number expected to exceed 1.5 billion by the year 2025 (89).  These 

statistics are not overly surprising as hypertension is known to be a primarily symptomless 

disease affecting both men and women regardless of age, race, ethnicity, or socioeconomic status 

(130).  Indeed, the risk of becoming hypertensive in developed countries over the course of a 

lifetime currently exceeds 90% (131).  Within the United States, hypertension is the most 

common primary diagnosis, estimated to affect roughly 65 million persons (48) or one third of 

the adult population (142).  Of the 65 million, nearly one-third are not aware that they have the 

disease and of the two-thirds that know of their disease state, only half have their elevated blood 

pressure controlled (207).  Collectively, the aforementioned epidemiological data has placed 

hypertension at the forefront of global health concerns by clinicians, scientists, and economists.   

The impact of hypertension on public health was first realized as a result of large public 

health studies such as the Seven Countries Study (96) and the Framingham Heart Study (92).  

These seminal studies provided insight into associations and risk factors that exist between 

elevated blood pressure and cardiovascular disease (CVD) morbidity and mortality.  The impact 
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of these studies within the medical community resulted in an effort to lower blood pressure in at-

risk individuals through increased public awareness and the development of clinical standards for 

the detection and treatment of elevated blood pressure (134).  Accordingly, advisory committees, 

including the National Heart, Lung, and Blood Institute (NHLBI) and International Hypertension 

Society (ISH), were established by the National Institutes of Health (NIH) and World Health 

Organization (WHO).  These committees were primary contributors that worked cooperatively 

on the United States Joint National Committee (JNC), on the Prevention, Detection, Evaluation, 

and Treatment of High Blood Pressure, a publication that promotes clinical standards for the 

detection and treatment of elevated blood pressure (33, 134).  Indeed, the JNC is continually 

updated based on current observational and clinical studies (134).  For nearly forty years this 

report has acted as the gold standard reference aiding physicians in identification, cardiovascular 

risk assessment, and disease management of patients with elevated blood pressure (134).  

In the original JNC report, published in 1976, definitive categories were assigned to 

blood pressure.  The publication suggested that blood pressure between 140/90 mmHg and 

160/95 mmHg was to be simply monitored and preliminary treatment was not suggested until an 

individual’s blood pressure exceeded 160/95 mmHg (134).  Between the original JNC 1 

publication and the JNC 3 publication, a substantial amount of novel data was published 

regarding health risk, outcomes, and treatment associated with elevated blood pressure.  In 

aggregate, results from such studies provided evidence that persistent blood pressure above 

140/90 mmHg required treatment regardless of age (3, 134).  Accordingly, the JNC 3 

publication, published in 1984, established blood pressure of 140/90 mmHg as the threshold used 

to define hypertension and initiate pharmacologic intervention{Moser, 2006 #1924}.  Of note, 

the definition of blood pressure ≥140/90 mmHg as defining hypertension is one of the only 
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consistent features of the JNC reports over the years.  Further insight from studies such as the 

Systolic Hypertension in the Elderly Program (SHEP) study (3, 134) led to SBP being viewed as 

a more relevant marker of blood pressure associated morbidity and mortality than DBP (93, 134), 

a theme that could not be overlooked in the JNC 6 report, published in 1997.  In addition to a 

greater focus given to SBP, the JNC 6 report redefined the classifications of blood pressure to 

include: optimal (SBP<120 and DBP<80); normal (SBP<130 and DBP<85); high-normal (SBP 

130-139 or DBP 85-89); Stage I hypertension (SBP 140-159 or DBP 90-99); Stage II 

hypertension (SBP<160-179 or DBP 100-109); and Stage III hypertension (SBP>180 or DBP 

>110) (90, 93).  With the seventh and newest publication of the JNC report, Stage II and III as 

well as normal and high-normal blood pressure classifications were consolidated with the normal 

and high-normal classifications being relabeled as “prehypertension” (SBP=120-139 or 

DBP=80-89)(90).  This change resulted from peer-reviewed research demonstrating individuals 

with blood pressure in the prehypertensive range were at a greater risk of experiencing adverse 

cardiovascular consequences, such as myocardial infarction (70, 199).  While prehypertension 

was not defined as a new disease category, the title change was made to bring attention to 

individuals that were in need of careful follow-up and changes in lifestyle, if appropriate (33, 

104, 130, 134).   

 

CARDIOVASCULAR DISEASE RISK AND ELEVATED BLOOD PRESSURE 

Cardiovascular disease is an umbrella term which includes diseases of the heart and 

blood vessels (104, 130).  CVD-associated death represents greater than half of the total deaths 

due to non-communicable diseases worldwide and has overtaken communicable diseases as the 

world’s major disease burden (104, 173).  As the leading cause of death globally, CVD accounts 
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for 17.3 million deaths per year, a number expected to grow to greater than 23.6 million by 2030 

(104).  In addition to mortality statistics, the economic burden CVD is estimated to have globally 

over the next 20 years is immense.  In fact, if current preventative and treatment methods do not 

evolve, it is projected to cost as much as $47 trillion worldwide over the next 25 years (104).  In 

the United States, it is estimated that from 2010 to 2030 the annual direct and indirect medical 

cost of CVD will increase from $275 billion to over $800 billion, and $200 billion to over $275 

billion, respectively (104).  The prevention of CVD through the identification and attenuation of 

significant risk factors is a major ongoing mission of both government and independent 

institutions such as the NIH, American Heart Association (AHA) and American College of 

Cardiology (ACC).  Insight into risk factors of CVD have been gained through large 

comprehensive studies such as the Framingham Heart Study (92) and Seven Countries Study 

(96) of the 1960s and more recently the World Health Organization multinational monitoring of 

trend and determinants in cardiovascular disease (MONICA) (189) project and the International 

Heart (INTERHEART) study (130).  Such studies have identified and confirmed amendable 

principal factors that are directly and independently associated with a persons’ risk of developing 

CVD.  These risk factors include hypertension, obesity, dyslipidemia, hyperglycemia, tobacco 

use and physical inactivity (90, 104, 130).  Of these risk factors, hypertension is the leading 

attributable risk factor for CVD and mortality worldwide (104).  

Indeed, there have been a multitude of studies to demonstrate that hypertension is 

associated with CVD (39, 69, 129, 130, 209).  For example, in the third National Health and 

Nutrition Examination Survey (NHANES), an examination of nearly 17,000 subjects, 

hypertensive adults (age: 18-64 years) had greater than four times the risk of CVD mortality 

(95% confidence interval (CI): 1.83-9.80) compared to normotensive subjects.  Of note, these 
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results were adjusted for traditional CVD risk factors including age, gender, race, physical 

activity, smoking status, obesity, and hypercholesterolemia (69).  Furthermore, the Goettingen 

Risk, Incidence, and Prevalence Study (GRIPS) demonstrated that in a 10-year follow-up of 

5,700 adult males, those with hypertension at baseline had twice the risk (p<0.001) of 

myocardial infarction (MI) compared to those with normal blood pressure (39).  Moreover, an 

analysis by Sipahi et al. (172) demonstrated that two years after baseline measurements, adults 

with blood pressure in the hypertensive range had significantly larger atheroma volumes 

compared to adults with normal blood pressure (p<0.01), indicating an exacerbated progression 

of coronary atherosclerosis in hypertensive adults.  

In addition to the relation demonstrated between CVD and hypertension, a number of 

large observational studies have shown that a significant continuous, consistent and independent 

relation exists between the risk of CVD morbidity and mortality and blood pressure levels below 

the classical definition of hypertension (68, 83, 112, 113, 123, 149, 198).  Importantly, 

prehypertension is not only associated with an increased risk for the development of clinical 

hypertension, but is also an independent risk factor for the development of CVD (69, 106, 123).  

For example, in a meta-analysis of over one million adults, Lewington et al. (112) showed a 

doubling in CVD risk for every 20/10 mmHg increase in blood pressure starting at 115/75 

mmHg.  Furthermore, in a longitudinal analysis based on over 6,800 Framingham Heart Study 

participants with prehypertension (ranging in age from 35 to 64 years), Vasan et al. (198) 

showed a stepwise increase in cardiovascular event rates over a period of 10 years.  Moreover, 

blood pressure in the prehypertensive range is also associated with a 76% increased risk of 

myocardial infarction and a 36% increased risk of heart failure in an eight-year follow up study 

of over 60,000 postmenopausal women (83).   
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SUMMARY 

Unequivocal evidence indicates elevated blood pressure poses a significant and 

independent global healthcare burden (33, 78, 105, 119, 129).  Additionally, through 

epidemiological and investigational research, it is generally understood that CVD, the leading 

cause of death globally (104), is a prominent sequelae of elevated blood pressure (69, 94, 113, 

212).  Thus, attenuating the increased risk of developing CVD caused by elevated blood 

pressure, as well as elevated blood pressure associated morbidity and mortality requires 

continued investigation into the etiologies of CVD and elevated blood pressure and what role 

blood pressure lowering interventions may play in preventing CVD pathogenesis.  

 

THE VASCULAR ENDOTHELIUM 

The vascular endothelium is a continuous monolayer of cells on the luminal surface of all 

blood vessels.  Once thought to be a quiescent interface between blood and the vascular smooth 

muscle, the vascular endothelium is now recognized as an important physiologically active 

regulatory organ (26).  Due to its location, the vascular endothelium continuously receives both 

chemical and physical stimuli.  The ability of the vascular endothelium to respond to various 

stimuli quickly and acutely is imperative to the overall health and homeostasis of the vasculature 

(61, 200).  The functions of the vascular endothelium are primarily mediated through autocrine 

and paracrine signaling with the release of a variety of vasoactive substances (139).  Such 

vasoactive substances are tightly regulated by the vascular endothelium and play a major role in 

endothelium-dependent control of metabolic, structural and immunological functions within the 

vessel (61).  Vascular endothelial functions include, but are not limited, to the regulation of 

vascular tone via nitric oxide (NO) and endothelin production, fibrinolysis, thrombosis, 
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angiogenesis, and the local suppression of inflammation (49).  Certainly, the factors that 

contribute to the development and progression of CVD are largely mediated through damage to 

the vascular endothelium resulting in dysfunction (46, 121, 170, 193, 197).  Thus, the 

maintenance and health of the vascular endothelium is paramount to maintaining vascular 

homeostasis and attenuating CVD risk (46, 114, 121, 141).  

 

THE VASCULAR ENDOTHELIUM AND THE ENDOTHELIN SYSTEM 

 As one of the primary functions of a healthy vascular endothelium, the maintenance of 

vasomotor tone is accomplished by the tight regulation of both vasodilatory and vasoconstricting 

agents (49).  The predominant vasoconstrictor agents produced by the vascular endothelium are a 

family of molecules known as endothelins (ETs).  The endothelins are comprised of four 

peptides named according to the order in which their genes were sequenced: ET-1, ET-2, ET-3 

and ET-4 (124).  Of the four peptides, ET-1 is the major vascular isoform and the most 

extensively studied (162, 168).  Initial animal (214, 215) and human studies (214) by 

Yanagisawa and colleagues demonstrated endothelin-1 to be the most potent vasoconstrictor 

peptide synthesized by the endothelium.  Subsequent studies showed the effect of ET-1 on 

vascular tone was dependent on receptor type activation, ETA or ETB, and its location on either 

the endothelium or vascular smooth muscle (45).  Clinically, elevations in ET-1 system activity 

have been associated with a myriad of cardiovascular pathologies that include hypertension (45, 

85, 166), coronary artery disease (154), myocardial infarction and congestive heart failure (95).  

Relations that have promoted investigation into the role elevated ET system activity may play in 

the etiology of CVD and how attenuating elevated ET system activity, and therefore 
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reestablishing vascular tone homeostasis, may lessen the risk of CVD development and 

progression.  

 

COMPONENTS OF THE ENDOTHELIN SYSTEM 

Endothelin-1 

ET-1 is constitutively released by the vascular endothelium with the rate limiting step to 

its synthesis occurring at the level of transcription (133, 215).  Downregulation of ET-1 gene 

transcription is known to be driven by shear stress, NO, prostacyclin, and atrial natiuritic peptide 

(174).  Conversely, epinephrine, angiotensin II, thrombin, inflammatory cytokines, transforming 

growth factor-β, vasopressin and bradykinin are factors responsible for upregulation (133, 174).  

Transcription of the 5 exon ET-1 gene resulting in ET-1 mRNA is quickly translated to the 212-

amino acid protein, prepro-ET-1 (133, 156).  Prepro-ET-1 is translocated from the nucleus to the 

cytoplasm where proteolytic cleavage by endopeptidase yields the intermediate molecule big ET-

1 (156, 174).  Big ET-1 is then cleaved once more by endothelin converting enzyme to the 21-

amino acid peptide ET-1 (174).  Once in active form, the vast majority (>80%) of ET-1 is 

released from the cytoplasm abluminally towards the vascular smooth muscle where local levels 

of ET-1 within the vascular wall are greater than 100 fold that found in circulation (179).   

 

Endothelin Receptor Subtype A and Subtype B 

The effects of ET-1 on the human vasculature are constituted through its binding to two 

distinct receptor subtypes: ETA receptors expressed exclusively on vascular smooth muscle cells 

and ETB receptors expressed on both vascular smooth muscle and endothelial cells (164).  While 

both ETA and ETB receptor subtypes are of the 7-transmembrane domain G-protein coupled 
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receptor family, the binding affinity of ET-1 is highest, ~100 fold greater, for the ETA receptor 

(11).  This is an important physiological phenomenon since ETA receptors are primary 

recognized for vasoconstriction and vascular smooth muscle growth promotion and ETB 

receptors for vasodilation/inhibition of vasoconstriction and clearance of the ET-1 peptide (11, 

168).  The primary vasomotor effects of both ETA and ETB receptors are coupled to the 

phospholipase-C cascade, which, when activated on the vascular smooth muscle, results in 

increased intracellular calcium causing phosphorylation of myosin kinase and subsequent smooth 

muscle cell contraction (11, 133).  Within endothelial cells, phospholipase C-mediated increase 

in intracellular calcium levels results in the activation of calcium sensitive endothelial nitric 

oxide synthase, resulting in synthesis of the potent vasodilators NO and prostacyclin (45, 133).  

Thus, the ET-1 peptide has dueling effects on vascular tone and the dysfunction associated with 

ET-1 system activity and increased vasoconstrictor tone may, at least in part, be due to altered 

expression of the ET receptors on the cellular membranes of both the endothelium and smooth 

muscle.  

Overview of the Endothelin-1 System. ET, endothelin receptor; ECE-1, 
endothelin converting enzyme; NO, nitric oxide; Ca2+, calcium; c-GMP, cyclic-
guanine monophosphate. 
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Secondary responses of ET-1-mediated ETA activation include: 1) phosphorylating the 

mitogen-activated protein kinase cascade and the subsequent transcription of vascular smooth 

muscle growth factors (11); 2) inducing inflammation in the vessel wall through the stimulation 

of cytokines, such as IL-6, and pro-inflammatory factors such as NF-kB (165, 180); 3) increasing 

cell adhesion molecule expression (120); and 4) stimulating platelet aggregation (98).  Indeed, 

ET-1 expression has been shown to be upregulated in atherosclerotic lesions (50) and, in animal 

models, selective ETA receptor blockade has been demonstrated to attenuate atherosclerotic 

progression (120).  A study by Barton and colleagues (10) assessed atherosclerosis in apoE-

knockout mice fed a western diet with and without ETA receptor antagonism.  Results of this 

study demonstrated that in the mice given chronic ETA receptor antagonism, atherosclerosis in 

the aorta was inhibited by ~30% (P<0.05) without changing cardiometabolic or hemodynamic 

characteristics.  Thus, in addition to its effects on vascular tone, ET-1 activation of the ETA 

receptor is a mediator of atherosclerotic pathogenesis.   

In contrast to the secondary actions of ETA receptor activation, the primary secondary 

action of ETB receptors has been demonstrated to be initiating the internalization and degradation 

of the ligand receptor complex, thereby removing active ET-1 from the system (45, 47).  In an in 

vivo study by Dupuis et al. (47) the contribution of ETA and ETB receptors to ET-1 clearance was 

assessed in dogs.  Interestingly, ETA receptor blockade with BQ-123 resulted in no significant 

difference in ET-1 peptide clearance while ETB receptor blockade with BQ-788 completely 

abolished ET-1 clearance (from 33.5 ± 6.6 to -0.3 ± 2.6%; p<0.05).  Thus, establishing the 

clearance of ET-1 to be exclusively mediated by the ETB receptor.  
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ENDOTHELIN-1 SYSTEM DYSFUNCTION AND ELEVATED BLOOD PRESSURE  

Since the discovery of ET-1, a number of studies have demonstrated its effects on the 

cardiovascular system as well as its link to cardiovascular pathologies, such as hypertension (45, 

180).  Early animal (65) and human studies (202) demonstrated that the infusion of ET-1 

significantly increased mean arterial blood pressure.  For example, Vierhapper and colleagues 

(202) showed that the stepwise exogenous application of ET-1 increased mean arterial blood 

pressure in healthy men from 87.1±7.3 mmHg to 92.6±8.2 mmHg (p<0.01).  While studies such 

as these provided a rational to link ET-1 to hypertension, confounding reports of ET-1 

circulating plasma levels in hypertensive adults clouded the understanding of their relation (27, 

40).  However, as mentioned above, the development of pharmacologic agents selective for ETA 

receptor blockade and nonselective for the blockade of both the ETA and ETB receptors, in vivo, 

provided the ability to assess local ET-1 system activity.  In a seminal study by Cardillo and 

colleagues (27), the role of ET-1 system activity on the vasculature was assessed utilizing an 

isolated forearm blood flow (FBF) model to determine the responses to selective and non-

selective ET-1 receptor blockade in both hypertensive and normotensive adults.  The results of 

this study definitively demonstrated ET-1 system activity is elevated in persons with 

hypertension and that elevated ET-1 system activity may be an underlying factor in the increased 

vascular tone observed in this population (27).  In a follow-up study, Weil et al. (208) assessed 

whether the relation between increased ET-1 system activity and hypertension extended to 

individuals with blood pressure in the prehypertensive range.  Utilizing the same isolated FBF 

model, Weil and colleagues demonstrated that individuals with prehypertension had elevated ET-

1 system activity which may contribute, at least in part, to the increased risk of CVD in the 

prehypertensive population (208).   
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Due to the direct link between ET-1 and blood pressure, a number of clinical trials have 

sought to identify the effectiveness, safety, and tolerability of both selective and non-selective 

ET-1 receptor blockade in treating elevated blood pressure (101, 168).  In patients with essential 

hypertension, the nonselective antagonist bosentan and the ETA antagonist darusentan reduce 

blood pressure to a similar extent as the angiotensin converting enzyme inhibitor enalapril (100, 

136).  Despite these encouraging data, these drugs are not used for chronic control of elevated 

blood pressure due to the relatively high liver toxicity and greater incidence of other less severe 

side effects such as headache and peripheral edema (168).  It is unknown, however, if there are 

current well tolerated US Food and Drug Administration (FDA) approved BP medications that 

may attribute their BP lowering effect, at least in part, through reducing ET-1 system activity.  

Accordingly, future studies into the mechanisms of well tolerated blood pressure medications, 

demonstrated to directly influence the vascular endothelium, are needed to assess whether there 

beneficial action is mediated, at least in part, by reducing ET-1 system activity.  

 
THE VASCULAR ENDOTHELIUM AND FIBRINOLYSIS 

Constant contact with circulating blood exposes the vascular endothelium to a variety of 

pathogenic events that disrupt endothelial cell function (203).  One result of vascular 

endothelium disruption is the activation of an intricate physiological mechanism that results in 

the formation of fibrin-rich thrombi (61, 200).  To maintain fluidity and prevent the progression 

of atherosclerotic vascular disease, the vascular endothelium is responsible for the lysis of 

potentially occlusive fibrin-rich thrombi by a process known as fibrinolysis (84, 204). 

Fibrinolysis is the enzymatic process by which fibrin within a thrombus is proteolytically broken 

down into soluble products (117, 118, 200, 204).  Consistent with most enzymatic systems, 

fibrinolysis is dependent on the synthesis, availability, activation and clearance of various 
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substrate components including: plasminogen, tissue-type plasminogen activator (t-PA), and 

plasminogen activator inhibitors (PAI) (84).  

 

COMPONENTS OF THE FIBRINOLYTIC SYSTEM 

Plasminogen 

Plasminogen is a single-chain glycoprotein that is the inactive precursor of the 

fibrinolytic enzyme plasmin (181).  Primarily synthesized in the liver, plasma plasminogen 

concentrations in the healthy adult human are approximately 1.5 to 2.0 μmol/L (37, 153).  The 

sequencing of plasminogen revealed the enzyme has a typical serine protease structure consisting 

of 791 amino acids and containing an N-terminal preactivation peptide domain, kringle domains, 

and catalytic protease domains (77, 147, 201).  Each of these domains have been demonstrated to 

have important functional properties for the binding of plasminogen to fibrin and the activation 

of plasminogen to the active enzyme plasmin, a peptide that functions to enzymatically cleave 

fibrin (55, 147).  Conversion of plasminogen to plasmin is accomplished by the cleavage of a 

single arginine-valine bond (80, 181, 200).  The mediator of the arginyl-valine bond cleavage 

that converts plasminogen to plasmin is the serine protease t-PA (138, 200).  

 

Tissue-Type Plasminogen Activator 

 t-PA is an active single-chain serine protease containing 562 amino acids that is 

synthesized and released luminally by the vascular endothelium (204).  t-PA is functionally 

thought to be the most important endogenous protein that converts plasminogen to plasmin (138, 

200).  Through binding interactions in the circulation, t-PA can be cleaved from a single-chain to 

a double-chained molecule (116, 200).  In the absence of fibrin, the double-chain form of t-PA 
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has demonstrated a greater catalytic efficiency compared to the single-chain form of the 

molecule (28, 116, 200).  However, when bound to fibrin, both the single and double chain forms 

of t-PA have similar affinities and kinetic properties for plasminogen (116).  Yet, the 

physiological significance of the double-chain t-PA molecule’s activity in the absence of fibrin, 

the primary co-factor of t-PA, is currently unclear.  Another fundamental component of t-PA 

efficacy is the location and concentration of t-PA binding proteins (72, 73, 75, 155).  It has been 

demonstrated that the Km of t-PA when bound to fibrin is decreased several hundred times, 

effectively maximizing the catalytic efficiency of the enzyme (80, 116).  Through 

chemoilluminescence imaging, t-PA binding proteins have been determined to be most abundant 

on the surface of vascular endothelial cells with the greatest density being proximal to 

developing thrombi.  This factor provides for optimal localization of fibrinolytic activity (74). 

Thus, the bond kinetics between t-PA, fibrin, and plasminogen play a critical role in the 

effectiveness and specificity of the fibrinolytic system to catabolize fibrinous thrombi (80, 200).  

The t-PA enzyme has been demonstrated to have an in vivo half-life of four minutes 

(200) and is predominately cleared from the circulation through t-PA clearance receptors found 

on the surface of hepatocytes (29, 30).  Additional t-PA clearance has been demonstrated by the 

vascular endothelium, but on a much lesser scale (29).  Of note, hepatocyte t-PA clearance 

receptors are suggested to be moderately selective for different naturally occurring t-PA 

isoforms, but the mechanisms defining these phenomenons have not been elucidated (23, 29, 

143).  Along with hepatic and vascular endothelial clearance, facultative release from the 

vascular endothelium and t-PA inhibition are the primary determinates of active t-PA levels 

within the circulation (29, 30, 200).   
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The ability of the healthy vascular endothelium to release stored t-PA quickly and acutely 

is essential for endogenous fibrinolytic focality (86, 99, 137, 169).  This is accomplished through 

intracellular storage vesicles called Weibel-Palade bodies, which release t-PA in significant 

concentration when the cell receives the proper stimuli (76, 135, 160).  The release of t-PA from 

vascular endothelial Weibel-Palade bodies is accomplished through both pharmacological and 

mechanical mechanisms.  For example, it has been demonstrated that the fibrinolytic cofactor 

thrombin, the serine protease responsible for the conversion of fibrinogen to fibrin (200), induces 

the vascular endothelium to release t-PA (111, 135, 163).  Additionally, Tappy et al. (185) 

showed that hypoxia induced a 300% increase in the release of t-PA from the vascular 

endothelium in the isolated perfused pig ear.  Moreover, shear stress has also been shown to be 

an activating factor of t-PA from the vascular endothelium (41).  Such mechanisms significantly 

increase the availability of active t-PA at or near the thrombus stimulation site in vivo (41, 135, 

200).  

 

Plasminogen Activator Inhibitor-1 

In the circulation, t-PA is primarily found in an inactive state irreversibly bound to PAI-1 

(4).  PAI-1 is a serine protease inhibitor consisting of 379 amino acids that is responsible for 

binding to and irreversibly inhibiting t-PA (28, 55, 167, 200).  PAI-1 is generally accepted as 

being the primary endogenous inhibitor of fibrinolysis (4, 176), a finding based on studies such 

as that by Kluft and colleagues (97) who showed that PAI-1 is responsible for 60% of in vivo t-

PA inhibition.  

Although synthesized in a variety of cells such as hepatocytes, monocytes, and smooth 

muscle cells (28, 176, 200), PAI-1 is primarily synthesized and released, in vivo, from vascular 



17	
  

endothelial cells (31, 176, 182, 200).  In healthy individuals, plasma levels of PAI-1 are ~20 

ng/mL, but can fluctuate widely (normal range: 0.5-47ng/mL) due to strong diurnal variation in 

activity and a short half-life (~7 minutes) a factor of rapid clearance by the liver (191, 200).  In 

the circulation, 93% of PAI-1 is stored by platelets, however, when released from platelets, PAI-

1 is predominately in the inactive form.  Notably, active PAI-1 release from platelets accounts 

for less than 5% of total PAI-1 activity in the blood (15).  The upregulation and release of PAI-1 

from endothelial cells is understood to be in response to signaling from endotoxin, lipoproteins, 

thrombin, hormones and growth factors (167).  Therefore providing additional mechanisms for 

the regulation of fibrinolysis mediated through physiological stimuli on the endothelium (200).  

 

ACTION AND ASSESSMENT OF FIBRINOLYSIS 

The stimuli accounting for local fibrinolytic activation are complex.  The initial 

aggregation of platelets to the site of endothelial damage causes the release of PAI-1 to allow for 

the development of a microthrombi (55, 200).  As fibrinolysis is partially mediated by properties 

inherent to the thrombus, the growth of the thrombi is understood to be a stimulus for the 

initiation of endogenous fibrinolytic activity (7).  Indeed, it has been shown that thrombin-

dependent conversion of fibrinogen to fibrin is a stimulus that causes both the release of t-PA 

and inhibition of PAI-1 release from vascular endothelial cells (141).  When bound to fibrin, t-

PA undergoes a conformational change that prevents the binding and subsequent inhibition of t-

PA activity by PAI-1 (36, 200).  When not bound to fibrin, circulating t-PA is rapidly inhibited 

by PAI-1 (187).  The acute release of t-PA along with plasminogen’s high affinity for fibrin 

localizes fibrinolysis to thrombi (55, 200).  Therefore, the effectiveness of endogenous 
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fibrinolysis is highly dependent on the ability of the vascular endothelium to rapidly and acutely 

release t-PA at or near the site of thrombosis (135, 169). 

In the effort to measure endothelial t-PA release, Jern et al. (87) showed that the isolated 

forearm model can directly assess the release rates of t-PA from the endothelium without 

confounding factors, such as liver clearance or shifts between complexed t-PA/PAI-1 and free t-

PA.  In this model, the net release or uptake of t-PA and PAI-1 is determined measuring plasma 

t-PA concentrations, FBF, and arterial hematocrit values.  This is expressed in the following 

formula: 

Net release = (CV – CA) * (FBF * [101-Hematocrit/100]) 

 

Where CV = venous plasma concentration, CA = arterial plasma concentration, and (CV – CA) = 

arteriovenous concentration gradient.  This isolated forearm model is advantageous because, as 

an intact vascular bed, it has preserved innervation, circulation, blood flow pulsatility, and cell-

to-cell interaction (87, 88).  This is important because it is the local endothelial release rate of t-

PA and not systemic plasma concentrations of t-PA and PAI-1 that determines endogenous 

thrombolytic capacity (24, 194, 195).  

 

FIBRINOLYTIC DYSFUNCTION AND ELEVATED BLOOD PRESSURE  

It is incontrovertible that the healthy vascular endothelium plays an important role in 

hemostasis.  Collectively, prospective and cross-sectional scientific evaluations of elevated blood 

pressure and endothelial dysfunction provide substantial evidence correlating these two 

physiological variables (14, 52, 83, 103, 146, 150, 170, 183, 188).  A study by Giannarelli et al. 

(62) demonstrated that, in hypertensive subjects, the endothelial dependent vasodilator 
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acetylcholine does not cause an increase in t-PA release, paradoxical to the response in subjects 

with normal blood pressure.  The mechanism behind this finding was later clarified to be a 

reduction in the vascular endothelium’s ability to release t-PA mediated by a lessened 

adrenergic-stimulated response (63).  Furthermore, a study by Hrafnkelsdottir et al. (82) reported 

a significant impairment to desmopressin-induced endothelial t-PA release in adults with 

hypertension.  Thus providing further evidence that endothelial fibrinolytic dysfunction is a 

consistent characteristic of elevated blood pressure (14, 52, 63, 103, 188).  As elevated blood 

pressure is the primary modifiable risk factor for CVD, the aforementioned relation is consistent 

with studies demonstrating a significant association between impaired vascular endothelium-

dependent fibrinolytic system activity and CVD risk (66, 81, 110, 128, 140, 151, 197, 210). 

 

SUMMARY 

The vascular endothelium is a primary component of the cardiovascular system and, 

when healthy, contributes to homeostasis through the regulation of vasomotor tone (49) and 

fibrinolysis (7, 46, 117, 200, 204).  Due to its anatomical location, the vascular endothelium is 

commonly exposed to pathogenic agents and stressors, such as elevated blood pressure, that have 

the propensity to cause damage and dysfunction (46, 103, 175, 186, 188).  Resultantly, 

endothelin-1 system and fibrinolytic system dysfunction has been demonstrated to be 

independently associated with elevated blood pressure, the progression of atherosclerotic 

vascular disease, and increased risk for CVD (64, 121, 159, 204).  
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β-ADRENERGIC RECEPTOR ACTION AND BLOCKADE 

Blood pressure is a tightly regulated physiological variable that requires the cooperation 

of several systems including the autonomic nervous and endocrine systems (12).  When 

deranged, these mechanisms and systems are thought to have a role in the development and 

progression of elevated blood pressure (12, 131).  Over the last half century, a diligent effort to 

dissect the etiologies of elevated blood pressure has led scientists and physicians to develop and 

prescribe pharmaceuticals that attenuate and reverse the negative effects of elevated blood 

pressure (90, 134, 177).  One such pharmaceutical family is the β-adrenergic receptor blockers 

also referred to as “β-blockers”.  This drug family works by blocking the stimulation of β-

adrenergic receptors by the catecholamines epinephrine and norepinephrine (19, 20, 126).  

Though there is little evidence to suggest circulating catecholamines have a clear role in the 

etiology of hypertension, the effects of β-blockers on the central and peripheral cardiovascular 

system result in significant reductions in blood pressure and, therefore, are considered to provide 

an important therapeutic role (5, 9, 12, 213).  

β-blockers elicit effects on β1, β2, and β3-adrenergic receptors (6, 19).  β1, β2, and β3-

adrenergic receptors are G protein-coupled receptors that, when stimulated, propagate 

intracellular cascades that result in numerous cellular responses dependent on the class of β-

adrenergic receptor and tissue in which β-adrenergic receptor is located (178, 196).  β1-

adrenergic receptors are predominant in cardiomyocytes, where they comprise 80% of adrenergic 

receptors.  Activation of β1-adrenergic receptors leads to an increase in intracellular calcium via 

the activation of the adenylyl cyclase-cyclic adenosine monophosphate (cAMP)-protein kinase A 

(PKA) pathway (19, 196).  Increased intracellular calcium is known to induce the activation and 

upregulation of contractile proteins, such as troponin I, resulting in increased heart rate 
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(chronotropy) and force of contraction (inotropy) (19, 38, 196).  Thus, the effects of β1-

adrenergic receptor blockade are primarily through decreasing heart rate and force of contraction 

(19, 126, 171, 196).  Ultimately, blockade of β1-adrenergic receptors has been shown to reduce 

cardiac output resulting in an overall reduction in blood pressure (91, 126).  

In the cardiovascular system, β2-adrenergic receptor activation results in vascular smooth 

muscle relaxation through the inhibition of calcium dependent pathways (19, 126, 178).  In 

contrast to the effects of β-adrenergic receptor activation in the heart, activation of β-adrenergic 

receptors in the vascular smooth muscle, where β2-adrenergic receptors predominate, leads to 

cAMP-dependent inhibition of myosin light chain kinase (MLCK) (19, 38, 117, 178).  MLCK 

activation is necessary for vascular smooth muscle contraction, therefore its inhibition results in 

vascular smooth muscle relaxation (19, 38, 178).  Thus, blockade of β2-adrenergic receptors has 

been shown to increase total peripheral resistance (126).   

Recent studies have demonstrated β3-adrenergic receptors are located in both the 

coronary system and peripheral vasculature (43, 44, 132, 152).  Investigation into the β3-

adrenergic receptors is still in its infancy and knowledge of mechanisms, location density, and 

kinetics are ongoing (122).  However, recent studies have provided evidence that activation of 

β3-adrenergic receptors in both the atria and ventricles are antipathetic to those of the β1 and β2-

adrenergic receptor activation (59, 132).  Furthermore, the effects of β3-adrenergic receptor 

activation, ubiquitously found both on the endothelium and vascular smooth muscle, have been 

demonstrated to induce vasodilation (44, 51).  The primary mechanism for the observed 

vasodilation has been demonstrated to be through increased synthesis and release of nitric oxide 

(NO) by the vascular endothelium resulting in activation of the cGMP pathway, thus reducing 

cytoplasmic calcium in the vascular smooth muscle (152, 196).  From a medical intervention 
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standpoint, unlike the focus on receptor blockade associated with the β1 and β2-adrenergic 

receptors, the recent focus regarding β3-adrenergic receptors has been on their activation, which 

has been shown to reduce peripheral resistance and blood pressure by increasing bioavailability 

of the potent vasodilatory molecule NO (32, 57, 126, 196). 

 
β -ADRENERGIC RECEPTOR BLOCKER CLASSIFICATION  
 

There are currently 17 β-blockers approved by the FDA (Table 1) (126).  Although each 

of these 17 β-blockers has a specific and unique pharmacological mechanism, they have been 

broadly classified based on β1 vs. β2 receptor selectivity (cardioselectivity) and ancillary activity.  

This classification includes: first generation or nonselective β-adrenergic antagonists; second 

generation or selective β1-adrenergic antagonists; and third generation or selective β1-adrenergic 

antagonist with ancillary properties (115, 126, 127). 

Table 1. Characteristics of FDA Approved β-Blockers 
Drug β1 / β2 Selectivity Ancillary Properties 
Nonselective β-adrenergic antagonists 
  Carteolol 0 N/A 
  Nadolol 0 N/A 
  Penbutolol 0 N/A 
  Pindolol 0 N/A 
  Propranolol 0 N/A 
  Sotalol 0 Additional antiarrhythmic properties 
  Timolol 0 N/A 
Selective β-adrenergic antagonists 
  Acebutolol + N/A 
  Atenolol + N/A 
  Betaxolol ++ N/A 
  Bisoprolol ++ N/A 
  Esmolol (IV only) ++ N/A 
  Metoprolol ++ N/A 
Selective β1-adrenergic antagonists with ancillary properties 
  Nebivolol +++ Endothelium-dependent, nitric-oxide-

mediated vasodilation 
  Labetalol + α1-adrenergic blocking activity; direct 

β2 vasodilatory activity 
  Carvedilol 0 α1-adrenergic blocking activity; 

vasodilation 
Basic characteristics of FDA approved β-adrenergic receptor blockers. 0 indicates equal selectivity; + indicates 
moderate β1 over β2 selectivity; ++ indicates high β1 over β2 selectivity; + indicates very high β1 over β2 selectivity.  
Adopted from Mason et al. J Cardiovasc Pharmacol 2009;54:123–128. 
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First generation β-blockers were shown to be a useful treatment for reducing CVD 

morbidity and mortality (5, 54).  Propranolol, specifically, was accepted as a premier treatment 

for cardiac arrhythmia (54), angina pectoris (126), hypertension (56) and hypertrophic 

cardiomyopathy (56, 144).  In a study published in 1969, Prichard et al. (8) detailed the benefits 

of propranolol as a potent blood pressure reducer.  Furthermore, the results of the β-Blocker 

Heart Attack Trial (BHAT) demonstrated that a regimen of propranolol reduced sudden CVD 

associated death by 28% compared with a non-treatment group (25).  Despite the beneficial 

evidence regarding the affect of first generation β-blocker treatment on reducing blood pressure, 

a number of studies showed adverse effects, such as increased triglycerides and bronchospasm, 

that potentially outweighed β-blocker benefit (107-109).  Indeed, propranolol was demonstrated 

to induce a reduction in plasma high density lipoproteins and an increase in low density 

lipoproteins, thereby increasing a subject’s overall risk for CVD (108).  These deleterious effects 

observed with propranolol treatment lead to further pharmacological and biochemical 

advancements and the eventual development of the second generation of β-blockers. 

Second generation β-blockers are known as being selective receptor blockers due to their 

β1-adrenergic receptor antagonist properties, as well as having little or no effect on β2-adrenergic 

receptors (19, 126).  Metoprolol is an example of a second generation β-blocker that has been 

shown to: 1) significantly reduce the pathogenesis of common risk factors for CVD (13, 53); 2) 

be effective in treating congestive heart failure (2); and 3) reduce mortality in heart failure 

patients (79) without causing the most notable negative effects associated with non-selective β-

blockers (211).  While second generation β-blockers are still widely prescribed to attenuate the 

risk factors of CVD, such as hypertension, they still are associated with limitations that dampen 
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their therapeutic effectiveness.  For example, at high doses second generation β-blockers 

demonstrate a decline in their selectivity towards β1-adrenergic receptors (126, 127).   

Nebivolol, labetalol and carvedilol are all considered third generation β-blockers and 

therefore have beneficial ancillary properties beyond selective β1-adrenergic receptor blockade 

(126).  Indeed, in comparison with the second generation β-blockers bisoprolol and metoprolol, 

nebivolol has three to four times the selectivity for β1-adrenergic receptors (126, 192).  While the 

ancillary properties of all three third generation drugs predominately involve peripheral vascular 

vasodilation, the specific mechanisms each drug utilizes to elicit its effect differs greatly.  

Notably, labetalol provokes a reduction in total peripheral resistance by eliciting vasoconstriction 

through α1-adrenergic antagonist and direct β2-adrenergic agonist properties, carvedilol’s 

vasodilatory effects are through α1-adrenergic antagonist activity, and nebivolol’s are due, at 

least in part, to eliciting endothelium-dependent nitric-oxide-mediated vasodilation (115, 125, 

126).  In conjunction with their coronary cardioprotective properties, the aforementioned 

ancillary properties of third generation β-blockers has made them important and effective 

contributors to the treatment of hypertension and reduction of CVD risk (21, 54, 126).  

 

NEBIVOLOL AND VASCULAR ENDOTHELIAL FUNCTION 

In addition to the demonstrated effects nebivolol has on the coronary system through β1-

adrenergic receptor blockade, it has been shown to have hemodynamic effects that are unlike 

those of other β-blockers (22, 44, 59, 161).  Specifically, nebivolol effects vasodilation through 

two primary mechanisms: 1) via the endothelium-dependent nitric oxide-mediated pathway (16, 

18, 35, 102, 157) and 2) through the scavenging of oxygen free radicals (122, 206).  A study by 

Cockcroft et al. (35) found that nebivolol elicited a ~90% increase in FBF from baseline values.  
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This increase was attenuated by the infusion of the NO synthase inhibitor NG-monomethyl L-

arginine (L-NMMA), indicating the observed increase in FBF was due to increased NO 

bioavailability.  Moreover, an in vitro study by Wagenfeld et al. (206) provided data indicating 

the vasoconstricting effects of hydrogen peroxide on porcine ciliary arteries were dampened with 

the presence of nebivolol, demonstrating its anti-oxidative properties.  While the exact 

mechanisms for the established increase in peripheral vascular vasodilation with nebivolol are 

still not fully understood, studies suggest it may be due to the agonistic properties of nebivolol 

on β3-adrenergic receptors (51).  The elucidation of this theory and investigation into additional 

putative benefits of nebivolol on endothelium-dependent vascular function are cause for future 

studies. 

 

SUMMARY 

For more than half a century, β-blockers have been successfully used to reduce blood 

pressure (126).  However, first generation β-blockers have the propensity to exacerbate other 

metabolic risk factors of CVD (3, 127, 205).  While second generation β-blockers yielded 

significant advancements in reducing negative metabolic effects, selectivity is generally 

inversely related with dose concentration (42, 184).  Thus, more recent drug design has produced 

a third generation with: increased effectiveness and sensitivity for coronary specific β1-

adrenergic receptor blockade (42, 148); limited adverse side-effects commonly associated with 

non-specific β2-adrenergic receptor blockade (60, 108); and ancillary benefits that further reduce 

the risk of CVD (44, 148, 157, 158).   
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FUTURE DIRECTIONS 

While there are a large number of observational and clinical studies detailing the 

pathologies of hypertension, the current methods of treatment are often debated (17, 190, 196).  

It is important to note that only 27% of Americans with hypertension are currently taking a 

medication to lower their blood pressure to below 140/90 mmHg (1).  This leaves more than 

70% of the hypertensive population with uncontrolled or poorly controlled blood pressure (1).  

Enticing features in using third generation β-blockers, such as nebivolol, as an interventional 

therapy for hypertension are: overall safety (34, 67); effectiveness both as a monotherapy and 

combined with other antihypertensive drugs (190); and efficacy in the prevention and treatment 

of CVD (145, 158).  However, the mechanisms behind these features have yet to be fully 

elucidated (58, 148).  

Areas of particular interest for future study are the effects of nebivolol on both the 

endothelin and fibrinolytic systems.  At present, it is unknown what effect, if any, nebivolol has 

on: 1) attenuating elevated ET-1 levels or; 2) the capacity of the vascular endothelium to release 

t-PA in adults with elevated blood pressure.  Insight into the effects of nebivolol on these 

systems may further elucidate the beneficial vascular effects and observed reduction in risk for 

CVD morbidity and mortality associated with this third generation β-blocker.  

 

 
 
 
 
 
 
 
 
 
 
 



27	
  

REFERENCES  

1. 1999 World Health Organization-International Society of Hypertension Guidelines for the 
Management of Hypertension. Guidelines Subcommittee. In: Journal of hypertension1999, 
p. 151-183. 

 
2. Effect of metoprolol CR/XL in chronic heart failure: Metoprolol CR/XL Randomised 

Intervention Trial in Congestive Heart Failure (MERIT-HF). Lancet 353: 2001-2007, 1999. 
 
3. Prevention of stroke by antihypertensive drug treatment in older persons with isolated 

systolic hypertension. Final results of the Systolic Hypertension in the Elderly Program 
(SHEP). SHEP Cooperative Research Group. JAMA 265: 3255-3264, 1991. 

 
4. Alessi MC, Juhan-Vague I, Declerck PJ, and Collen D. Molecular forms of plasminogen 

activator inhibitor-1 (PAI-1) and tissue-type plasminogen activator (t-PA) in human 
plasma. Thrombosis research 62: 275-285, 1991. 

 
5. Ambrosioni E, Bacchelli S, Esposti DD, and Borghi C. Beta-blockade in hypertension 

and congestive heart failure. Journal of cardiovascular pharmacology 38 Suppl 3: S25-31, 
2001. 

 
6. Amer MS. ScienceDirect.com - Biochemical Pharmacology - Mechanism of action of β-

blockers in hypertension. Biochemical pharmacology 1977. 
 
7. Aoki N. Fibrinolysis: Its initiation and regulation. Journal of Protein Chemistry 5: 269-

277, 1986. 
 
8. B N C Prichard PMSG. Treatment of Hypertension with Propranolol. British Medical 

Journal 1: 7, 1969. 
 
9. Bangalore S, Sawhney S, and Messerli FH. Relation of beta-blocker-induced heart rate 

lowering and cardioprotection in hypertension. Journal of the American College of 
Cardiology 52: 1482-1489, 2008. 

 
10. Barton M, Haudenschild C, d'Uscio L, Shaw S, Munter K, and Luscher T. Endothelin 

ETA receptor blockade restores NO-mediated endothelial function and inhibits 
atherosclerosis in apolipoprotein E-deficient mice. Proceedings of the National Academy of 
Sciences, USA 95: 14367-14372, 1998. 

 
11. Barton M, and Yanagisawa M. Endothelin: 20 years from discovery to therapy. Can J 

Physiol Pharmacol 86: 485-498, 2008. 
 
12. Beevers G, Lip GY, and O&apos;Brien E. ABC of hypertension: The pathophysiology 

of hypertension. BMJ (Clinical research ed) 322: 912-916, 2001. 
 



28	
  

13. Benfield P, Clissold SP, and Brogden RN. Metoprolol. An updated review of its 
pharmacodynamic and pharmacokinetic properties, and therapeutic efficacy, in 
hypertension, ischaemic heart disease and related cardiovascular disorders. Drugs 31: 376-
429, 1986. 

 
14. Bolad I, and Delafontaine P. Endothelial dysfunction: its role in hypertensive coronary 

disease. Current opinion in cardiology 20: 270-274, 2005. 
 
15. Booth NA, Anderson JA, and Bennett B. The plasma inhibitors of plasminogen activator, 

studied by a zymographic technique. Thrombosis research 38: 261-267, 1985. 
 
16. Bowman AJ, Chen CP, and Ford GA. Nitric oxide mediated venodilator effects of 

nebivolol. Brit J Clin Pharmaco 38: 199-204, 1994. 
 
17. Bradley HA, Wiysonge CS, Volmink JA, Mayosi BM, and Opie LH. How strong is the 

evidence for use of beta-blockers as first-line therapy for hypertension? Systematic review 
and meta-analysis. Journal of hypertension 24: 2131-2141, 2006. 

 
18. Brehm BR, Bertsch D, and Wolf SC. Nebivolol inhibits the proliferation of both human 

coronary artery smooth muscle cells and endothelial cells and increases NO-liberation. 
Perfusion 11: 475-+, 1998. 

 
19. Bristow M, PhD, Michael R. Mechanism of Action of Beta-Blocking Agents in Heart 

Failure. The American journal of cardiology 80: 26L-40L, 1997. 
 
20. Bristow MR, Nelson P, and Minobe W. Oxford Journals | Medicine | American Journal 

of Hypertension. American Journal of … 2005. 
 
21. Bristow MR, Roden RL, and Lowes BD. The role of third-generation beta-blocking 

agents in chronic heart failure - Bristow - 2009 - Clinical Cardiology - Wiley Online 
Library. Clinical … 1998. 

 
22. Broeders MA, Doevendans PA, Bekkers BC, Bronsaer R, van Gorsel E, Heemskerk 

JW, Egbrink MG, van Breda E, Reneman RS, and van Der Zee R. Nebivolol: a third-
generation beta-blocker that augments vascular nitric oxide release: endothelial beta(2)-
adrenergic receptor-mediated nitric oxide production. Circulation 102: 677-684, 2000. 

 
23. Brommer E, Derkx F, and Dooijewaard G. Hepatic-Clearance of Endogenous 

Fibrinolytic Components. Thrombosis and haemostasis 54: 42-42. 
 
24. Brown NJ. Blood pressure reduction and tissue-type plasminogen activator release. 

Hypertension 47: 648-649, 2006. 
 
25. Byington RP. Beta-blocker heart attack trial: Design, methods, and baseline results. 

Controlled Clinical Trials 5: 382-437, 1984. 



29	
  

26. Cannon RO. Role of nitric oxide in cardiovascular disease: focus on the endothelium. 
Clinical chemistry 44: 1809-1819, 1998. 

 
27. Cardillo C, Kilcoyne CM, Waclawiw M, Cannon RO, and Panza JA. Role of 

endothelin in the increased vascular tone of patients with essential hypertension. 
Hypertension 33: 753-758, 1999. 

 
28. Chandler WL. A kinetic model of the circulatory regulation of tissue plasminogen 

activator. Thrombosis and haemostasis 66: 321-328, 1991. 
 
29. Chandler WL, Alessi MC, Aillaud MF, Henderson P, Vague P, and JuhanVague I. 

Clearance of tissue plasminogen activator (TPA) and TPA plasminogen activator inhibitor 
type 1 (PAI-1) complex - Relationship to elevated TPA antigen in patients with high PAI-1 
activity levels. Circulation 96: 761-768. 

 
30. Chandler WL, Levy WC, and Stratton JR. The Circulatory Regulation of Tpa and Upa 

Secretion, Clearance, and Inhibition During Exercise and During the Infusion of 
Isoproterenol and Phenylephrine. Circulation 92: 2984-2994. 

 
31. Chandler WL, Trimble SL, Loo SC, and Mornin D. Effect of PAI-1 levels on the molar 

concentrations of active tissue plasminogen activator (t-PA) and t-PA/PAI-1 complex in 
plasma. Blood 76: 930-937, 1990. 

 
32. Cheng JWM. Nebivolol: A third-generation β-blocker for hypertension. Clinical 

therapeutics 31: 447, 2009. 
 
33. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JLJ, Jones 

DW, Materson BJ, Oparil S, Wright JTJ, and Roccella EJ. The Seventh Report of the 
Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High 
Blood Pressure: the JNC 7 report. Jama 289: 2560-2572, 2003. 

 
34. Cockcroft J. A review of the safety and efficacy of nebivolol in the mildly hypertensive 

patient. Vascular health and risk management 3: 909-917, 2007. 
 
35. Cockcroft JR, Chowienczyk PJ, Brett SE, Chen CP, Dupont AG, Van Nueten L, 

Wooding SJ, and Ritter JM. Nebivolol vasodilates human forearm vasculature: evidence 
for an L-arginine/NO-dependent mechanism. J Pharmacol Exp Ther 274: 1067-1071, 1995. 

 
36. Collen D, and Lijnen HR. Basic and clinical aspects of fibrinolysis and thrombolysis. 

1991. 
 
37. Collen D, Tytgat G, Claeys H, Verstraete M, and Wallén P. Metabolism of plasminogen 

in healthy subjects: effect of tranexamic acid. The Journal of clinical investigation 51: 
1310-1318, 1972. 

 



30	
  

38. Cox MM, and Nelson DL. biosignaling. In: Lehninger Principles of Biochemistry - Albert 
Lester Lehninger - Google Books2010, p. 419-478. 

 
39. Cremer P, Nagel D, Mann H, Labrot B, Müller-Berninger R, Elster H, and Seidel D. 

Ten-year follow-up results from the Goettingen Risk, Incidence and Prevalence Study 
(GRIPS). I. Risk factors for myocardial infarction in a cohort of 5790 men. Atherosclerosis 
129: 221-230, 1997. 

 
40. Davenport AP, Ashby MJ, Easton P, Ella S, Bedford J, Dickerson C, Nunez DJ, 

Capper SJ, and Brown MJ. A sensitive radioimmunoassay measuring endothelin-like 
immunoreactivity in human plasma: comparison of levels in patients with essential 
hypertension and normotensive control subjects. Clin Sci (Lond) 78: 261-264, 1990. 

 
41. Davies PF, and Tripathi SC. Mechanical stress mechanisms and the cell. An endothelial 

paradigm. Circulation Research 1993. 
 
42. de Boer RA, Voors AA, and van Veldhuisen DJ. Nebivolol: third-generation beta-

blockade. Expert opinion on pharmacotherapy 8: 1539-1550, 2007. 
 
43. Dessy C, Moniotte S, Ghisdal P, Havaux X, Noirhomme P, and Balligand JL. 

Endothelial beta3-adrenoceptors mediate vasorelaxation of human coronary microarteries 
through nitric oxide and endothelium-dependent hyperpolarization. Circulation 110: 948-
954, 2004. 

 
44. Dessy C, Saliez J, Ghisdal P, Daneau G, Lobysheva II, Frérart F, Belge C, Jnaoui K, 

Noirhomme P, Feron O, and Balligand J-L. Endothelial beta3-adrenoreceptors mediate 
nitric oxide-dependent vasorelaxation of coronary microvessels in response to the third-
generation beta-blocker nebivolol. Circulation 112: 1198-1205, 2005. 

 
45. Dhaun N, Goddard J, Kohan DE, Pollock DM, Schiffrin EL, and Webb DJ. Role of 

endothelin-1 in clinical hypertension: 20 years on. Hypertension 52: 452-459, 2008. 
 
46. Drexler H, and Hornig B. Endothelial dysfunction in human disease. J Mol Cell Cardiol 

31: 51-60, 1999. 
 
47. Dupuis J, Goresky CA, and Fournier A. Pulmonary clearance of circulating endothelin-1 

in dogs in vivo: exclusive role of ETB receptors. J Appl Physiol (1985) 81: 1510-1515, 
1996. 

 
48. Egan BM, Zhao Y, and Axon RN. US trends in prevalence, awareness, treatment, and 

control of hypertension, 1988-2008. JAMA: The Journal of the American Medical 
Association 303: 2043-2050, 2010. 

 
49. Epstein F, Vane J, and Änggård E. Regulatory functions of the vascular endothelium. 

New England Journal … 1990. 



31	
  

50. Fan J, Unoki H, Iwasa S, and Watanabe T. Role of endothelin-1 in atherosclerosis. 
Annals of the New York Academy of Sciences 902: 84-93- discussion 93-84, 2000. 

 
51. Feng M-G, Prieto MC, and Navar LG. Nebivolol-induced vasodilation of renal afferent 

arterioles involves β3-adrenergic receptor and nitric oxide synthase activation. American 
journal of physiology Renal physiology 303: F775-782, 2012. 

 
52. Ferroni P, Basili S, Paoletti V, and Davì G. Endothelial dysfunction and oxidative stress 

in arterial hypertension. Nutrition, metabolism, and cardiovascular diseases : NMCD 16: 
222-233, 2006. 

 
53. Fisher ML, Gottlieb SS, Plotnick GD, Greenberg NL, Patten RD, Bennett SK, and 

Hamilton BP. Beneficial effects of metoprolol in heart failure associated with coronary 
artery disease: A randomized trial. Journal of the American College of Cardiology 23: 943-
950, 1994. 

 
54. Foody JM, Farrell MH, and Krumholz HM. β-Blocker Therapy in Heart 

FailureScientific Review. Jama 287: 883-889, 2002. 
 
55. Francis CW, and Marder VJ. Physiologic Regulation and Pathologic Disorders of 

Fibrinolysis. In: Hemostasis and Thrombosis: Basic Principles and Clinical Practice 
Philadelphia: 1994, p. 1076-1103. 

 
56. Frishman WH. Fifty years of beta-adrenergic blockade: a golden era in clinical medicine 

and molecular pharmacology. The American journal of medicine 121: 933-934, 2008. 
 
57. Gao Y, and Vanhoutte PM. Nebivolol: an endothelium-friendly selective beta1-

adrenoceptor blocker. J Cardiovasc Pharmacol 59: 16-21, 2012. 
 
58. Garbin U, Fratta Pasini A, Stranieri C, Manfro S, Mozzini C, Boccioletti V, Pasini A, 

Cominacini M, Evangelista S, and Cominacini L. Effects of nebivolol on endothelial 
gene expression during oxidative stress in human umbilical vein endothelial cells. 
Mediators Inflamm 2008: 367590, 2008. 

 
59. Gauthier C, Rozec B, Manoury B, and Balligand J-L. Beta-3 adrenoceptors as new 

therapeutic targets for cardiovascular pathologies. Current heart failure reports 8: 184-192, 
2011. 

 
60. Gavras HP. Issues in hypertension: drug tolerability and special populations. American 

journal of hypertension 14: 231S-236S, 2001. 
 
61. Gerritsen M. Physiologic Functions of Normal Endothelial Cells. In: Vascular medicine : 

a textbook of vascular biology and diseases, edited by loscalzo J, Creager MA, and dzau 
VJ. Boston [etc.]: Little, Brown, 1996, p. 3-38. 



32	
  

62. Giannarelli C, De Negri F, Virdis A, Ghiadoni L, Cipriano A, Magagna A, Taddei S, 
and Salvetti A. Nitric oxide modulates tissue plasminogen activator release in 
normotensive subjects and hypertensive patients. Hypertension 49: 878-884, 2007. 

 
63. Giannarelli C, Virdis A, De Negri F, Duranti E, Magagna A, Ghiadoni L, Salvetti A, 

and Taddei S. Tissue-type plasminogen activator release in healthy subjects and 
hypertensive patients: relationship with beta-adrenergic receptors and the nitric oxide 
pathway. Hypertension 52: 314-321, 2008. 

 
64. Gimbrone M, Kume N, and Cybulski M. Vascular endothelial dysfunction and the 

pathogenesis of atherosclerosis. In: Atherosclerosis Reviews, edited by Weber P, and Leaf 
A. New York: Raven Press, 1993, p. 1-9. 

 
65. Goetz KL, Wang BC, Madwed JB, Zhu JL, and Leadley RJ, Jr. Cardiovascular, renal, 

and endocrine responses to intravenous endothelin in conscious dogs. Am J Physiol 255: 
R1064-1068, 1988. 

 
66. Grant PJ. Diabetes mellitus as a prothrombotic condition. Journal of Internal Medicine 

262: 157-172, 2007. 
 
67. Greathouse M. Nebivolol efficacy and safety in patients with stage I-II hypertension. 

Clinical cardiology 33: E20-27, 2010. 
 
68. Greenlund KJ, Croft JB, and Mensah GA. Prevalence of heart disease and stroke risk 

factors in persons with prehypertension in the United States, 1999-2000. Arch Intern Med 
164: 2113-2118, 2004. 

 
69. Gu Q, Burt VL, Paulose-Ram R, Yoon S, and Gillum RF. High Blood Pressure and 

Cardiovascular Disease Mortality Risk Among U.S. Adults: The Third National Health and 
Nutrition Examination Survey Mortality Follow-up Study. Annals of epidemiology 18: 302-
309, 2008. 

 
70. Guo X, Zou L, Zhang X, Li J, Zheng L, Sun Z, Hu J, Wong ND, and Sun Y. 

Prehypertension: a meta-analysis of the epidemiology, risk factors, and predictors of 
progression. Texas Heart Institute journal / from the Texas Heart Institute of St Luke's 
Episcopal Hospital, Texas Children's Hospital 38: 643-652, 2011. 

 
71. Habib GB, Virani SS, and Jneid H. Is 2015 the primetime year for prehypertension? 

Prehypertension: a cardiovascular risk factor or simply a risk marker? Journal of the 
American Heart Association 4: 2015. 

 
72. Hajjar KA. Binding of Tissue Plasminogen-Activator to Cultured Human-Endothelial 

Cells. Circulation 76: E-E, 1987. 
 



33	
  

73. Hajjar KA, and Hamel NM. Identification and characterization of human endothelial cell 
membrane binding sites for tissue plasminogen activator and urokinase. Journal of 
Biological Chemistry 1990. 

 
74. Hajjar KA, Jacovina AT, and Chacko J. An endothelial cell receptor for 

plasminogen/tissue plasminogen activator. I. Identity with annexin II. Journal of Biological 
Chemistry 1994. 

 
75. Hajjar KA, and Nachman RL. The Human Endothelial Cell Plasmin-Generating System. 

In: Hemostasis and Thrombosis: Basic Principles and Clinical Practice Philadelphia: 1994, 
p. 823-836. 

 
76. Harrison VJ, Barnes K, Turner AJ, Wood E, Corder R, and Vane JR. Identification of 

endothelin 1 and big endothelin 1 in secretory vesicles isolated from bovine aortic 
endothelial cells. Proceedings of the … 1995. 

 
77. Hartley BS, and Neurath H. JSTOR: Philosophical Transactions of the Royal Society of 

London. Series B, Biological Sciences, Vol. 257, No. 813 (Feb. 12, 1970), pp. 77-87. 
Philosophical Transactions of the Royal Society of … 1970. 

 
78. Heidenreich PA, Trogdon JG, Khavjou OA, Butler J, Dracup K, Ezekowitz MD, 

Finkelstein EA, Hong Y, Johnston SC, Khera A, Lloyd-Jones DM, Nelson SA, Nichol 
G, Orenstein D, Wilson PWF, and Woo YJ. Forecasting the Future of Cardiovascular 
Disease in the United States. Circulation 2011. 

 
79. Hjalmarson Å, Goldstein S, Fagerberg B, Wedel H, Waagstein F, Kjekshus J, 

Wikstrand J, El Allaf D, Vítovec J, Aldershvile J, Halinen M, Dietz R, Neuhaus K-L, 
Jánosi A, Thorgeirsson G, Dunselman PHJM, Gullestad L, Kuch J, Herlitz J, 
Rickenbacher P, Ball S, Gottlieb S, Deedwania P, and Group. Effects of Controlled-
Release Metoprolol on Total Mortality, Hospitalizations, and Well-being in Patients With 
Heart FailureThe Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart 
Failure (MERIT-HF). Jama 283: 1295-1302, 2000. 

 
80. Hoylaerts M, Rijken DC, Lijnen HR, and Collen D. Kinetics of the Activation of 

Plasminogen by Human-Tissue Plasminogen-Activator - Role of Fibrin. The Journal of 
biological chemistry 257: 2912-2919, 1982. 

 
81. Hrafnkelsdóttir T, Ottosson P, Gudnason T, Samuelsson O, and Jern S. Impaired 

endothelial release of tissue-type plasminogen activator in patients with chronic kidney 
disease and hypertension. Hypertension 44: 300-304, 2004. 

 
82. Hrafnkelsdottir T, Wall U, Jern C, and Jern S. Impaired capacity for endogenous 

fibrinolysis in essential hypertension. Lancet 352: 1597-1598, 1998. 
 



34	
  

83. Hsia J, Margolis KL, Eaton CB, Wenger NK, Allison M, Wu L, LaCroix AZ, and 
Black HR. Prehypertension and cardiovascular disease risk in the Women's Health 
Initiative. Circulation 115: 855-860, 2007. 

 
84. Jaffe EA. Biochemistry, Immunology, and Cell Biology or Endothelium. In: Hemostasis 

and Thrombosis: Basic Principles and Clinical Practice Philadelphia: 1994, p. 718-744. 
 
85. Januszewicz A, Lapinski M, Symonides B, Dabrowska E, Kuch-Wocial A, Trzepla E, 

Ignatowska-Switalska H, Wocial B, Chodakowska J, and Januszewicz W. Elevated 
endothelin-1 plasma concentration in patients with essential hypertension. J Cardiovasc 
Risk 1: 81-85, 1994. 

 
86. Jern C, Ladenvall P, Wall U, and Jern S. Gene Polymorphism of t-PA is Associated 

With Forearm Vascular Release Rate of t-PA. … 1999. 
 
87. Jern C, SELIN L, and Jern S. Application of the Perfused-Forearm Model to Study 

Release Mechanisms of Tissue-Type Plasminogen-Activator in Man. Fibrinolysis 8: 13-15, 
1994. 

 
88. Jern C, SELIN L, and Jern S. In-Vivo Release of Tissue-Type Plasminogen-Activator 

Across the Human Forearm During Mental Stress. Thrombosis and haemostasis 72: 285-
291, 1994. 

 
89. Joffres M, Falaschetti E, Gillespie C, Robitaille C, Loustalot F, Poulter N, McAlister 

FA, Johansen H, Baclic O, and Campbell N. Hypertension prevalence, awareness, 
treatment and control in national surveys from England, the USA and Canada, and 
correlation with stroke and ischaemic heart disease mortality: a cross-sectional study. BMJ 
open 3: e003423, 2013. 

 
90. Jones DW, and Hall JE. Seventh report of the Joint National Committee on Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure and evidence from new 
hypertension trials. Hypertension 43: 1-3, 2004. 

 
91. Kamp O, Sieswerda GT, and Visser CA. Comparison of effects on systolic and diastolic 

left ventricular function of nebivolol versus atenolol in patients with uncomplicated 
essential hypertension. AJC 92: 344-348, 2003. 

 
92. Kannel WB, Wolf PA, Verter J, and McNamara PM. Epidemiologic assessment of the 

role of blood pressure in stroke. The Framingham study. Jama 214: 301-310, 1970. 
 
93. Kaplan NM. The 6th joint national committee report (JNC-6): new guidelines for 

hypertension therapy from the USA. In: The Keio journal of medicine1998, p. 99-105. 
 
94. Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, and He J. Global 

burden of hypertension: analysis of worldwide data. Lancet 365: 217-223, 2005. 



35	
  

95. Kelly JJ, and Whitworth JA. Endothelin-1 as a mediator in cardiovascular disease. Clin 
Exp Pharmacol Physiol 26: 158-161, 1999. 

 
96. Keys A. Coronary heart disease in seven countries. Circulation 41: 186-195, 1970. 
 
97. Kluft C, Jie A, Sprengers ED, and Verheijen JH. ScienceDirect.com - FEBS Letters - 

Identification of a reversible inhibitor of plasminogen activators in blood plasma. FEBS 
letters 1985. 

 
98. Knofler R, Urano T, Malyszko J, Takada Y, and Takada A. In vitro effect of 

endothelin-1 on collagen, and ADP-induced aggregation in human whole blood and platelet 
rich plasma. Thromb Res 77: 69-78, 1995. 

 
99. Kooistra T, Schrauwen Y, Arts J, and Emeis JJ. Regulation of endothelial cell t-PA 

synthesis and release. International journal of hematology 59: 233-255, 1994. 
 
100. Krum H, Viskoper RJ, Lacourciere Y, Budde M, and Charlon V. The effect of an 

endothelin-receptor antagonist, bosentan, on blood pressure in patients with essential 
hypertension. Bosentan Hypertension Investigators. N Engl J Med 338: 784-790, 1998. 

 
101. Krum H, Viskoper RJ, Lacourcière Y, Budde M, and Charlon V. The effect of an 

endothelin-receptor antagonist, bosentan, on blood pressure in patients with essential 
hypertension. Bosentan Hypertension Investigators. The New England journal of medicine 
338: 784-790, 1998. 

 
102. Ladage D, Brixius K, Hoyer H, Steingen C, Wesseling A, Malan D, Bloch W, and 

Schwinger RH. Mechanisms underlying nebivolol-induced endothelial nitric oxide 
synthase activation in human umbilical vein endothelial cells. Clin Exp Pharmacol Physiol 
33: 720-724, 2006. 

 
103. Landmesser U, and Drexler H. Endothelial function and hypertension. Current opinion in 

cardiology 22: 316-320, 2007. 
 
104. Laslett LJ, Alagona P, Clark BA, Drozda JP, Saldivar F, Wilson SR, Poe C, and Hart 

M. The Worldwide Environment of Cardiovascular Disease: Prevalence, Diagnosis, 
Therapy, and Policy Issues. Journal of the American College of Cardiology 60: S1-S49, 
2012. 

 
105. Lawes CM, Vander Hoorn S, and Rodgers A. Global burden of blood-pressure-related 

disease, 2001. Lancet 371: 1513-1518, 2008. 
 
106. Lee J, Heng D, Ma S, Chew SK, Hughes K, and Tai ES. Influence of pre-hypertension 

on all-cause and cardiovascular mortality: the Singapore Cardiovascular Cohort Study. Int 
J Cardiol 135: 331-337, 2009. 

 



36	
  

107. Lehtonen A. ScienceDirect.com - American Heart Journal - Effect of beta blockers on 
blood lipid profile. American Heart Journal 1985. 

 
108. Leon AS, Agre J, McNally C, Bell C, Neibling M, Grimm R, and Hunninghake DB. 

Blood lipid effects of antihypertensive therapy: a double-blind comparison of the effects of 
methyldopa and propranolol. The Journal of … 1984. 

 
109. Leren P, Foss PO, Helgeland A, Hjermann I, Holme I, and Lund-Larsen PG. Effect of 

propranolol and prazosin on blood lipids. The Oslo Study. The Lancet 2: 4-6, 1980. 
 
110. Lerman A, and Zeiher AM. Endothelial function: cardiac events. Circulation 111: 363-

368, 2005. 
 
111. Levin EG, Marzec U, Anderson J, and Harker LA. Thrombin stimulates tissue 

plasminogen activator release from cultured human endothelial cells. The Journal of 
clinical investigation 74: 1988-1995, 1984. 

 
112. Lewington S, Clarke R, Qizilbash N, Peto R, and Collins R. Age-specific relevance of 

usual blood pressure to vascular mortality: a meta-analysis of individual data for one 
million adults in 61 prospective studies. Lancet 360: 1903-1913, 2002. 

 
113. Liszka HA, Mainous AG, 3rd, King DE, Everett CJ, and Egan BM. Prehypertension 

and cardiovascular morbidity. Ann Fam Med 3: 294-299, 2005. 
 
114. Lloyd-Jones DM, and Bloch KD. The vascular biology of nitric oxide and its role in 

atherogenesis. Annu Rev Med 47: 365-375, 1996. 
 
115. López-Sendón J, Swedberg K, McMurray J, Tamargo J, Maggioni AP, Dargie H, 

Tendera M, Waagstein F, Kjekshus J, Lechat P, Torp-Pedersen C, and Cardiology. 
Expert consensus document on beta-adrenergic receptor blockers. In: European heart 
journal2004, p. 1341-1362. 

 
116. Loscalzo J. Structural and kinetic comparison of recombinant human single- and two-chain 

tissue plasminogen activator. The Journal of clinical investigation 82: 1391-1397, 1988. 
 
117. Loscalzo J, and creager MA. Vascular medicine : a textbook of vascular biology and 

diseases. Boston [etc.]: Little, Brown, 1996. 
 
118. Loscalzo J, Pasche B, Ouimet H, and Freedman JE. Platelets and plasminogen 

activation. Thrombosis and haemostasis 74: 291-293, 1995. 
 
119. Luepker RV. Coronary Heart Disease Epidemiology: From Aetiology to Public Health - 

M. G. Marmot, Paul Elliott - Google Books. Coronary Heart Disease Epidemiology 2005. 
 
120. Lüscher TF, and Barton M. Endothelins and endothelin receptor antagonists: therapeutic 

considerations for a novel class of cardiovascular drugs. Circulation 102: 2434-2440, 2000. 



37	
  

121. Lüscher TF, Tanner FC, Tschudi MR, and Noll G. Endothelial dysfunction in coronary 
artery disease. Annu Rev Med 44: 395-418, 1993. 

 
122. Maffei A, and Lembo G. Nitric oxide mechanisms of nebivolol. Therapeutic advances in 

cardiovascular disease 3: 317-327, 2009. 
 
123. Mainous AG, 3rd, Everett CJ, Liszka H, King DE, and Egan BM. Prehypertension and 

mortality in a nationally representative cohort. Am J Cardiol 94: 1496-1500, 2004. 
 
124. Masaki T, Kimura S, Yanagisawa M, and Goto K. Molecular and cellular mechanism of 

endothelin regulation. Implications for vascular function. Circulation 84: 1457-1468, 1991. 
 
125. Mason RP, and Cockcroft JR. Targeting nitric oxide with drug therapy. J Clin Hypertens 

(Greenwich) 8: 40-52, 2006. 
 
126. Mason RP, Giles TD, and Sowers JR. Evolving mechanisms of action of beta blockers: 

focus on nebivolol. Journal of cardiovascular pharmacology 54: 123-128, 2009. 
 
127. McDevitt DG. Pharmacologic aspects of cardioselectivity in a beta-blocking drug. The 

American journal of cardiology 59: F10-F12, 1987. 
 
128. Mehta J, Mehta P, Lawson D, and Saldeen T. Plasma tissue plasminogen activator 

inhibitor levels in coronary artery disease: Correlation with age and serum triglyceride 
concentrations. Journal of the American College of Cardiology 9: 263-268, 1987. 

 
129. Mendis S, Lindholm LH, Mancia G, Whitworth J, Alderman M, Lim S, and Heagerty 

T. World Health Organization (WHO) and International Society of Hypertension (ISH) risk 
prediction charts: assessment of cardiovascular risk for prevention and control of 
cardiovascular disease in low and middle-income countries. Journal of hypertension 25: 
1578-1582, 2007. 

 
130. Mendis S, Puska P, and Norrving B. Global atlas on cardiovascular disease prevention 

and control/edited by: Shanthi Mendis...[et al.]. 2011. 
 
131. Messerli FH, Williams B, and Ritz E. Essential hypertension. Lancet 370: 591-603, 2007. 
 
132. Michel MC, Harding SE, and Bond RA. Are there functional β₃-adrenoceptors in the 

human heart? British journal of pharmacology 162: 817-822, 2011. 
 
133. Miyauchi T, and Masaki T. Pathophysiology of endothelin in the cardiovascular system. 

Annual review of physiology 61: 391-415, 1999. 
 
134. Moser M. From JNC I to JNC 7--what have we learned? Prog Cardiovasc Dis 48: 303-

315, 2006. 
 



38	
  

135. Muldowney JAS, Painter CA, Sanders-Bush E, Brown NJ, and Vaughan DE. Acute 
tissue-type plasminogen activator release in human microvascular endothelial cells: the 
roles of Galphaq, PLC-beta, IP3 and 5,6-epoxyeicosatrienoic acid. Thrombosis and 
haemostasis 97: 263-271, 2007. 

 
136. Nakov R, Pfarr E, and Eberle S. Darusentan: an effective endothelinA receptor 

antagonist for treatment of hypertension. American journal of hypertension 15: 583-589, 
2002. 

 
137. Newby DE, Wright RA, Ludlam CA, Fox K, Boon NA, and Webb DJ. An in vivo 

model for the assessment of acute fibrinolytic capacity of the endothelium. Thrombosis and 
haemostasis 78: 1242-1248, 1997. 

 
138. Ny T, Elgh F, and Lund B. The structure of the human tissue-type plasminogen activator 

gene: correlation of intron and exon structures to functional and structural domains. … of 
the National Academy of Sciences 1984. 

 
139. O'Rourke S, and Vanhoutte PM. Vascular Pharmacology. In: Vascular medicine : a 

textbook of vascular biology and diseases, edited by loscalzo J, Creager MA, and dzau VJ. 
Boston [etc.]: Little, Brown, 1996, p. 117-140. 

 
140. Oliver JJ, and Newby DE. Endothelial fibrinolytic function in hypertension: the 

expanding story. Journal of hypertension 23: 1471-1472, 2005. 
 
141. Oliver JJ, Webb DJ, and Newby DE. Stimulated tissue plasminogen activator release as a 

marker of endothelial function in humans. Arteriosclerosis, thrombosis, and vascular 
biology 25: 2470-2479. 

 
142. Ostchega Y, Yoon S, Hughes J, and Louis T. Hypertension Awareness, Treatment and 

Control--Continued Disparities in Adults: United States, 2005-2006 Hyattsville, MD: 
National Center for Health Statistics, 2008. 

 
143. Owensby DA, Sobel BE, and Schwartz AL. Receptor-Mediated Endocytosis of Tissue-

Type Plasminogen-Activator by the Human Hepatoma-Cell Line Hep-G2. The Journal of 
biological chemistry 263: 10587-10594, 1988. 

 
144. P J Hubner. Double-blind trial of propranolol and practolol in hypertrophic 

cardiomyopathy. British Heart Journal 35: 1116, 1973. 
 
145. Pedersen ME, and Cockcroft JR. The latest generation of beta-blockers: new 

pharmacologic properties. Curr Hypertens Rep 8: 279-286, 2006. 
 
146. Poli KA, Tofler GH, Larson MG, Evans JC, Sutherland PA, Lipinska I, Mittleman 

MA, Muller JE, D&apos;Agostino RB, Wilson PWF, and Levy D. Association of Blood 
Pressure With Fibrinolytic Potential in the Framingham Offspring Population. Circulation 
2000. 



39	
  

147. Ponting CP, Marshall JM, and Cederholm-Williams SA. Plasminogen: a structural 
review. Blood Coagulation &amp; Fibrinolysis 3: 605, 1992. 

 
148. Prisant LM. Nebivolol: pharmacologic profile of an ultraselective, vasodilatory beta1-

blocker. Journal of clinical pharmacology 48: 225-239, 2008. 
 
149. Qureshi AI, Suri MF, Kirmani JF, Divani AA, and Mohammad Y. Is prehypertension a 

risk factor for cardiovascular diseases? Stroke 36: 1859-1863, 2005. 
 
150. Quyyumi AA, and Patel RS. Endothelial dysfunction and hypertension: cause or effect? 

Hypertension 55: 1092-1094, 2010. 
 
151. Raiko JRH, Oikonen M, Wendelin-Saarenhovi M, Siitonen N, Kähönen M, Lehtimäki 

T, Viikari J, Jula A, Loo B-M, Huupponen R, Saarikoski L, Juonala M, and Raitakari 
OT. Plasminogen activator inhitor-1 associates with cardiovascular risk factors in healthy 
young adults in the Cardiovascular Risk in Young Finns Study. Atherosclerosis 224: 208-
212, 2012. 

 
152. Rath G, Balligand J-L, Dessy C, and Chantal D. Vasodilatory mechanisms of beta 

receptor blockade. Current Hypertension Reports 14: 310-317, 2012. 
 
153. Raum D, Marcus D, Alper CA, Levey R, Taylor PD, and Starzl TE. Synthesis of 

human plasminogen by the liver. Science (New York, NY) 208: 1036-1037, 1980. 
 
154. Ravalli S, Szabolcs M, Albala A, Michler RE, and Cannon PJ. Increased 

immunoreactive endothelin-1 in human transplant coronary artery disease. Circulation 94: 
2096-2102, 1996. 

 
155. Redlitz A, and Plow EF. Receptors for plasminogen and t-PA: an update. 

Baillière&apos;s clinical haematology 8: 313-327, 1995. 
 
156. Remuzzi G, Perico N, and Benigni A. New therapeutics that antagonize endothelin: 

promises and frustrations. Nature reviews Drug discovery 1: 986-1001, 2002. 
 
157. Ritter JM. Nebivolol: Endothelium‐Mediated Vasodilating Effect. Journal of 

cardiovascular pharmacology 38: S13, 2001. 
 
158. Riva N, and Lip GYH. Nebivolol for the treatment of heart failure. Expert opinion on 

investigational drugs 20: 1733-1746, 2011. 
 
159. Rocha E, and Páramo JA. The relationship between impaired fibrinolysis and coronary 

heart disease: a role for PAI-1. Fibrinolysis 8: 294-303, 1994. 
 
160. Rosnoblet C, Vischer UM, Gerard RD, Irminger J-C, Halban PA, and Kruithof EKO. 

Storage of Tissue-Type Plasminogen Activator in Weibel-Palade Bodies of Human 
Endothelial Cells. … 1999. 



40	
  

161. Rozec B, Quang TT, Noireaud J, and Gauthier C. Mixed β3-adrenoceptor agonist and 
α1-adrenoceptor antagonist properties of nebivolol in rat thoracic aorta. British journal of 
pharmacology 147: 699-706, 2006. 

 
162. Rubanyi GM, and Polokoff MA. Endothelins - Molecular-Biology, Biochemistry, 

Pharmacology, Physiology, and Pathophysiology. Pharmacol Rev 46: 325-415, 1994. 
 
163. Rydholm HE, Falk P, Eriksson E, and Risberg B. Thrombin signal transduction of the 

fibrinolytic system in human adult venous endothelium in vitro. Scandinavian journal of 
clinical and laboratory investigation 58: 347-352, 1998. 

 
164. Sakurai T, Yanagisawa M, Takuwat Y, Miyazaki H, Kimura S, Goto K, and Masaki 

T. Cloning of cDNA encoding a non-isopeptide subtype of teh endothelin receptor. Nature 
348: 732-735, 1990. 

 
165. Schiffrin E. Role of endothelin-1 in hypertension and vascular disease. American Journal 

of Hypertension 14: 835-895, 2001. 
 
166. Schiffrin EL. Role of endothelin-1 in hypertension and vascular disease. Am J Hypertens 

14: 83S-89S, 2001. 
 
167. Schleef RR, and Loskutoff DJ. Fibrinolytic system of vascular endothelial cells. Role of 

plasminogen activator inhibitors. Haemostasis 18: 328-341, 1988. 
 
168. Schneider MP, Boesen EI, and Pollock DM. Contrasting actions of endothelin ET(A) and 

ET(B) receptors in cardiovascular disease. Annu Rev Pharmacol Toxicol 47: 731-759, 
2007. 

 
169. Schrauwen Y, de Vries REM, Kooistra T, and Emeis JJ. Acute release of tissue-type 

plasminogen activator (t-PA) from the endothelium; regulatory mechanisms and 
therapeutic target. Fibrinolysis 8: 8-12, 1994. 

 
170. Shimbo D, Muntner P, Mann D, Viera AJ, Homma S, Polak JF, Barr RG, Herrington 

D, and Shea S. Endothelial dysfunction and the risk of hypertension: the multi-ethnic study 
of atherosclerosis. Hypertension 55: 1210-1216, 2010. 

 
171. Shin J, and Johnson JA. β-Blocker pharmacogenetics in heart failure. Heart failure 

reviews 15: 187-196, 2008. 
 
172. Sipahi I, Tuzcu EM, Schoenhagen P, Wolski KE, Nicholls SJ, Balog C, Crowe TD, 

and Nissen SE. Effects of normal, pre-hypertensive, and hypertensive blood pressure 
levels on progression of coronary atherosclerosis. Journal of the American College of 
Cardiology 48: 833-838, 2006. 

 
 



41	
  

173. Smith SC, Collins A, Ferrari R, Holmes DR, Logstrup S, McGhie DV, Ralston J, 
Sacco RL, Stam H, Taubert K, Wood DA, and Zoghbi WA. Our Time: A Call to Save 
Preventable Death From Cardiovascular Disease (Heart Disease and Stroke). Circulation 
126: 2769-2775, 2012. 

 
174. Spieker LE, Flammer AJ, and Lüscher TF. The vascular endothelium in hypertension. 

Handb Exp Pharmacol 249-283, 2006. 
 
175. Spieker LE, Noll G, Ruschitzka FT, Maier W, and Lüscher TF. Working under 

pressure: the vascular endothelium in arterial hypertension. Journal of human hypertension 
14: 617-630, 2000. 

 
176. Sprengers ED, and Kluft C. Plasminogen activator inhibitors. Blood 1987. 
 
177. Staessen JA, Wang JG, and Thijs L. Cardiovascular prevention and blood pressure 

reduction: a quantitative overview updated until 1 March 2003. J Hypertens 21: 1055-1076, 
2003. 

 
178. Stamler JS, dzau VJ, and loscalzo J. The Vascular Smooth Muscle. In: Vascular 

medicine : a textbook of vascular biology and diseases, edited by loscalzo J, Creager MA, 
and dzau VJ. Boston [etc.]: Little, Brown, 1996, p. 71-116. 

 
179. Stauffer BL, Westby CM, and DeSouza CA. Endothelin-1, aging and hypertension. Curr 

Opin Cardiol 23: 350-355, 2008. 
 
180. Stauffer BL, Westby CM, and DeSouza CA. Endothelin-1, aging and hypertension. 

Current opinion in cardiology 23: 350-355, 2008. 
 
181. Summaria L, Hsieh B, and Robbins KC. The specific mechanism of activation of human 

plasminogen to plasmin. The Journal of biological chemistry 242: 4279-4283, 1967. 
 
182. Suyama T, Tsuchida T, Yasui K, and Kawamoto K. Tissue plasminogen activator (T-

PA) and plasminogen activator inhibitor (PAI-1) levels in the conditioned medium of 
cultured porcine brain microvascular endothelial cells. Human cell : official journal of 
Human Cell Research Society 11: 35-42, 1998. 

 
183. Taddei S, Virdis A, Mattei P, Ghiadoni L, Fasolo CB, Sudano I, and Salvetti A. 

Hypertension causes premature aging of endothelial function in humans. Hypertension 29: 
736-743, 1997. 

 
184. Talbert RL. Pharmacokinetics and Pharmacodynamics of Beta Blockers in Heart Failure - 

Springer. Heart failure reviews 2004. 
 
185. Tappy L, Hauert J, and Bachmann F. Effects of hypoxia and acidosis on vascular 

plasminogen activator release in the pig ear perfusion system. Thrombosis research 33: 
117-124, 1984. 



42	
  

186. Tesfamariam B, and Cohen RA. Free radicals mediate endothelial cell dysfunction 
caused by elevated glucose. The American journal of physiology 263: H321-326, 1992. 

 
187. Thorsen S, Philips M, Selmer J, Lecander I, and Astedt B. Kinetics of inhibition of 

tissue-type and urokinase-type plasminogen activator by plasminogen-activator inhibitor 
type 1 and type 2. European Journal of Biochemistry 175: 33-39, 1988. 

 
188. Tomiyama H, Kimura Y, Mitsuhashi H, Kinouchi T, Yoshida H, Kushiro T, and 

Doba N. Relationship between endothelial function and fibrinolysis in early hypertension. 
Hypertension 31: 321-327, 1998. 

 
189. Tunstall-Pedoe H, and Tunstall-Pedoe H. Monica Monograph and multimedia 

Sourcebook: World is largest study of heart ... - Google Books. Geneva: … 2003. 
 
190. Van Bortel LM, Fici F, and Mascagni F. Efficacy and tolerability of nebivolol compared 

with other antihypertensive drugs: a meta-analysis. American journal of cardiovascular 
drugs : drugs, devices, and other interventions 8: 35-44, 2008. 

 
191. Van De Craen B, Declerck PJ, and Gils A. The Biochemistry, Physiology and 

Pathological roles of PAI-1 and the requirements for PAI-1 inhibition in vivo. Thrombosis 
research 130: 576-585, 2012. 

 
192. Van de Water A, Janssens W, Van Neuten J, Xhonneux R, De Cree J, Verhaegen H, 

Reneman RS, and Janssen PA. Pharmacological and hemodynamic profile of nebivolol, a 
chemically novel, potent, and selective beta 1-adrenergic antagonist. J Cardiovasc 
Pharmacol 11: 552-563, 1988. 

 
193. van den Born B-JH, Löwenberg EC, van der Hoeven NV, de Laat B, Meijers JC, Levi 

M, and van Montfrans GA. Endothelial dysfunction, platelet activation, thrombogenesis 
and fibrinolysis in patients with hypertensive crisis. Journal of hypertension 29: 922-927, 
2011. 

 
194. Van Guilder GP, Hoetzer GL, Greiner JJ, Stauffer BL, and DeSouza CA. Metabolic 

syndrome and endothelial fibrinolytic capacity in obese adults. American journal of 
physiology Regulatory, integrative and comparative physiology 294: R39-44, 2008. 

 
195. Van Guilder GP, Hoetzer GL, Smith DT, Irmiger HM, Greiner JJ, Stauffer BL, and 

DeSouza CA. Endothelial t-PA release is impaired in overweight and obese adults but can 
be improved with regular aerobic exercise. American journal of physiology Endocrinology 
and metabolism 289: E807-813, 2005. 

 
196. Vanhoutte PM, and Gao Y. Beta blockers, nitric oxide, and cardiovascular disease. 

Current opinion in pharmacology 2013. 
 
197. Vanhoutte PM, Shimokawa H, Tang EH, and Feletou M. Endothelial dysfunction and 

vascular disease. Acta Physiol (Oxf) 196: 193-222, 2009. 



43	
  

198. Vasan RS, Larson MG, Leip EP, Evans JC, O'Donnell CJ, Kannel WB, and Levy D. 
Impact of high-normal blood pressure on the risk of cardiovascular disease. N Engl J Med 
345: 1291-1297, 2001. 

 
199. Vasan RS, Larson MG, Leip EP, Evans JC, O&apos;Donnell CJ, Kannel WB, and 

Levy D. Impact of high-normal blood pressure on the risk of cardiovascular disease. The 
New England journal of medicine 345: 1291-1297, 2001. 

 
200. Vaughan DE, Schafer A, and loscalzo J. Normal Mechanisms of Hemostasis and 

Fibrinolysis. In: Vascular medicine : a textbook of vascular biology and diseases, edited by 
loscalzo J, creager MA, and dzau VJ. Boston [etc.]: Little, Brown, 1996, p. 207-216. 

 
201. Verstraete M, and Collen D. Thrombolytic therapy in the eighties. Blood 67: 1529-1541, 

1986. 
 
202. Vierhapper H, Wagner O, Nowotny P, and Waldhausl W. Effect of endothelin-1 in 

man. Circulation 81: 1415-1418, 1990. 
 
203. Vita J, Keaney J, and Loscalzo J. Endothelial dysfunction in vascular disease. In: 

Vascular Medicine A Textbook of Vascular Biology and Diseases, edited by Loscalzo J, 
Creager M, and Dzau V. New York: Little Brown and Company, 1996, p. 245-265. 

 
204. Vita JA, Keaney JF, and loscalzo J. Endothelial Dysfunction in Vascular Disease. In: 

Vascular Medicine: A Textbook of Vascular Biology and Diseases, edited by loscalzo J, 
creager MA, and dzau VJLittle, Brown, 1996, p. 245-263. 

 
205. Waal-Manning HJ, and Simpson FO. Beta-blockers and lipid metabolism. | BMJ. British 

Medical Journal 1977. 
 
206. Wagenfeld L, Himpel O, Galambos P, Matthiesen N, Wiermann A, Richard G, 

Klemm M, and Zeitz O. Protective effects of nebivolol on oxygen free radical-induced 
vasoconstrictions in vitro. Med Sci Monit 14: BR109-112, 2008. 

 
207. Wang Y, and Wang QJ. JAMA Network | JAMA Internal Medicine | The Prevalence of 

Prehypertension and Hypertension Among US Adults According to the New Joint National 
Committee GuidelinesNew Challenges of the Old Problem. Arch Intern Med 2004. 

 
208. Weil BR, Westby CM, Greiner JJ, Stauffer BL, and DeSouza CA. Elevated endothelin-

1 vasoconstrictor tone in prehypertensive adults. The Canadian journal of cardiology 28: 
347-353, 2012. 

 
209. Whitworth JA. 2003 World Health Organization (WHO)/International Society of 

Hypertension (ISH) statement on management of hypertension. Journal of hypertension 21: 
1983-1992, 2003. 



44	
  

210. Widlansky ME, Gokce N, Keaney JF, and Vita JA. The clinical implications of 
endothelial dysfunction. Journal of the American College of Cardiology 42: 1149-1160, 
2003. 

 
211. William-Olsson T, Fellenius E, Björntorp P, and Smith U. Differences in Metabolic 

Responses to β-Adrenergic Stimulation after Propranolol or Metoprolol Administration. 
Acta Medica Scandinavica 205: 201-206, 2009. 

 
212. Winegarden CR. From "prehypertension" to hypertension? Additional evidence. Annals of 

epidemiology 15: 720-725, 2005. 
 
213. Wiysonge CS, Bradley HA, Volmink J, Mayosi BM, Mbewu A, Opie LH, and 

Wiysonge CS editors. Beta-blockers for hypertension. Chichester, UK: John Wiley & 
Sons, Ltd, 1996. 

 
214. Yanagisawa M, Inoue A, Ishikawa T, Kasuya Y, Kimura S, Kumagaye S, Nakajima 

K, Watanabe TX, Sakakibara S, Goto K, and et al. Primary structure, synthesis, and 
biological activity of rat endothelin, an endothelium-derived vasoconstrictor peptide. Proc 
Natl Acad Sci U S A 85: 6964-6967, 1988. 

 
215. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, Yazaki 

Y, Goto K, and Masaki T. A novel potent vasoconstrictor peptide produced by vascular 
endothelial cells. Nature 332: 411-415, 1988. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45	
  

 
 

Published: Journal of Human Hypertension, 8 January 2015 
 

IMPAIRED ENDOGENOUS FIBRINOLYTIC CAPACITY IN PREHYPERTENSIVE MEN 

 

 

Kyle J. Diehl, M.S.1, Brian R. Weil, Ph.D.1, Jared J. Greiner, M.S.1,  

Kenneth P. Wright JR, Ph.D.1Brian L. Stauffer, M.D.1,2,3  

and Christopher A. DeSouza, Ph.D.1,2  

 

Integrative Vascular Biology Laboratory 

Department of Integrative Physiology, 

University of Colorado, Boulder, Colorado 803091; 

Department of Medicine, University of Colorado, Denver, Colorado 802622; and 

Denver Health Medical Center, Denver, Colorado 802043 

 

Running Head: Prehypertension and Endothelial Fibrinolysis 

 

Support:  This study was supported by National Institutes of Health awards 

HL088891, HL077450, HL076434 and RR00051 as well as American Heart Association awards 

0840167N and 12PRE9280026. 

 

Corresponding author: Christopher DeSouza, Ph.D. 

 Integrative Vascular Biology Laboratory 

 Department of Integrative Physiology 

 354 UCB 

 University of Colorado 

 Boulder, CO 80309 

 TEL: (303) 492-2988 

 FAX: (303) 492-6778 

 E-mail: desouzac@colorado.edu 



46	
  

 
 

What is known about topic 
	
  

• Nearly	
  50%	
  of	
  blood	
  pressure-­‐related	
  deaths	
  occur	
  in	
  individuals	
  with	
  systolic	
  
blood	
  pressure	
  in	
  the	
  prehypertensive	
  range	
  (systolic	
  BP	
  120-­‐139	
  mmHg	
  systolic	
  
and/or	
  diastolic	
  BP	
  80-­‐89	
  mmHg).	
  

 
• Mechanisms	
  responsible	
  for	
  the	
  increased	
  cardiovascular	
  risk	
  in	
  adults	
  with	
  

blood	
  pressure	
  in	
  the	
  prehypertensive	
  range	
  are	
  not	
  fully	
  understood.	
  	
  	
  

What this study adds 
 

• The	
  capacity	
  of	
  the	
  endothelium	
  to	
  release	
  tissue-­‐type	
  plasminogen	
  activator	
  (t-­‐
PA),	
  the	
  primary	
  activator	
  of	
  endogenous	
  fibrinolysis,	
  is	
  markedly	
  impaired	
  in	
  
middle-­‐aged	
  men	
  with	
  blood	
  pressure	
  in	
  the	
  prehypertensive	
  range.	
  
	
  

• The	
  level	
  of	
  impairment	
  in	
  endothelial	
  t-­‐PA	
  release	
  in	
  prehypertensive	
  men	
  is	
  
similar	
  to	
  that	
  observed	
  in	
  hypertensive	
  men.	
  

 
• Diminished	
  endothelial	
  fibrinolytic	
  capacity	
  may	
  underlie	
  the	
  increased	
  

cardiovascular	
  risk	
  with	
  prehypertension.	
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ABSTRACT 

Prehypertension (BP 120-139/80-89 mmHg) is associated with an increased risk for future 

atherothrombotic events.  Although the mechanisms underlying this elevated risk are not 

completely understood, one possibility is that prehypertension is associated with impaired 

endothelial fibrinolytic capacity.  We tested the hypothesis that vascular endothelial release of t-

PA is impaired in prehypertensive men.  Net endothelial release of t-PA was determined, in vivo, 

in response to intrabrachial infusions of bradykinin (12.5, 25, 50 ng/100 mL tissue/min) and 

sodium nitroprusside at (1.0, 2.0, 4.0 µg/100 mL tissue/min) in 42 middle-age and older men: 16 

normotensive (BP range: 100-119/57-79 mmHg); 16 prehypertensive (BP range: 120-139/76-89 

mmHg); and 10 hypertensive (BP range: 140-150/74-100 mmHg).  Net release of t-PA antigen 

was ~25% lower (P < 0.05) in the prehypertensive (-0.9 ± 0.8 to 42.4 ± 5.3 ng/100 mL 

tissue/min) compared with the normotensive (0.5 ± 1.0 to 53.9 ± 6.5 ng/100 mL tissue/min) men.  

There was no significant difference in t-PA release between the hypertensive (-1.8+1.6 to 

40.8+6.6 ng/100 mL tissue/min) and prehypertensive groups.  Sodium nitroprusside did not 

significantly alter t-PA release in any group.  These data indicate that endothelial t-PA release is 

diminished in prehypertensive men.  Further, the level of impairment in t-PA release seen with 

clinical hypertension is already apparent in the prehypertensive state.  Impaired endothelial 

fibrinolytic function may underlie the increased atherothrombotic risk associated with blood 

pressure in the prehypertensive range. 

 

Key Words: Endothelium, tissue-type plasminogen activator, blood pressure, hypertension 
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INTRODUCTION 
 

Aside from age, elevated blood pressure (BP) is the most predominant cardiovascular 

disease (CVD) risk factor worldwide 1.  It is well-established that blood pressure-related CVD 

risk is not limited to values in the clinically hypertensive range (systolic BP > 140 mmHg and/or 

diastolic BP >90 mmHg), but also involves blood pressures in the prehypertensive range 

(systolic BP 120-139 mmHg systolic and/or diastolic BP 80-89 mmHg) 2.  Several 

epidemiological studies have demonstrated that prehypertension is linked not only with an 

increased risk for developing clinical hypertension but also increased prevalence of myocardial 

infarction, stroke and congestive heart failure 3.  Moreover, it is estimated that nearly 50% of 

blood pressure-related deaths occur in individuals with systolic blood pressure in the 

prehypertensive range 4.  Considering ~70 million adults in the United States are thought to have 

resting blood pressures in the prehypertensive range, prehypertension represents an important 

public health issue 5.  

Endothelial dysfunction plays a vital role in the initiation, development and progression 

of atherosclerosis 6, 7.  In addition to vasomotor regulation, a prominent thromboresistant property 

of the vascular endothelium is its modulatory influence on fibrinolysis.  Endothelial cells are the 

principal site of synthesis and release of tissue-type plasminogen activator (t-PA), the primary 

activator of the fibrinolytic system 8.  Experimental and clinical data indicate that it is the 

capacity of the endothelium to release t-PA rapidly and acutely from intracellular storage pools 

that determines the efficacy of endogenous fibrinolytic activity 9, 10.  Diminished capacity of the 

endothelium to release t-PA is associated with the pathogenesis of coronary artery disease and 

associated atherothrombotic events 11, 12 as well as a variety of CVD risk factors such as cigarette 

smoking13 and hypertension 14.  For example, Hrafnkelsdottir et al. 14 reported that endothelial    
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t-PA release is ~40% lower in hypertensive compared with normotensive middle-aged adults.  

Currently, it is unknown whether blunted endothelial t-PA release observed with clinical 

hypertension is evident in the prehypertensive state.  If so, impaired endothelial fibrinolytic 

capacity may contribute to the increased vascular risk with prehypertension. 

Accordingly, we tested the hypothesis that the capacity of the endothelium to acutely 

release t-PA is impaired with prehypertension.  To address this hypothesis, we employed an 

isolated forearm model to assess endothelial t-PA release in vivo in normotensive, 

prehypertensive and hypertensive middle-aged and older men.  

 

METHODS 

Subjects 

Forty-two adult men with normal and elevated blood pressure were studied: 16 

normotensive (BP range: 100-119/57-79 mmHg); 16 prehypertensive (BP range: 120-139/76-89 

mmHg); and 10 hypertensive (BP range: 140-150/74-100 mmHg).  Blood pressure classification 

was based on JNC-7 guidelines 15, determined by the average of two or more seated BP readings 

from two separate visits 15.  All subjects were free of overt cardiovascular and metabolic disease 

as assessed by medical history, physical examination, fasting blood chemistries, and 

electrocardiograms and blood pressure at rest and during incremental exercise performed to 

exhaustion.  None of the subjects smoked, were taking medications (including vitamins), or 

performed regular physical exercise for at least 1 year before the start of the study.  Prior to 

participation, all of the subjects had the research study and its potential risks and benefits 

explained fully before providing written informed consent according to the guidelines of the 
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University of Colorado at Boulder.  All of the procedures were performed according to 

institutional guidelines. 

 
Measurements   

Body Composition  

 Body mass was measured to the nearest 0.1 kg using a medical beam balance (Detecto, 

Webb City, MO).  Percent body fat was determined by dual energy x-ray absorptiometry (Lunar 

Radiation Corporation, Madison, WI).  Body mass index (BMI) was calculated as weight 

(kilograms) divided by height (meters) squared.  Minimal waist circumference was measured 

according to previously published guidelines 16. 

Treadmill Exercise Test  

To assess aerobic fitness, subjects performed incremental treadmill exercise using a 

modified Balke protocol.  Maximal oxygen consumption (V. O2max) was measured using on-line 

computer-assisted open circuit spirometry36. 

Metabolic Measurements 

 Fasting plasma lipid, lipoprotein, glucose and insulin concentrations were determined 

using standard techniques by the clinical laboratory affiliated with the Clinical Translational 

Research Center at the University of Colorado at Boulder.  Insulin resistance was estimated 

using the homeostasis model assessment (HOMA-IR) derived from fasting glucose and insulin 

concentrations 17. 

Intra-Arterial Fibrinolytic Protocol 

 All measurements were performed in a temperature-controlled room between 7 and 10 

AM after an overnight fast as previously described by our laboratory 8.  Briefly, an intravenous 

catheter was placed in a deep antecubital vein of the non-dominant arm.  Thereafter, a 5-cm, 20-
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gauge catheter was introduced into the brachial artery of the same arm under local anesthesia 

(1% lidocaine).  Forearm blood flow (FBF) was measured using strain-gauge venous occlusion 

plethysmography (D.E. Hokanson, Bellevue, WA) and presented as mL/100 mL forearm 

volume/min.  Following the measurement of resting blood flow for 5 minutes, bradykinin was 

infused intra-arterially at rates of 12.5, 25, 50 ng·100 ml tissue–1·min–1 and sodium nitroprusside 

at 1.0, 2.0, 4.0 µg·100 ml tissue–1·min–1 for 5 min at each dose as previously described 8.  To 

avoid an order effect, the sequence of drug administration was randomized. 

 Net endothelial release of t-PA antigen and plasminogen activator inhibitor (PAI)-1 antigen 

in response to bradykinin and sodium nitroprusside was calculated according to Jern et al. 18 

using the following equation:  

Net Release = (CV-CA) x (FBF x [101-hematocrit/100]) 

where CV and CA represent the concentration in the vein and artery, respectively.  For both t-PA 

and PAI-1, a positive difference indicated a net release and a negative difference, net uptake. 

Arterial and venous blood samples were collected simultaneously at baseline and the end of each 

drug dose.  Enzyme immunoassay was used to determine t-PA and PAI-1 antigen concentrations.  

Hematocrit was measured in triplicate using the standard microhematocrit technique and 

corrected for trapped plasma volume within the erythrocytes 19.  The total amount of t-PA 

antigen released across the forearm in response to bradykinin was calculated as the incremental 

area under each curve using a trapezoidal model.  In order to avoid confounding effects from 

potential infection or acute inflammation on fibrinolytic function, all subjects were free of recent 

infection/inflammation (> 2 weeks) as determined by questionnaire 20. 
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Statistical Analysis 

 Differences in subject baseline characteristics and area under the curve data were determined 

by between-groups analysis of variance (ANOVA).  Group differences in FBF and endothelial t-

PA and PAI-1 antigen release in response to bradykinin and sodium nitroprusside were 

determined by repeated-measures ANOVA. When indicated by a significant F value, a post hoc 

test using the Newman-Keuls method was performed to identify differences between the groups. 

Relations between variables of interest were assessed by linear regression analysis.  All data are 

expressed as mean ± SEM.  Statistical significance was set a priori at P<0.05. 

 

RESULTS 

Selected subject characteristics are presented in Table 1.  There were no differences in 

age, anthropometric or metabolic variables between the normotensive and prehypertensive 

groups.  By design, systolic and diastolic blood pressures were greater (P<0.05) in the 

prehypertensive compared with the normotensive group.  Aside from blood pressure, BMI, and 

plasma glucose and insulin concentrations were highest in the hypertensive men, 

The FBF responses to bradykinin and sodium nitroprusside were not significantly 

different between groups (Figure 1).  FBF in the non-infused arm remained constant throughout 

the infusion protocols and did not differ significantly between groups. 

 Basal endothelial t-PA antigen release was not significantly different amongst the groups.  

However, compared with the normotensive men, the capacity of the endothelium to release t-PA 

in response to bradykinin was significantly blunted in the prehypertensive and hypertensive men 

(Figure 2).  Net release of t-PA antigen was ~25% lower (P < 0.05) in the prehypertensive (from 

-0.9 ± 0.8 to 42.4 ± 5.3 ng/100 mL tissue/min) compared with the normotensive (from 0.5 ± 1.0 
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to 53.9 ± 6.5 ng/100 mL tissue/min) men.  As a result, the total amount of t-PA antigen released 

(area under the curve to all doses of bradykinin) was markedly lower (~35%; P < 0.05) in the 

prehypertensive (220 ± 24 ng/100 mL tissue) than normotensive  (341 ± 34 ng/100 ml tissue) 

group (Figure 2).  Interestingly, net release of t-PA antigen (from -1.8+1.6 to 40.8+6.6 ng/100 

mL tissue/min) and total amount of t-PA antigen released (213+47 ng/100 mL tissue) in response 

to bradykinin in the hypertensive group, although lower (P<0.05) than normotenisve controls, 

was not significantly different from the prehypertensive group.  There was an inverse relation 

between systolic BP and total t-PA release to bradykinin (r = -0.36, P<0.05).  Infusion of sodium 

nitroprusside did not stimulate significant changes in t-PA release in the normotensive (from 0.4 

± 0.8 to -0.6 ± 3.1 ng/100 mL tissue/min), prehypertensive (from -0.5 ± 0.9 to 3.4 ± 5.7 ng/100 

mL tissue/min) and hypertensive (from 0.8+1.3 to 2.1+3.0 ng/100 mL tissue/min) adults.  

Neither bradykinin nor sodium nitroprusside elicited significant changes in PAI-1 antigen release 

in any group (data not shown). 

 

DISCUSSION 

The novel findings of the present study are as follows: 1) the capacity of the 

endothelium to release t-PA is diminished in middle-aged men with blood pressure in the 

prehypertensive range; and 2) the level of impairment in endothelial t-PA release in 

prehypertensive men is similar to that observed in hypertensive men.  To our knowledge, this is 

the first study to examine the influence of blood pressure in the prehypertensive range on 

endothelial fibrinolytic function. 

The vascular risks associated with prehypertension cannot be overlooked.  Several 

epidemiological studies have demonstrated significantly increased risk of cardiovascular disease 
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and associated acute vascular events in prehypertensive compared with normotensive adults 21 22 

23 24 25.  For example, multivariate-adjusted analyses of the original Framingham Heart Study 

cohort revealed that compared with normotension, prehypertension was associated with 

substantially greater risk of myocardial infarction (hazard ratio [HR]: 3.5)21.  Moreover, a 

recently conducted meta analysis involving over one million individuals, spanning 20 

prospective cohort studies, provided further confirmation of the elevated risk of CVD-related 

mortality with prehypertension 2.  The mechanisms for the increased vascular risk with blood 

pressure in the prehypertensive range are unclear.  We 26, 27 and others 28 have reported that 

endothelial vasomotor function is markedly impaired in prehypertensive adults.  Indeed, Weil et 

al. 27 showed, in a similar population to that of the present study, that prehypertension is 

associated with a ~30% reduction in nitric oxide-mediated endothelium-dependent 

vasodilation.  In addition to reduced nitric oxide bioavailability, the same authors, in a separate 

study, also reported that endothelin-1 vasoconstrictor tone is elevated (~20%) in the 

prehypertensive state 26.  The results of the present study complement and significantly extend 

these previous findings by demonstrating that the capacity of the endothelium to release t-PA in 

prehypertensive men is severely blunted (~35%).  Although the potential clinical consequence of 

reduced t-PA release with prehypertension is outside the scope of this study, both animal 29, 30 and 

clinical studies 31 have highlighted the deleterious impact of diminished endothelial release of t-

PA on cardiovascular health.  Studies involving t-PA deficient mice, for example, demonstrated 

accelerated rates of atherosclerotic fibrin deposition and extensive myocardial tissue necrosis in 

these animals 29, 30.  In humans, reduced capacity of the endothelium to release t-PA has been 

linked to atheromatous plaque development and higher rates of myocardial infarction31.  Thus, 

endothelial fibrinolytic dysfunction may be a contributing mechanism underlying the increased 
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risk of thrombosis and acute cardiovascular events with prehypertension 3. 

Interestingly, in the current study there was no difference between the prehypertensive 

and hypertensive groups in endothelial t-PA release.  Both groups demonstrated significantly 

lower (~35%) capacity of the endothelium to release t-PA than their normotensive counterparts.  

Of note, the impairment in endothelial t-PA release observed in the hypertensive group is in line 

with that previously described 14.  Hrafnkelsdottir and colleagues 14 demonstrated that release of 

t-PA from the endothelium was significantly blunted in hypertensive compared with 

normotensive adults, independent of other risk factors.  The results of the present study extend 

these findings by showing that the impairment in t-PA release with hypertension appears to be 

born in the prehypertensive state.  This may account, in part, for the increase in vascular risk 

starting at blood pressure in the prehypertensive range 3.  Moreover, it provides further rationale 

for a more aggressive approach towards risk recognition and blood pressure control in the 

prehypertensive population.    

The mechanisms underlying the impairment in endothelial t-PA release in adult males 

with blood pressure in the prehypertensive range are unclear.  It has been demonstrated that 

elevations in blood pressure are associated with increased inflammation and oxidative stress 32-35.  

Our group 36, as well as others 37, have shown that elevations in oxidative stress is associated with 

lower endothelial t-PA release.  For example, Van Guilder et al. 36 demonstrated that 

endothelium t-PA release was potentiated after acute intra-arterial vitamin C administration and 

chronic oral vitamin C supplementation in overweight and obese adults.  While not assessed in 

this study, it is possible that oxidative stress may contribute to impaired endothelial t-PA release 

with prehypertension, and is worthy of future study.  It is important to emphasize that aside from 

elevated blood pressure, subjects in the present study were free of clinically evident coronary 
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artery disease and other cardiometabolic risk factors that have been shown to adversely influence 

endothelial t-PA release such as obesity and dyslipidemia.  Thus, we believe that the observed 

impairment in t-PA is a primary consequence of chronic elevation in blood pressure.  

There are a few experimental considerations regarding the present study that merit 

discussion.  Firstly, the experimental design of our study was cross-sectional.  Therefore, we 

cannot discount the possibility that variables such as genetics and/or lifestyle behaviors may 

have influenced our results.  In the effort to minimize the influence of lifestyle behaviors, we 

studied sedentary adults who were non-smokers and not currently taking any medications or 

supplements that have been shown to influence endothelial fibrinolytic function.  Secondly, it is 

important to emphasize that the present study involved men only.  We have previously reported 

that postmenopausal women demonstrate markedly higher (~50%) endothelial t-PA release than 

middle-aged and older men 38.  It is possible that these gender differences may exist amongst 

prehypertensive adults.  As such, studies are ongoing in our laboratory to examine the influence 

of prehypertension on endothelial t-PA release in middle-aged and older women.  In addition, it 

is unknown whether prehypertension adversely affects endothelial fibrinolytic function in 

younger adults.  

In conclusion, the results of this study indicate that the capacity of the endothelium to 

release t-PA is diminished in adult males with blood pressure in the prehypertensive range.  

Moreover, the level of impairment in t-PA release seen with clinical hypertension is already 

apparent in the prehypertensive state.  Blunted endothelial fibrinolytic function may be an 

underlying factor contributing to the increased risk of cardiovascular disease and acute vascular 

events with prehypertension.   
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FIGURE LEGEND 

Figure 1.  Forearm blood flow responses to bradykinin (A) and sodium nitroprusside (B) in 

normotensive, prehypertensive and hypertensive men.  Values are mean ± SEM.  

 

Figure 2.  Net release rate (A) and total amount (B) of tissue-type plasminogen activator (t-PA) 

antigen released across the forearm in response to bradykinin and sodium nitroprusside (C) in 

normotensive, prehypertensive and hypertensive men.  Values are mean ± SEM; *P < 0.05 vs. 

normotensive.  
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Table 1.  Selected Subject Characteristics  
  
 Normotensive Prehypertensive  Hypertensive  
Variable (n=16) (n=16)  (n=10)  
      
 
Age (years) 52±3 52±2 57±2 
 
Body mass (kg)    82.5±2.9 84.8±2.4 89.6±2.9 

Body fat (%)    23.1±1.9 26.6±1.4   30.2±1.5*  

Waist Circumference (cm)    91.7±2.3 95.4±2.1     100.6±2.0*  

BMI (kg/m2)    25.8±0.8 26.9±0.7      29.7±.0.9*†  

Systolic BP (mmHg)                                114±2 128±2*   145±2*†  

Diastolic BP (mmHg) 73±2   83±2*     90±2*†  

VO2 max (mL/kg/min) 35.5±1.7 35.4±1.6     30.0±1.3*† 

Total cholesterol (mmol/L)   4.6±0.1   4.9±0.2   4.6±0.2  

HDL cholesterol (mmol/L)   1.1±0.1  1.1±0.1   1.3±0.1  

LDL cholesterol (mmol/L)  3.0±0.1  3.1±0.2   2.7±0.2 

Triglycerides (mmol/L)  1.1±0.1  1.5±0.2   1.5±0.3  

Glucose (mmol/L)   4.9±0.1   5.1±0.1      5.2±0.1*   

Insulin (pmol/L)    34.5±3.2 40.4±2.8     53.4±7.4*†  

HOMA-IR      1.3±0.1   1.5±0.1       2.2±0.3*† 

      

Values are mean + SEM. BMI, body mass index; BP, blood pressure; VO2 max, maximal 
oxygen consumption; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, 
homeostasis model assessment. 
 
*P<0.05 vs normotensive  
†P<0.05 vs prehypertensive 
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ABSTRACT 

Background.  Higher white blood cell (WBC) count is associated with impaired endothelium-

dependent vasodilation. However, the influence of higher WBC count on endothelin (ET)-1 

vasoconstrictor activity is currently unknown.  We tested the hypothesis that adults with elevated 

WBC count demonstrate enhanced ET-1 system activity.  Methods.  Thirty-four healthy adults 

were studied: 17 with WBC count < 5.0x109 cells/L (lower WBC; 9M/8F; age: 53±2 yr) and 17 

with WBC count > 5.0x109 cells/L (higher WBC; 10M/7F; 54±3 yr).  Forearm blood flow (FBF) 

responses to intra-brachial infusion of ET-1 (5 pmol/min for 20 min) and selective ETA receptor 

blockade (BQ-123; 100 nmol/min for 60 min) were measured by venous occlusion 

plethysmography.  Results.  The vasoconstrictor response to ET-1 was significantly blunted 

(~60%) in the higher WBC group versus the lower WBC group.  The FBF responses to selective 

ETA receptor blockade were also significantly different (P<0.05) between the groups.  In the 

lower WBC group, resting FBF increased marginally (~5%) to BQ-123, whereas the increase in 

FBF to BQ-123 was significantly greater (~15%) in higher WBC group.  Furthermore, there was 

a significant relation between WBC count and FBF response to ET-1 (r=-0.43) and BQ-123 

(r=0.41).  Conclusions.  Relative elevations in WBC count in middle-aged and older adults, 

independent of adiposity and other cardiometabolic risk factors, are associated with enhanced 

ET-1-mediated vasoconstrictor tone.  Elevated ET-1 system activity may be a mechanism linking 

higher WBC count with increased cardiovascular risk. 

 

Key Words: endothelin, vasoconstriction, white blood cell 
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INTRODUCTION 

 White blood cells (WBC) play a critically important role in immunological responses to 

inflammatory and infectious processes [1].  The recognition that inflammation is a key 

component of atherosclerotic vascular disease and its clinical consequences sparked, and 

rekindled, interest in the potential link between WBC count and risk of cardiovascular disease [2, 

3].  Indeed, several epidemiological and prospective studies have shown that elevations in WBC 

count, even within suggested normal ranges, are independently associated with coronary heart 

disease and stroke incidence and mortality [3-6].  A number of biochemical, biomechanical, 

electrical and rheological mechanisms have been proposed to underlie the pathologic link 

between WBCs and atherosclerotic vascular disease [3, 7].  Given the constant interaction 

between WBCs and the vascular endothelium, endothelial cell damage and dysfunction may be a 

primary causative factor. 

 Impaired endothelial cell function, particular vasomotor dysfunction, is an early 

component in the development of atherosclerosis.  Diminished nitric oxide-mediated 

endothelium dependent vasodilation and enhanced endothelin (ET)-1 vasoconstrictor tone is 

recognized as an atherogenic endothelial phenotype associated with increased cardiovascular and 

cerebrovascular risk [8].  Elevations in WBC count have been shown to be inversely related to 

endothelial vasodilation in both healthy and diseased populations [9, 10].  It is currently 

unknown whether WBC count is also related to other endothelial vasomotor abnormalities.  

Accordingly, we tested the hypothesis that elevations in WBC count, within clinically normal 

range, are associated with increased ET-1 vasoconstrictor tone in middle-aged and older adults.  

 

 



69	
  

METHODS 

Subjects 

Thirty-four healthy sedentary adults (age range: 41-73 years) were studied: 17 (9 males/8 

females) with WBC count < 5.0x109 cells/L (lower WBC) and 17 (10 males/7 females) with 

WBC count > 5.0x109 cells/L (higher WBC) [9].  The stratification used for WBC was based on 

a recent study demonstrating associated impairment in endothelial vasodilator function with 

WBC count > 5.0x109 cells/L [9].  All subjects were normotensive (arterial blood pressure < 

140/90 mmHg) and free of overt cardiovascular disease and metabolic abnormalities as assessed 

by medical history, physical examination, fasting blood chemistries and blood pressure at rest 

and during incremental exercise performed to exhaustion.  None of the subjects smoked or were 

taking medications (including vitamins).  No subjects had WBC count > 10.0x109 cells/L, and all 

subjects were free of recent inflammation/infection (<2 weeks) as determined by questionnaire 

[11].  All of the women were at least 1 year postmenopausal and had never taken or had 

discontinued use of hormone replacement therapy at least 1 year before the start of the study.  

Prior to participation, all of the subjects had the research study and its potential risks and benefits 

explained fully before providing written informed consent according to the guidelines of the 

University of Colorado at Boulder. 

 

Body Composition 

Body mass was measured to the nearest 0.1 kg using a medical beam balance.  Percent 

body fat was determined by dual energy X-ray absorptiometry (Lunar Corp., Madison, WI).  

Body mass index (BMI) was calculated as weight (kilograms) divided by height (meters) 

squared.  Minimal waist circumference was measured according to published guidelines [12].  
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Maximal Oxygen Consumption 

To assess aerobic fitness, subjects performed incremental treadmill exercise with a 

modified Balke protocol.  Maximal oxygen consumption (VO2 max) was measured with on-line 

computer-assisted open circuit spirometry as described previously [13].  

 

WBC Count and Metabolic Measurements 

WBC count was determined by standard Coulter counter technique (Beckman Coulter 

Ac¬T 5diff CP) by the Clinical and Translational Research Center  (CTRC) core laboratory.  

Plasma lipid, lipoprotein, glucose and insulin concentrations were also determined by the CTRC 

core laboratory using standard methods.  Plasma concentrations of C-reactive protein and 

oxidized LDL were determined by enzyme immuno-assay. 

 

Intra-Arterial Infusion Protocol 

All studies were performed between 7 and 10 AM after a 12-hour overnight fast in a 

temperature-controlled room.  Under strict aseptic conditions a 5-cm, 20-gauge catheter was 

inserted into the brachial artery of the nondominant arm under local anesthesia (1% lidocaine).  

Heart rate and arterial blood pressure were continuously measured throughout the infusion 

protocol.  Forearm blood flow (FBF) at rest and in response to each pharmacologic agent was 

measured using strain-gauge venous occlusion plethysmography (D. E. Hokanson, Bellevue, 

WA), as previously described by our laboratory [14].  Baseline FBF was measured for 5 minutes 

and for 5 minutes before each drug infusion thereafter.  To rule out the possibility of nonspecific 

differences to vasoconstrictor agents between WBC count groups, vascular responses to 

norepinephrine were determined.  Norepinephrine was infused at a rate of 260 pmol/min for 5 
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minutes, and FBF was measured during the last 3 minutes.  After a 20-minute rest period to 

allow FBF to return to baseline levels, ET-1 (Clinalfa, AG) was infused at a rate of 5 pmol/min 

for 20 minutes, and FBF was measured during the last 3 minutes.  After a 30-minute rest period 

to allow resting FBF to return to baseline, BQ-123 (Clinalfa, AG), a selective ETA receptor 

antagonist, was infused at a rate of 100 nmol/min for 60 minutes, and FBF was measured every 

10 minutes.  The selected dose of BQ-123 has been shown to completely inhibit the 

vasoconstrictor effect of endogenous ET-1 in the human forearm of healthy adults [15].  

 

Statistical Analysis 

Differences in subject baseline characteristics, WBC count and the magnitude of change 

in FBF to norepinephrine and ET-1 were determined by between-groups analysis of variance 

(ANOVA).  Group differences in FBF responses to BQ-123 were determined by repeated-

measures ANOVA.  Relations between variables of interest were assessed by linear regression 

analysis.  There were no significant gender interactions in any of the primary variables; therefore 

the data were pooled and presented together.  All data are expressed as means ± SEM. Statistical 

significance was set a priori at P <0.05.   

 

RESULTS 

Selected subject characteristics are presented in the table.  By design, WBC count was 

significantly different (~30%) between the lower and higher WBC count groups.  Aside from 

WBC count, there were no significant differences between the groups in any anthropometric, 

hemodynamic or metabolic variables. 

The vasoconstrictor response to norepinephrine was not significantly different between 



72	
  

groups, as FBF was reduced by 24% in both groups (data not shown).  In contrast, the 

vasoconstrictor response to ET-1 was markedly different (~60%; P=0.01) between the WBC 

groups.  In the higher WBC group, there was a 5.1±2.5% reduction in resting FBF to ET-1 

compared with a 12.2±1.2% reduction in the lower WBC group (Figure 1).  The FBF responses 

to selective ETA receptor blockade were also significantly different between the groups.  In the 

lower WBC group, resting FBF increased marginally (~5%) to BQ-123, whereas the increase in 

FBF to BQ-123 was approximately three-fold greater (~15%) in higher WBC group (Figure 1).  

In the overall study population, WBC count was inversely related to the FBF response to ET-1 

(r=-0.43, P=0.01) and positively correlated with the peak FBF response to BQ-123 (r=0.41, 

P=0.02) (Figure 2).    

 

DISCUSSION 

 The primary new finding of the present study is that elevations in WBC count, within 

clinically normal range and independent of other cardiovascular risk factors, is associated with 

increased ET-1-mediated vasoconstrictor tone.  To the best of our knowledge this is the first 

study to determine a potential link between WBC count and ET-1 system activity.  Increased ET-

1 vasoconstrictor tone may contribute to the heightened risk of cardiovascular disease and stroke 

reported with elevations in WBC count. 

 WBC count in both healthy and diseased adults has been shown to be associated with, 

and predictive of, cardiovascular and cerebrovascular events [4-6, 16-19].  For example, in the 

Atherosclerosis Risk in Communities Study [4] the incidence of coronary artery disease was 

almost two-fold higher in Caucasian and African American adults with WBC counts >7.0x109 

cells/L compared with adults of similar age with WBC counts < 4.8x109 cells/L.  Elkind and 
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colleagues [5] reported that elevations in WBC count were associated with an increased risk of 

ischemic stroke, independent of other risk factors, in a population cohort of the Northern 

Manhattan Study.  Moreover, the risk of future stroke was estimated to increase by ~20% per 

1.8x109 cells/L increment in WBC count.  Several studies have also noted the prognostic value of 

WBC count for morbidity and mortality following percutaneous coronary intervention [16-18].  

The mechanisms underlying the vascular risk with elevated WBCs are not completely 

understood.   

Increased ET-1 system activity has been linked with a number of cardiovascular risk 

factors associated with elevated WBC count, such as obesity [20] and hypertension [21], and is 

considered to be an important contributor to the etiology of atherosclerotic vascular disease [22].  

In the present study, WBC count was associated with increase ET-1 system activity.  Indeed, 

there were marked differences in the vascular responses to ET-1 and selective ETA receptor 

blockade between the higher and lower WBC groups.  The forearm vasoconstrictor response to 

exogenous ET-1 was significantly blunted in the adults with higher WBC count compared with 

lower WBC count.  The reduced vasoconstrictor effect of the peptide in the higher WBC count 

group suggests greater endogenous ET-1 bioavailability and continuous receptor activation [15].  

It has been shown that chronic exposure to ET-1 does result in a reduction in ET-1 receptors on 

vascular smooth cells [23].  Of note, it is unlikely that the observed WBC count-related 

differences in the ET-1 response were due to a nonspecific decline in contractile function of the 

vascular smooth muscle, because the vasoconstrictor response to norepinephrine was similar 

between the groups.  The vascular response to exogenous ET-1 is often used as a bioassay of 

endogenous ET-1 production given the inaccuracy and unreliability of circulating ET-1 

concentrations as an indicator of vascular ET-1 production [15].  Coupled with the blunted 
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response to ET-1, the higher WBC count group demonstrated a significantly greater vasodilator 

response to the selective ETA receptor antagonist BQ-123 than the lower WBC count group 

suggesting enhanced ETA receptor-mediated ET-1 vasoconstrictor tone in the higher WBC count 

group.  Additionally, we observed significant correlations between WBC count and the vascular 

responses to both ET-1 and BQ-123 reflecting an association between WBC count and the ET-1 

system.  No other factors were associated with these blood flow responses in the present study. 

The mechanisms responsible for the apparent WBC-related increase in ET-1 system 

activity are unclear and outside the scope of this cross-sectional study.  However, it is important 

to note that aside from WBC count, there were no other group differences in anthropometric, 

cardiometabolic, inflammatory or oxidative factors that have been shown to influence ET-1 

system activity between the groups [15, 24, 25].  As a result our findings suggests a primary link 

between WBCs and vascular function.  Indeed, the results presented herein complement and 

extend the results of previous studies demonstrating that relative elevations in WBC count are 

associated with a reduction in endothelial vasodilator function [9, 10].  For example, a recent 

study by Walker et al. [9], involving a similar population of healthy, sedentary middle-aged and 

older adults stratified by the same WBC count criteria as the present study, demonstrated 

impaired nitric oxide-mediated endothelium-dependent vasodilation in adults with higher 

(6.0+0.2x109 cells/L) compared with lower (4.1+0.1x109 cells/L) WBC count.  These findings 

and those presented herein indicate that relative elevations in WBC count, independent of other 

risk factors, are associated with a proatherogenic endothelial phenotype characterized by 

enhanced ET-1-mediated vasoconstriction and reduced nitric oxide-mediated vasodilation.  

Future studies are needed determine the underlying causes for this apparent deleterious 

interaction between WBCs and vascular endothelial function. 
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 Given the inherent limitations of the cross-sectional design employed in the present study 

we are unable to dismiss that genetic and/or lifestyle factors may have influenced our results.  To 

minimize the influence of lifestyle behaviors, we studied subjects who were non-smokers, not 

currently taking any medication that could influence WBC or endothelial vasomotor function, 

and did not differ in body composition or habitual physical activity.  In addition, in an effort to 

isolate the primary influence of WBC, we studied adults free of other cardiometabolic risk 

factors that have been shown to influence WBC and endothelin-1 system activity such as 

hypertension [21] and type 2 diabetes [26, 27].  Although the plasma concentrations of CRP 

were slightly, but not significantly, higher in the WBC group, we do not believe that these higher 

CRP concentrations influenced our findings, and in turn, the interpretation the data.  Indeed, in 

the present study we observed no relation between CRP and either WBC or the FBF responses to 

ET-1 or BQ-123.  This finding is consistent with previous studies from our laboratory involving 

CRP and ET-1 system activity [28].  Unfortunately, due to a reduction in drug availability during 

the course of this study, we were unable to administer the selective ETB receptor antagonist BQ-

788 and therefore cannot comment on the influence of WBC on the vascular actions of the ETB 

receptor and non-selective ET-1-receptor blockade. 

 In conclusion, the results of this study demonstrate that WBC count is associated with 

significant differences in FBF responses to exogenous ET-1 administration and ET-1 receptor 

antagonism in healthy, sedentary, non-smoking middle-aged and older adults.  Increased ET-1-

mediated vasoconstrictor tone may contribute to the increased risk of cardiovascular and 

cerebrovascular disease and events associated with relative elevations in WBC count.  In 

addition, the apparent link between WBC count and vascular endothelial function may also 

underlie the reported prognostic value of WBC count to cardiovascular outcomes. 
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FIGURE LEGEND 
 

Figure 1.  FBF responses to ET-1 (5 pmol/min for 20 minutes) (panel A) and BQ-123 (panel B) 

in the lower and higher WBC count groups.  Values are mean ± SEM.  *P<0.05 vs lower WBC 

count. 

 

Figure 2.  Relation between white blood cell count and peak FBF response to ET-1 (panel A) 

and BQ-123 (panel B) in the study population. 
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Table.  Selected subject characteristics. 
             
 Lower WBC Count     Higher WBC Count  

Variable (n=17)     (n=17)    

     
Age, yr 53±2 55±2   

Gender, M/F  9/8 10/7  

WBC count, 109 cells/L  4.4±0.2     6.3±0.2*  

Body mass, kg 78.4±4.2  82.4±3.6  

BMI, kg/m2 26.7±0.9  27.9±1.0  

Body fat, % 35.2±2.1  33.9±2.2       

Waist circumference, cm 91.4±3.6  91.0±3.0       

Systolic BP, mmHg    122±2              126±2                

Diastolic BP, mmHg 76±2 79±1  

VO2max, mL/kg/min 28.7±1.9 29.0±1.9          

Total cholesterol, mmol/L   5.3±0.2   5.1±0.2       

LDL-cholesterol, mmol/L   3.3±0.2   3.0±0.2  

HDL-cholesterol, mmol/L   1.3±0.1   1.3±0.1  

Triglycerides, mmol/L   1.5±0.1   1.6±0.2       

Glucose, mmol/L   5.1±0.1    5.1±0.1          

Insulin, pmol/L 47.3±5.4  55.7±8.9  

C-Reactive Protein, mg/L   2.6±0.7    3.7±0.7  

Oxidized LDL, U/L 64.1±3.7  60.2±4.4 

Values are mean±SEM. WBC: white blood cell count; BMI: body mass index; BP: blood 
pressure; VO2max: maximal oxygen consumption; LDL: low-density lipoprotein; HDL: 
high-density lipoprotein; *P < 0.05 vs. Lower WBC count 
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ABSTRACT 

Aim/Hypothesis:  The experimental aim of this study was to determine whether ET-1-mediated 

vasoconstrictor tone is elevated in adult humans with impaired fasting blood glucose 

concentrations, independent of other cardiovascular risk factors.  Methods:  Forearm blood flow 

(FBF: plethysmography) responses to intra-arterial infusion of selective ETA receptor blockade 

(BQ-123: 100 nmol/min for 60 min) and non-selective ETA/B blockade (BQ-123 + BQ-788: 50 

nmol/min for 60 min) were determined in 28 middle-aged, sedentary adults (17 M/11 F): 14 with 

normal fasting blood glucose (age: 57+2 yr; 6F/8M; BMI: 29.2+0.9 kg/m2; glucose: 4.9+0.1 

mmol/L) and 14 impaired fasting blood glucose (58+1 yr; 5F/9M; 29.6+1.1 kg/m2; 5.8+0.1 

mmol/L) concentrations.  Results:  Selective ETA receptor blockade elicited a significantly 

greater (~20%) increase in FBF in the impaired fasting glucose adults compared with the 

normoglycemia controls.  ETA/B blockade resulted in a further 2-fold increase (P<0.05) in FBF 

above that elicited by ETA receptor antagonism in the impaired fasting glucose but not normal 

fasting glucose adults.  There was a positive correlation between fasting blood glucose levels and 

the peak vascular responses to ETA (r=0.44; P<0.05) and ETA/B (r=0.62; P<0.05) blockade.  No 

other anthropometric, hemodynamic or metabolic variable was correlated with the blood flow 

responses to ET-1 receptor blockade.  Conclusions/Interpretation:  ET-1-mediated 

vasoconstrictor tone is elevated in adults with impaired fasting blood glucose concentrations, 

independent of other cardiometabolic risk factors.  Enhanced ET-1 system activity may underlie 

endothelial vasomotor dysfunction and increased cardiovascular risk in adults with impaired 

fasting blood glucose concentrations.
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INTRODUCTION 

Approximately 80 million adults in the United States have impaired fasting blood glucose 

concentrations 1, defined as fasting plasma glucose between 5.6-6.9 mmol/L 2.  It has recently 

been reported that middle-aged adults without diabetes, but with elevated fasting plasma glucose, 

are at an increased risk for coronary heart disease (4).  For example, Alexander et al 3 

demonstrated that adults with impaired fasting glucose are at a 50% higher risk of developing 

cardiovascular disease compared with adults with normal fasting glucose.  The mechanisms 

responsible for this apparent increase in vascular risk are not fully understood.  Glucose has been 

shown to adversely affect endothelial cell function, which may propagate the atherosclerotic 

process 4.  Several clinical studies have shown that impaired fasting glucose is associated with 

endothelial dependent vasodilator dysfunction 5, 6, a central feature of atherogenesis 7.  

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide released by the endothelium that 

contributes to the regulation of vascular tone and has been implicated in the etiology of 

atherosclerotic vascular disease 8.  Interestingly, in vitro, a high glucose environment results in 

an elevation in endothelin-1 converting enzyme, suggesting a link between glucose and the ET-1 

system 9.  Currently, it is unknown whether ET-1 system activity is altered in adult humans with 

impaired fasting plasma glucose.  If so, this may contribute mechanistically to impaired 

endothelial vasomotor function and increased cardiovascular risk in this population.  Thus, the 

aim of this study was to determine whether ET-1-mediated vasoconstrictor tone is elevated in 

adult humans with impaired fasting blood glucose concentrations, independent of other 

cardiovascular risk factors.  
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METHODS 

Subjects 

 Twenty-eight sedentary adults participated in this study: 14 (6F/8M) with normal plasma 

glucose (<5.6 mmol/L); and 14 (5F/9M) with impaired fasting plasma glucose (5.6-6.9 mmol/L) 

concentrations.  Groups were stratified according to American Diabetes Association criteria 2.  

Subjects were non-smokers and free of overt cardiovascular disease.  Fasting plasma lipid, 

lipoprotein, glucose and insulin concentrations were determined using standard techniques. 

HOMA-IR was calculated as previously described 10.  All women were at least 1 year 

postmenopausal and not taking hormone replacement therapy.  Written informed consent was 

obtained according to the guidelines of the University of Colorado at Boulder. 

 

Intra-arterial Infusion Protocol 

All studies were performed between 7 AM and 10 AM after a 12-hour overnight fast as 

previously described by our laboratory 11.  Briefly, following arterial catheterization, forearm 

blood flow (FBF: venous occlusion plethysmography) responses to BQ-123 (Clinalfa, AG), a 

selective ETA receptor antagonist, infused for 60 minutes with FBF measured every 10 minutes.  

Thereafter, FBF was assessed every 10 minutes for an additional 60 minutes with the co-

administration of BQ-123 and BQ-788 (Clinalfa, AG), a specific antagonist of ETB receptors.  

Due to product availability, BQ-788 was infused in 7 of the 14 subjects in each group. 

 

Statistical Analysis 

 Differences in subject characteristics were determined by between-group analysis of 

variance (ANOVA).  Group differences in FBF responses to BQ-123 and BQ-123 + BQ-788 
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were determined by repeated-measures ANOVA.  Relation between variables of interest was 

assessed by linear regression analysis.  There were no significant main effects of gender on FBF 

responses to endothelin blockade of FBF x gender interactions, therefore the data were pooled 

and presented together.  Data are expressed as means ± SEM.  Statistical significance was set at 

P<0.05. 

 

RESULTS 

 Subject characteristics are presented in the Table.  There were no significant differences 

in baseline FBF between the normal (4.4+0.3 mL/100 mL of tissue/min) and impaired (4.0+0.3 

mL/100 mL of tissue/min) fasting blood glucose groups.  FBF responses to ET-receptor blockade 

are shown in the Figure.  BQ-123 elicited a significantly greater (~20%) increase in FBF in the 

impaired fasting glucose than normal fasting glucose groups.  Moreover, the addition of BQ-788 

to BQ-123 resulted in a further 2-fold increase (P<0.05) in FBF in the impaired fasting glucose 

but not normal fasting glucose adults.  In the overall study population, there was a strong and 

positive correlation between fasting blood glucose levels and the peak vascular responses to BQ-

123 (r=0.44; P<0.05) and BQ-123 + BQ-788 (r=0.62; P<0.05).  No other anthropometric, 

hemodynamic or metabolic variable was significantly correlated with the vascular responses to 

ET-1 receptor blockade. 

 

DISCUSSION 
 

The key finding of the present study is that ET-1 mediated vasoconstrictor tone is 

elevated in adults with impaired fasting blood glucose concentrations independent of other 

cardiometabolic risk factors.  Moreover, the enhancement in ET-1 vasoconstriction is facilitated 
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by both the ETA and ETB receptors.  To our knowledge, this is the first study to assess the 

influence of impaired fasting blood glucose concentrations on ET-1 system activity.  

In a recent study, DeVan and colleagues 6 reported that endothelial vasodilator function is 

impaired in middle-aged adults with impaired fasting blood glucose.  Indeed, brachial artery 

flow-mediated dilation was ~30% lower in the adults with impaired fasting glucose compared 

with healthy controls of similar age.  The results of the present study compliment and extend 

these findings by demonstrating that endothelial vasomotor dysfunction with impaired fasting 

glucose is not limited to vasodilation.  Indeed, the seminal findings presented herein demonstrate 

that ET-1-mediated vasoconstrictor tone is markedly higher in middle-aged adults with impaired 

fasting glucose.  FBF responses to both selective and non-selective ET-1 receptor blockade were 

markedly higher (20% and 40%, respectively) in the adults with impaired fasting glucose 

compared with their normal fasting plasma glucose counterparts.  Of note, ETA/B receptor 

blockade resulted in a further increase in FBF above that observed with ETA blockade alone in 

the impaired fasting glucose adults only, demonstrating that the ETB receptor also contributes to 

the elevation in ET-1 vasoconstrictor tone with impaired fasting blood glucose.  It should be 

noted that we assessed ET-1 system activity by pharmacologically blocking both ET-1 receptors 

(located on vascular smooth muscle cells and endothelium) instead of relying on circulating 

plasma concentrations of ET-1.  The physiological relevance of plasma ET-1 levels is 

questionable as ET-1 is predominantly (>80%) released abluminally toward the vascular smooth 

muscle 12.  Thus, circulating levels provide little information on the vascular effects of the 

peptide at the level of the vessel wall.  

The mechanisms underlying greater ET-1 vasoconstrictor tone with impaired fasting 

glucose are not well understood.  It is important to emphasize that there were no differences 
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between our groups with respect to body composition, blood pressure or plasma lipid and 

lipoproteins, all factors that are independently associated with increased ET-1 system activity 

and often coexist with the impaired fasting glucose condition.  For example, overweight and 

obesity, a common co-morbidity with impaired fasting glucose, has been shown to adversely 

influence endothelial vasomotor regulation via increased ET-1 system activity 11.  The subjects in 

the present study, however, were remarkably similar anthropometrically; discounting the 

influence of body composition on our findings.  Notably, the only variable in the present study 

that correlated with the vascular responses to ET-1 receptor blockade was fasting plasma 

glucose.  Peak blood flow responses to both selective ETA receptor (r=0.44) and non-selective 

ETA/B receptor (r=0.62) blockade were significantly and positively associated with plasma 

glucose concentrations.  At the very least, these correlative data provide directional support that 

the observed group differences were indeed glucose-related.  While not measured in the present 

study, it is possible that oxidative stress and inflammatory burden may underlie the impaired 

fasting glucose-related increase in ET-1-mediated vasoconstrictor tone.  Both oxidative stress 

and inflammation have been shown to exacerbate ET-1 system activity 13 and are prevalent with 

the impaired fasting glucose condition 14.  Future studies are needed to determine whether the 

increase in ET-1 vasoconstriction with impaired fasting glucose is due, at least in part, to 

oxidative and inflammatory processes. 

There are two experimental considerations regarding the present study that deserve 

mention.  Firstly, given our cross-sectional study design, we cannot discount the possibility that 

genetic and/or lifestyle behaviors may have influenced our results.  To minimize the influence of 

lifestyle behaviors, we studied sedentary adults who were non-smokers and not currently taking 

any medication that could influence endothelial vasomotor function.  Moreover, to isolate the 
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primary influence of impaired fasting blood glucose concentrations, we studied adults of similar 

age who were free of other cardiometabolic abnormalities that are known to influence 

endothelial function, such as hypertension 15 and dyslipidemia 16.  Secondly, the present study has 

a modest sample size and all of the subjects were Caucasian.  Thus, any generalizations to larger, 

more diverse populations require further study.   

In summary, the results of this study demonstrate that ET-1-mediated vasoconstrictor 

tone is elevated in adults with impaired fasting blood glucose concentrations, independent of 

other cardiometabolic risk factors.  From a public health perspective, endothelial vasomotor 

dysfunction, characterized by ET-1 system hyperactivity, is a well-established vascular 

abnormality with type II diabetes that contributes to cardiovascular risk 17.  Our findings indicate 

that augmented ET-1 vasoconstrictor tone is already apparent in the impaired fasting glucose 

prediabetic state.  This provides further support for early intervention in adults with impaired 

fasting blood glucose concentrations not only to reduce their risk of developing diabetes but 

cardiovascular abnormalities as well. 
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FIGURE LEGEND 

 

Figure.  Forearm blood flow responses to BQ-123 (100 nmol/min), a selective ETA receptor 

antagonist (panel A) and BQ-788 (50 nmol/min), a selective ETB receptor antagonist (panel B), 

in normal fasting glucose and impaired fasting glucose adults.  Values are mean ± SEM.  The P 

value refers to the difference in the FBF response to ETA and ETA/B blockade in the normal vs. 

impaired fasting glucose groups. 
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Table.  Selected subject characteristics.  

 

 

 

 

Variable Normal Fasting Glucose 
(n=14) 

Impaired Fasting Glucose 
(n=14) 

Age (yrs) 57 ± 2 58  ± 1 

Gender, M/F  8/6   9/5  

Body Mass (kg) 84.9 ± 3.9 87.5 ± 3.9 

Body Mass Index (kg/m2) 29.1 ± 0.9 29.7 ± 1.0 

Body Fat (%) 36.1 ± 1.5 35.4 ± 1.6 

Waist Circumference (cm) 94.3 ± 3.4 99.1 ± 2.8 

Systolic BP (mmHg) 124 ± 2 127 ± 3 

Diastolic BP (mmHg) 79 ± 2 79 ± 2 

Total Cholesterol (mmol/L) 5.0 ± 0.2 5.3 ± 0.3 

LDL-Cholesterol (mmol/L) 3.0 ± 0.2 3.4 ± 0.2 

HDL-Cholesterol (mmol/L) 1.3 ± 0.1 1.2 ± 0.1 

Triglycerides (mmol/L) 1.5 ± 0.2 1.5 ± 0.2 

Glucose (mmol/L) 4.9 ± 0.1 5.8 ± 0.1* 

Insulin (pm/L) 49.8 ± 6.6         51.0 ± 6.6 

HOMA-IR 1.9 ± 0.2 2.4 ± 0.3 

BP = blood pressure; HDL=high-density lipoprotein; LDL=low-density lipoprotein; HOMA-IR= 
homeostasis model assessment of insulin resistance; values are mean ± SEM   
*P < 0.05 vs. normal fasting glucose  
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ABSTRACT 

Background:  Modest elevations in plasma low-density lipoprotein (LDL)-cholesterol have been 

shown to confer a significant increase in cardiovascular risk.  Endothelin (ET)-1 is a 

vasoconstrictor peptide with proatherogenic properties.  The experimental aim of this study was 

to determine whether ET-1 system activity is elevated in adults with borderline high LDL-

cholesterol, independent of other cardiometabolic abnormalities.  

Methods:  Forearm blood flow (FBF; plethysmography) responses to intra-arterial infusion of 

ET-1, selective ETA receptor blockade (BQ-123), and non-selective ETA/B blockade (BQ-123 + 

BQ-788) were determined in 40 middle-aged and older adults (45-70 years): 20 with 

optimal/near optimal LDL-cholesterol (<3.4 mmol/L) and 20 with borderline-high LDL-

cholesterol (3.4-4.1 mmol/L).  

Results:  Both groups demonstrated a similar, non-significant (~10%) reduction in FBF to ET-1.  

BQ-123 and BQ-123+788 elicited a modest, but significant, increase in FBF (~15-20%) in each 

group.  However, there were no group differences in the FBF responses to either selective ETA or 

non-selective ETA/B receptor antagonism.  

Conclusion:  Borderline-high LDL-C is not associated with increased ET-1 mediated 

vasoconstrictor tone.  Disrupted ET-1 system activity may not contribute to the increased 

cardiovascular risk burden with borderline-high LDL-cholesterol. 
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INTRODUCTION 
 
 Low-density lipoprotein (LDL) cholesterol is a major atherogenic fraction of total 

cholesterol [1, 2] and an important predictor of myocardial infarction in middle-aged adults [3].  

In fact, the risk of cardiovascular disease is estimated to increase by ~30% for every 30 mg/dL 

rise in plasma LDL-cholesterol concentration, suggesting increased cardiovascular risk burden at 

levels below the clinically recognized elevated range of >130 mg/dL [1].  Indeed, the relative 

risk of heart disease is nearly two-fold higher in adults with borderline high LDL-cholesterol 

(3.4-4.1 mmol/L [30-159 mg/mL]) compared with adults with optimal/near optimal LDL-

cholesterol levels (<3.4 mmol/L [130 mg/dL]) [1].  Moreover, nearly 40% of the adults in the 

United States have LDL-cholesterol levels in the borderline high range.  Thus, understanding the 

mechanisms involved with the increased vascular risk with borderline high LDL-cholesterol has 

great public health importance.   

 Endothelin-1 is a powerful vasoconstrictor peptide that in addition to contributing to the 

regulation of vascular tone is also involved in the development and progression of atherosclerotic 

vascular disease [4, 5].  Indeed, enhanced ET-1 system activity elicits a proinflammatory 

vascular phenotype and ET-1 immunoreactivity is prominent in the walls of atherosclerotic 

human vessels [6, 7].  Moreover, ET-1 promotes fibrous tissue formation and inhibits endothelial 

nitric oxide synthesis [8, 9].  Increased ET-1 vasoconstrictor tone is common characteristic of 

numerous cardiovascular conditions and risk factors [10-12], including clinical 

hypercholesterolemia [13].  Whether this vascular impairment is already apparent in the 

borderline-high cholesterolemic state with its corresponding increase in vascular risk is 

unknown.  
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 Accordingly, the experimental aim of this study was to determine whether ET-1 system 

activity is elevated in adults with borderline high LDL-cholesterol, independent of other 

cardiometabolic abnormalities.  If so, this may contribute mechanistically to endovascular 

dysfunction and increased cardiovascular risk in this population.  

 

METHODS 

Subjects 

Forty, sedentary middle-aged adults were studied: 20 with optimal/near optimal LDL-C 

(<130 mg/dL) and 20 with borderline-high LDL-C (130-159 mg/dL) [14].  All subjects were 

sedentary, non-obese, non-smokers, normotensive, non-medicated (including vitamins) and free 

of overt cardiovascular disease as assessed by physical examination, fasting blood chemistries 

and electrocardiogram and blood pressure at rest and during incremental exercise performed to 

volitional exhaustion.  All women were at least 1 year postmenopausal and had never taken or 

had discontinued use of hormone replacement therapy at least 1 year before the start of the study.  

Written informed consent was obtained according to the guidelines of the University of Colorado 

at Boulder. 

 

Intra-Arterial Infusion Protocol 

All of the studies were performed between 7 AM and 10 AM after a 12-hour overnight 

fast in a temperature-controlled room as previously described [15].  Briefly, a 5-cm, 20-gauge 

catheter was inserted into the brachial artery of the nondominant arm under local anesthesia (1% 

lidocaine).  Forearm blood flow (FBF) at rest and in response to each pharmacological agent was 

measured by strain-gauge venous occlusion plethysmography (D.E. Hokanson, Bellevue, 
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Washington).  To rule out the possibility of nonspecific group differences to vasoconstrictor 

agents, vascular responses to norepinephrine were determined.  Norepinephrine was infused at a 

rate of 260 pmol/min for 5 minutes, and FBF was measured during the last 3 minutes.  After a 

20-minute rest period to allow FBF to return to baseline levels, ET-1 (Clinalfa, AG) was infused 

at a rate of 5 pmol/min for 20 minutes, and FBF was measured during the last 3 minutes.  After a 

30-minute rest period to allow resting FBF to return to baseline, BQ-123 (Clinalfa, AG), a 

selective ETA receptor antagonist, was infused at a rate of 100 nmol/min for 60 minutes.  FBF 

was measured every 10 minutes throughout the infusion period. After 60 minutes of BQ-123 

infusion, FBF was measured every 10 minutes during the combined infusion of BQ-123 and BQ-

788. BQ-788, a selective ETB receptor antagonist, was infused at a rate 50 nmol/min for 60 mins. 

Statistical Analysis 

Differences in subject baseline characteristics and the magnitude of change in FBF to 

norepinephrine and ET-1 were determined by between-groups analysis of variance (ANOVA).  

Group differences in FBF responses to BQ-123 and BQ-123+BQ-788 were determined by 

repeated-measures ANOVA.  There were no significant gender interactions, therefore the data 

were pooled and presented together.  Data expressed as means ± SEM.  Statistical significance 

was set at P <0.05.   

 

RESULTS 

Selected subject characteristics are presented in the Table.  By design, total cholesterol 

and LDL-C levels were the only variables significantly different (p<0.05) between the groups.  

The vasoconstrictor response to norepinephrine was not significantly different between the 

groups optimal/near optimal (from 4.0 ± 0.3 to 3.0 ± 0.3 mL/100 mL tissue/min) and borderline 
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high (from 4.1 ± 0.3 to 3.0 ± 0.2 mL/100 mL tissue/min) LDL-C groups.  Resting FBF was 

reduced by ~10% in response to ET-1 in both the optimal/near optimal (from 4.0 ± 0.2 to 3.6 ± 

0.2 mL/100 mL tissue/min) and borderline high (from 3.9 ± 0.2 to 3.6 ± 0.3 mL/100 mL 

tissue/min) LDL-C groups (Figure).  In response to BQ-123, there was a significant increase in 

FBF (~15%) from baseline in both groups.  The addition of BQ-788 did not significantly alter 

FBF in either group (Figure).  Importantly, there were no group differences in FBF responses to 

either BQ-123 (P=0.77) or BQ-123 + BQ-788 (P=0.51).  

 

DISCUSSION 

 The ET-1 system not only plays a central role in the regulation of vascular tone, but is 

also involved in the etiology of atherosclerotic vascular disease [4, 15].  The primary finding of 

the present study is that borderline-high LDL-cholesterol is not associated with enhanced ET-1 

system activity.  Indeed, forearm vascular responses to exogenous ET-1, selective ETA receptor 

antagonism and non-selective ETA/B receptor blockade were almost identical between adults with 

LDL-cholesterol in the optimal/near optimal and borderline-high levels.   

 Cardillo and colleagues [13] were the first to demonstrate a relation between 

hypercholesterolemia and ET-1 system activity.  In a seminal study, employing the same isolated 

forearm model as used herein, Cardillo et al. [13] reported that ETA receptor-mediated ET-1 

vasoconstrictor tone was significantly elevated in middle-aged adults with high LDL-cholesterol 

concentrations (5.8±0.2 mmol/L [223±9 mg/dL]).  The results of the present study compliment 

and extend these findings by demonstrating that ET-1 vasoconstrictor is not elevated at 

subclinical levels of LDL-cholesterol.  This finding is in contrast to conditions such 

prehypertension [12] and impaired fasting glucose [16] where ET-1-mediated vasoconstrictor 
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tone is already elevated to comparable levels seen with clinical hypertension [17] and overt 

diabetes [18].  Interestingly, borderline high LDL-cholesterol is associated with diminished nitric 

oxide-mediated endothelial vasodilation [19], thus modest elevations in LDL-cholesterol appear 

to have differential effects on two key elements of endothelial vasomotor regulation.  Moreover, 

given the inhibitory interaction between ET-1 and nitric oxide [20], lack of enhanced ET-1 

system activity argues against an ET-1-related mechanism underlying endothelial vasodilator 

dysfunction with borderline high LDL-cholesterol. 

 It should be noted that we did not measure circulating plasma concentrations of ET-1.  

Since the vast majority of ET-1 produced by the endothelium (>80%) is released towards the 

vascular smooth [21], circulating levels of ET-1 do not appropriately reflect the vascular effects 

of the peptide [22].  Rather, we employed a pharmacological approach involving the intra-

arterial infusion of exogenous ET-1 and ET receptor antagonists providing a more direct and 

specific biological assessment of ET-1 system activity in vivo [13, 17].   

In conclusion, the results of the present study demonstrate that borderline high LDL-

cholesterol is not associated with increased ET-1 vasoconstrictor activity.  Although elevations 

in LDL-cholesterol in the borderline high range is linked with both diminished endothelial 

vasodilator function [19, 23] and increased cardiovascular risk burden [1], disrupted ET-1 system 

activity does not appear to be an contributing factor.    
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FIGURE LEGEND 

 
Figure. Forearm blood flow response to ET-1 (top panel), BQ-123, selective ETA receptor 

antagonism (middle panel) and BQ-123 + BQ-788, ETA and ETB receptor blockade (bottom 

panel) in the optimal/near optimal LDL-C and borderline high LDL-C groups.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



109	
  

 
Table.  Selected Subject Characteristics.    
        

 Optimal/Near Optimal LDL-C       Borderline-High LDL-C               

Variable (n=20)  (n=20)                                  

              

Age, yr 59±2     59±2 

Sex, M/F 11/9           11/9                   

Body mass, kg 80.5±3.5  76.9±3.6  

BMI, kg/m2 27.2±0.8  26.3±0.9  

Body fat, % 34.1±2.3  34.1±1.8  

Waist circumference, cm 91.8±2.7  88.0±3.0  

Systolic BP, mmHg        126±2  122±2  

Diastolic BP, mmHg 78±1   78±2    

Total cholesterol, mmol/L   4.7±0.1       5.6±0.1* 

LDL-cholesterol, mmol/L   2.7±0.1       3.7±0.1*        

HDL-cholesterol, mmol/L   1.4±0.1       1.3±0.1  

Triglycerides, mmol/L    1.2±0.1     1.4±0.1      

Glucose, mmol/L    5.2±0.1     5.1±0.1  

Insulin, pmol/L  38.1±4.9   40.2±4.8     

    

BMI indicates body mass index; BP, blood pressure; LDL, low-density 

lipoprotein; HDL, high-density lipoprotein; Values are mean±SEM.  *P < 0.05 

vs. optimal/near optimal LDL-C. 
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INTRODUCTION 
 

Endothelin (ET)-1 is a potent vasoconstrictor peptide produced and released by the 

vascular endothelium (41, 47).  In humans, the vascular actions of ET-1 are mediated by two 

distinct ET receptor subtypes: ETA receptors located exclusively on vascular smooth muscle and 

ETB receptors located on both the vascular smooth muscle and endothelial surfaces (20, 25, 34).  

In combination with the endothelial vasodilator nitric oxide, ET-1 plays a central role in the 

regulation of vascular tone (11, 42).  In addition to its vasoregulatory actions, there is 

considerable evidence supporting the involvement of ET-1 in the pathogenesis of atherosclerotic 

vascular disease (20, 26, 36) and its associated risk factors, most notably elevated blood pressure 

(BP) (10, 23, 29, 31, 46).  In a seminal series of studies, Cardillo et al. (9, 13) reported that adults 

with essential hypertension demonstrate higher forearm vasodilator responses to selective ETA 

receptor blockade compared with normotensive controls.  Moreover, when ETA receptor 

blockade was combined with ETB receptor blockade there was a further increase in the 

vasodilator response in the hypertensive adults whereas forearm blood flow remained unchanged 

in the normotensive controls.  Collectively, these results indicated that vasoconstrictor tone to 

ET-1 is markedly elevated with hypertension and is mediated by both the ETA and ETB receptors.  

Further, in a follow-up study, blockade of ET-1 receptors improved acetylcholine-induced 

endothelium-dependent vasodilation in hypertensive patients, indicating that increased ET-1 

vasoconstriction contributes to the vasodilator dysfunction associated with hypertension (9).  

Weil et al. (46) recently reported identical findings in adults with blood pressure in the 

prehypertensive range (systolic blood pressure: 120-139 mmHg and/or diastolic blood pressure: 

80-89 mmHg).  Thus, clear links have been established between ET-1 system activity and 

elevations in blood pressure.  
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Nebivolol, a third generation beta-blocker with high selectivity for β1-adrenergic 

receptors, has proven to be highly effective in treating elevated blood pressure (3, 15, 17, 30).  A 

distinguishing feature of nebivolol from other beta-blockers is its hemodynamic profile, 

specifically the unique ability to enhance both basal and stimulated nitric oxide release resulting 

in peripheral vasodilation, improved endothelial function and increased myocardial compliance 

(19, 28, 39, 45).  Cockcroft et al. (18) demonstrated that the vasodilatory effects of nebivolol 

were attenuated by the infusion of the nitric oxide synthase inhibitor NG-monomethyl L-arginine; 

indicating that nebivolol induced improvement in vasodilator function is mediated, in part, by 

increased nitric oxide bioavailability.  However, the favorable vascular effects of nebivolol that 

contribute to its blood pressure lowering action may not be limited to nitric oxide.  Indeed, there 

are in vitro data to suggest that nebivolol suppresses endothelial ET-1 production (6), but there is 

currently no in vivo clinical evidence that treatment with nebivolol reduces ET-1-mediated 

vasoconstrictor tone.  

Accordingly, we tested the hypothesis that chronic nebivolol treatment will reduce ET-1-

mediated vasoconstrictor tone in adult humans with elevated blood pressure.  Moreover, that 

reducing ET-1 vasoconstrictor activity contributes to the improvement in endothelial vasodilator 

function associated with nebivolol.  To address this hypothesis, we employed a 3-month 

randomized, double-blind placebo controlled study to determine the effects of nebivolol, 

compared with metoprolol and placebo, on ET-1 vasoconstrictor tone in adults with suboptimal 

blood pressure. 
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METHODS 

Subjects 

Thirty-nine middle-aged adults with elevated blood pressure (BP) (systolic BP > 130 

and/or diastolic BP > 85 mmHg) participated in a double-blind, randomized, placebo controlled 

trial:  14 received nebivolol (8M/6F; 5 mg/day: Forest Laboratories, Inc.); 11 received 

metoprolol succinate (8M/3F; 100 mg/day; AstraZeneca LP); and 14 received placebo (9M/5F; 1 

gelatin capsule/day; Forest Laboratories, Inc.).  Resting blood pressure was determined by the 

average of two or more seated BP readings from two separate visits per American Heart 

Association guidelines (16).  All subjects were free of overt coronary and metabolic disease as 

assessed by medical history, physical examination, fasting blood chemistries, and 

electrocardiograms and blood pressure at rest and during incremental exercise performed to 

exhaustion.  In addition, all subjects presented with a resting HR > 50 beats per minute.  None of 

the subjects smoked, were taking medications (including vitamins), or performed regular 

physical exercise for at least 1 year before the start of the study.  All of the women were at least 

1 year postmenopausal and had never taken or had discontinued use of hormone replacement 

therapy at least 1 year before the start of the study.  After baseline testing, subjects were 

randomly assigned to 1 of the 3 experimental groups.  Prior to participation, all of the subjects 

had the research study and its potential risks and benefits explained fully before providing 

written informed consent according to the guidelines of the University of Colorado at Boulder.  

All of the procedures were performed according to institutional guidelines. 
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Measurements 

Blood Pressure.  Resting blood pressure measurements were performed in the sitting 

position on at least two separate days at least one week apart.  Subjects were instructed not to 

ingest caffeine-containing beverages prior to all blood pressure measurements.  The recordings 

were made under quiet, comfortable ambient (~24°C) laboratory conditions.  To avoid the 

possibility of investigator bias, measurements were made with a semi-automated device 

(Dinamap, Crtikon, FL) that uses an oscillometric technique over the brachial artery.  Recordings 

were made in triplicate in the upright sitting position.  All measurements conformed to American 

Heart Association guidelines as established by the Council for High Blood Pressure Research 

(38).  

Body Composition.  Body mass was measured to the nearest 0.1 kg using a medical beam 

balance (Detecto, Webb City, MO).  Percent body fat was determined by dual energy x-ray 

absorptiometry (Lunar Radiation Corporation, Madison, WI).  Body mass index (BMI) was 

calculated as weight (kilograms) divided by height (meters) squared.  Minimal waist 

circumference was measured according to previously published guidelines (33). 

Metabolic Measurements.  Fasting plasma lipid, lipoprotein, glucose and insulin 

concentrations were determined using standard techniques by the clinical laboratory affiliated 

with the Clinical Translational Research Center at the University of Colorado at Boulder.   

Intra-arterial Infusion Studies.  All studies were performed between 7:00 am and 10:00 

am after a 10-hour overnight fast in a temperature-controlled room.  Under strict aseptic 

conditions a 5-cm, 20-gauge catheter was inserted into the brachial artery of the nondominant 

arm under local anesthesia (1% lidocaine).  Heart rate and arterial blood pressure were 

continuously measured throughout the infusion protocol.  Forearm blood flow (FBF) at rest and 
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in response to each pharmacological agent was measured in both the experimental 

(nondominant) and contralateral (dominant) forearm using strain-gauge venous occlusion 

plethysmography (D. E. Hokanson, Bellevue, WA), as previously described by our laboratory 

(44).  Baseline FBF was measured for 5 minutes and for 5 minutes before each drug infusion 

thereafter.  Following the measurement of resting blood flow, FBF was assessed in response to 

infusions of acetylcholine (ACh; IOLAB pharmaceuticals, Duluth, GA) at 4.0, 8.0, and 16.0 

µg/100 mL tissue/min and sodium nitroprusside (SNP; Nitroprusside, Abbott Laboratories) at 1.0, 

2.0, and 4.0 µg/100 mL tissue/min.  Each dose of ACh and SNP was infused for ~5 minutes and 

sufficient time (~20 minutes) was allowed for FBF to return to resting levels between each 

vasoactive agent.  To avoid an order effect, the sequence of drug administration was randomized.  

After the initial infusion of ACh and SNP and allowing FBF to return to baseline (~20 min), BQ-

123 (Clinalfa, AG), a selective ETA receptor antagonist, was infused at a rate of 100 nmol/min 

for 60 minutes.  FBF was measured every 10 minutes throughout the infusion period.  The 

selected dose of BQ-123 has been shown to completely inhibit the vasoconstrictor effect of ET-1 

in the human forearm of healthy adults (12, 44).  After 60 minutes of BQ-123 infusion, the FBF 

response to nonselective ET-1 receptor blockade was assessed by the coadministration of BQ-

123 and BQ-788 (Clinalfa, AG) for an additional 60 minutes.  BQ-788, a specific antagonist of 

ETB receptors, was infused at a rate 50 nmol/min, a dose demonstrated to effectively inhibit ETB 

receptors (10).  Thereafter, the infusion of BQ-123 and BQ-788 was continued at the same dose 

and FBF was reassessed during co-administration of ACh as performed earlier.   
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Statistical Analysis 

 Differences in subject baseline characteristics were determined by between-groups 

analysis of variance (ANOVA).  Group differences in FBF responses to acetylcholine, sodium 

nitroprusside, BQ-123, BQ-788 and BQ-123/BQ-788+Ach were determined by repeated-

measures ANOVA.  There were no significant gender interactions, therefore the data were 

pooled and presented together.  All data are expressed as mean ± SEM.  Statistical significance 

was set a priori at P<0.05.   

 

RESULTS 

Selected subject characteristics are presented in Table 1.  There were no differences in 

age, anthropometric, metabolic, or hemodynamic variables between the groups.  Table 2 shows 

the blood pressure responses amongst the groups.  There were no differences in resting blood 

pressure between the nebivolol, metoprolol, and placebo groups.  Both nebivolol and metoprolol 

treatment resulted in similar and significant reductions in systolic (~10%), diastolic (~15%), and 

mean arterial (~15%) blood pressure.  There were no significant changes in blood pressure in 

placebo group.   

Before beginning the respective interventions, FBF responses to selective ETA receptor 

blockade with BQ-123 were similarly and significantly elevated (~30%) from baseline in all 

three groups.  However, nebivolol, but not metoprolol or placebo, therapy resulted in a marked 

(~25%; P<0.05) reduction in FBF response to BQ-123 (Figure 1).  The vasodilator response to 

BQ-123 were almost identical before and after either metoprolol or placebo treatment.  The FBF 

responses to nonselective ETA/B receptor blockade with BQ-123 and BQ-788 were similar 

amongst the groups prior to treatment.  There was a significant increase (~35%) in FBF beyond 
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that of ETA receptor blockade (Figure 2).  However, after 3-month of treatment, only nebivolol 

therapy significantly reduced (~40%) the FBF response to non-selective ETA/B receptor blockade 

(Figure 2).  Neither metoprolol therapy nor placebo significantly altered the FBF responses to 

BQ-123/BQ-788 infusion. 

FBF responses to the endothelium-dependent vasodilator acetylcholine were not 

significantly different (nebivolol: from 5.1±0.3 to 13.3±0.8 mL/100 mL tissue; metoprolol: from 

5.5±0.4 to 14.9±1.3 mL/100 mL tissue; and placebo: from 4.7±0.2 to 12.9±0.9 mL/100 mL 

tissue) between the three groups before intervention.  Nebivolol treatment resulted in a 

significant increase (~20%, P<0.05) in the vasodilator response to acetylcholine (from 13.3±0.8 

to 15.8±0.6 mL/100 mL tissue) (Figure 3).  In stark contrast, there was no change in the FBF 

responses to acetylcholine in either the metoprolol (from 14.9±1.3 to 14.9±1.3 mL/100 mL 

tissue) or placebo (from 12.9±0.9 to 13.6±0.8 mL/100 mL tissue) groups (Figure 3).  The co-

infusion of acetylcholine with non-selective ET blockade (BQ-123 + BQ-788) resulted in 

significantly greater (~30%) vasodilator response in all three groups prior to intervention (Figure 

4).  FBF responses to acetylcholine in the presence and absence of BQ-123 + BQ-788 were no 

longer different following nebivolol but not metoprolol or placebo treatment (Figure 4).  

 

DISCUSSION 

The blood pressure lowering effects of nebivolol are well established (14, 22, 35).  The 

seminal finding of the present study, however, is that in addition to, and independent of, 

lowering blood pressure, nebivolol markedly and favorably affects ET-1 system activity.  Indeed, 

the results reported herein demonstrate that chronic nebivolol, but not metoprolol, therapy: 1) 

reduces ET-1-mediated vasoconstrictor tone in adults with elevated blood pressure; and 2) 



119	
  

reductions in ET-1 vasoconstriction underlie nebivolol-induced improvements in endothelium-

dependent vasodilation.  Diminished ET-1-mediated vasoconstrictor tone may represent an 

important endovascular pleiotropic effect of nebivolol, contributing to its favorable effect on 

overall cardiovascular risk (4).  To the best of our knowledge, this is the first study using 

established pharmacological approaches to demonstrate nebivolol-specific effects on ET-1 

system activity in adult humans. 

In the present study, there was a similar and significant (~30%) increase in FBF 

responses to selective ETA receptor blockade in all three groups prior to treatment.  In addition, 

non-selective ETA/B receptor blockade resulted in a further increase (~35%) in FBF in all the 

groups.  These findings are fully consistent with previous studies establishing enhanced ET-1 

system activity in adults with blood pressure in both the hypertensive (13) and prehypertensive 

(46) range.  For example, Cardillo et al. (13) demonstrated almost identical increases (35-55%) 

in FBF to selective and non-selective ET receptor blockade in adults with essential hypertension 

compared with marginal, non-significant changes in FBF in normotensive adults.  Thus, we are 

confident that ET-1-mediated vasoconstrictor tone was abnormally high in our subjects with 

elevated blood pressure without a direct comparison to a normotensive control group.   

In vitro, nebivolol has been shown to blunt endothelial production, and it turn release, of 

ET-1 (6).  The results of the present study compliment and significant extend these findings by 

demonstrating that nebivolol reduces ET-1 mediated vasconstrictor tone in adults with elevated 

blood pressure.  Indeed, after three months of nebivolol therapy, there was a marked reduction 

(~25%) in the vasodilator response to both ETA and ETA/B receptor blockade.  Of note, the 

nebivolol-induced reduction in ET-1 vasoconstrictor tone was independent of concomitant 

reductions in blood pressure.  Blood pressure was equally and significantly reduced in adults 
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randomized to either the nebivolol or metoprolol treatment groups.  However, metoprolol 

therapy had no effect on the vascular responses to either selective or non-selective ET-1 receptor 

blockade despite its blood pressure lowering effect.  Moreover, there were no significant changes 

in body composition or cardiometabolic risk factors in response to nebivolol (or metoprolol) 

treatment.  Collectively, this provides further evidence for a direct clinical effect of nebivolol on 

the ET-1 system.  Several mechanisms may underlie this unique feature of nebivolol.  Most 

notably, nebivolol has been shown to ameliorate prepro-ET-1 mRNA production in human 

coronary endothelial cells (6, 7).  Prepro-ET-1 is the peptide transcribed from prepro-ET-1 

mRNA that is posttranslationally modified to ET-1 (47).  Diminishment of prepro-ET-1 would 

ultimately lead to less ET-1 formation.  Other contributing factors may include greater nitric 

oxide bioavailability (2) and reduced oxidative mediators (24, 40).  With respect to nitric oxide, 

nebivolol increases nitric oxide bioavailability by enhancing endothelial nitric oxide synthase 

activity through calcium (8, 27) and non-calcium dependent pathways (37).  Nitric oxide, in turn, 

has a potent inhibitory influence on ET-1 at the level of transcription as well as endothelin 

converting enzyme activity (1, 5).  Regarding oxidative stress, nebivolol has been shown to 

block NADPH oxidase, a known activator of the ET-1 system (32). 

Concurrent with the nebivolol-induced reduction in ET-1-mediated vasoconstrictor tone, 

we also noted that the nebivolol-induced improvement in endothelium-dependent vasodilation is 

due, at least in part, to the reduction in ET-1 vasoconstriction.  It is important to note that prior to 

intervention, the FBF responses to acetylcholine in all three groups were similar to that 

previously reported in prehypertensive (46) and hypertensive (13) adults, indicating that the 

ability to vasodilate was impaired in our study population.  Consistent with previous studies (43), 

chronic nebivolol therapy significantly improved (~30%) Ach-mediated endothelium dependent 
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vasodilation.  In stark contrast, there was no effect of metoprolol therapy (or placebo), on 

endothelial vasodilator function.  It has been suggested that the nebivolol-induced improvement 

in endothelium-dependent vasodilation is largely due to an increase in nitric oxide bioavailability 

(2).  A seminal finding of the present study is that reduced ET-1 vasoconstrictor tone appears to 

be a primary contributor to improved endothelial vasodilator function.  Indeed, prior to 

intervention, the co-infusion of non-selective ET receptor blockade resulted in a significant 

increase (~35%) in Ach stimulated endothelial vasodilation in all 3 treatment groups.  After the 

3-month intervention period this effect was unchanged in the metoprolol and placebo groups; 

however, in the nebivolol group non-selective ET receptor antagonism no longer enhanced the 

FBF responses to Ach.  Although we did not assess whether the nebivolol-induced improvement 

in Ach-mediated vasodilation was nitric oxide dependent, it is plausible that the reported increase 

in nitric oxide bioavailability with nebivolol is due, in part, to an uncoupling of ET-1-nitric oxide 

inhibition.  Moreover, relieving ET-1-mediated vasoconstriction would allow nitric oxide, and 

other endothelium-derived relaxing factors, to act without opposition and dilate the vessel 

appropriately in response to stimulation.  Thus, the unique vasomotor properties of nebivolol 

appears to involve both vasodilator and vascoconstrictor factors.  To the best of our knowledge, 

this is the first study to assess the involvement of the ET-1 system in nebivolol-induced 

improvements in endothelial vasodilator function. 

There are two experimental considerations regarding the present study that deserve 

mention.  First, given the extended half-life of ET receptor agonists, our study design did not 

involve the singular administration of the selective ETB receptor antagonist BQ-788 and 

therefore we cannot comment on the effects of nebivolol (or metoprolol) on the vascular actions 

of the ETB receptor.  Secondly, we did not measure circulating plasma levels of ET-1 in the 
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present study.  ET-1 produced by the endothelium is predominantly (>80%) released abluminally 

toward the vascular smooth muscle (41); thus, the pathophysiological significance of circulating 

ET-1 levels is questionable as values reported are highly variable and misleading (13).  

Moreover, circulating plasma concentrations of the peptide do not necessarily reflect local 

vascular production but rather spillover into, and clearance from, the bloodstream (13).  Intra-

arterial infusion of ET-1 receptor antagonists offers a more direct, reproducible biological 

assessment of ET-1 system activity in vivo (13). 

In conclusion, the results of this study indicate that nebivolol treatment reduces ET-1-

mediated vasoconstrictor tone in adult humans with elevated blood pressure.  Moreover, 

nebivolol-induced reduction in ET-1-mediated vasoconstrictor tone contributes to the favorable 

effects of nebivolol on endothelial vasodilation.  Importantly, the direct effect of nebivolol on 

ET-1 system activity is independent of reductions in blood pressure and may be an important 

underlying factor contributing to the improvement in endovascular function and reduction in 

cardiovascular morbidity and mortality (21) associated with chronic nebivolol treatment.  
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FIGURE LEGEND  

Figure 1.  FBF responses to acetylcholine in the nebivolol (panel A), metoprolol (panel B) and 

placebo (panel C) groups before and after 3 month intervention.  Values are mean ± SEM;        

*P < 0.05 vs. before intervention. 

 

Figure 2.  FBF responses to selective ETA receptor blockade with BQ-123 (100nmol/min) in the 

nebivolol (panel A), metoprolol (panel B) and placebo (panel C) groups before and after 3 month 

intervention.  Values are mean ± SEM.  The P value refers to the difference in the FBF responses 

to ETA receptor blockade before vs. after intervention. 

 

Figure 3.  FBF responses to non-selective ETA/B receptor blockade with BQ-123+BQ-788 

(100nmol/min and 50nmol/min) in the nebivolol (panel A), metoprolol (panel B) and placebo 

(panel C) groups before and after 3 month intervention.  Values are mean ± SEM. The P value 

refers to the difference in the FBF responses to ETA/B receptor blockade before vs. after 

intervention. 

 

Figure 4.  FBF responses to acetylcholine in the presence and absence of non- selective ETA/B 

receptor blockade with BQ-123+BQ-788 (100nmol/min and 50nmol/min) in the nebivolol (5mg 

tablet taken orally once per day) group before (panel A) and after (panel B) 3 month 

intervention.  Values are mean ± SEM; *P < 0.05 vs. saline. 
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CONCLUSION 

The primary new findings of the studies presented herein are as follows: 

 

1. The capacity of the endothelium to release t-PA is diminished in adult males with blood 

pressure in the prehypertensive range.  Additionally, the level of impairment in t-PA 

release seen with clinical hypertension is already apparent in the prehypertensive state.  

 

2. Elevations in WBC count, within clinically normal range and independent of other 

cardiovascular risk factors, is associated with increased ET-1-mediated vasoconstrictor 

tone.  Therefore, increased ET-1 vasoconstrictor tone may contribute to the heightened 

risk of cardiovascular disease and stroke reported with elevations in WBC count. 

 

3. ET-1-mediated vasoconstrictor tone is elevated in adults with impaired fasting blood 

glucose concentrations, independent of other cardiometabolic risk factors.  Thus, 

indicating that augmented ET-1 vasoconstrictor tone is apparent in the impaired fasting 

glucose prediabetic state.   

 

4. Forearm vascular responses to exogenous ET-1, selective ETA receptor antagonism and 

non-selective ETA/B receptor blockade were almost identical between adults with LDL-

cholesterol in the optimal/near optimal and borderline-high levels.  Consequently, 

borderline-high LDL-cholesterol is not associated with enhanced ET-1 system activity.   
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5. Independent of reducing blood pressure, chronic nebivolol, but not metoprolol, therapy 

reduces ET-1-mediated vasoconstrictor tone in adults with elevated blood pressure.  

Moreover, these reductions may, at least in part, underlie the known nebivolol-induced 

improvements in endothelium-dependent vasodilation. 

 

In aggregate, these studies indicate that endothelial dysfunction, specifically elevations in ET-1 

system activity and impaired fibrinolytic function, is omnipresent with many cardiovascular 

disease risk factors and is an appropriate target for both lifestyle and pharmacologic intervention 

aimed at reducing cardiovascular risk. 
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