The structural integrity and functional activity of the endothelium play an important role in atherogenesis and related adverse outcomes. Cardiovascular disease risk conditions contribute to oxidative stress, which causes a disruption in the balance between nitric oxide (NO) and reactive oxygen species, with a resulting relative decrease in bioavailable NO and/or the NO–soluble guanylate cyclase cascade in blood vessels. This leads to endothelial and vascular smooth muscle cell dysfunction, resulting in increased tone and alterations in cell growth and gene expression that create a prothrombotic, proinflammatory environment. This leads to formation, progression, and destabilization of atherosclerotic plaques which may result in myocardial infarction, stroke, and cardiovascular death. NO clearly has a critical role in the maintenance and repair of the vasculature, and a decrease in bioavailable NO is linked to adverse outcomes. This background provides the rationale for exploring the potential therapeutic role for NO-donating agents in the prevention of adverse cardiovascular outcomes.

Despite developments in diagnosis and management, cardiovascular disease continues to impose a tremendous healthcare burden, affecting tens of millions of people worldwide as the major cause of morbidity and mortality. Cardiovascular disease remains the leading cause of death among women and men in the United States, where it is estimated that there are 70 million individuals with hypertension, 16 million with coronary disease,1 and 16 to 17 million with diabetes mellitus.2 As part of the effort to better understand the mechanisms of cardiovascular disease, there has been increasing interest in the signaling and metabolic pathways that contribute to endothelial dysfunction and the development of atherosclerosis. It is generally agreed that nitric oxide (NO) is one critically important signaling molecule. In the endothelium monolayer, the amino acid l-arginine is converted by endothelial NO synthase (eNOS) to NO, which diffuses into both the vessel lumen and the vessel wall, activating soluble guanylate cyclase (sGC) to convert guanosine triphosphate to cyclic guanosine monophosphate (cGMP), and mediate various physiological and tissue-protective effects (Figure 1).3 These include vascular tone, growth, remodeling, inflammation, and thrombotic balance. NO has numerous effects that shift the balance of these processes to protect against atherosclerosis. An imbalance of production or bioavailability of NO, or its downstream signaling molecules (sGC and cGMP), in the vasculature is implicated in the pathogenesis of endothelial and vascular smooth muscle dysfunction and is the background for hypertension, atherosclerosis, and other cardiovascular disorders and their related adverse outcomes like death, myocardial infarction, and stroke.
Pathophysiology of Cardiovascular Disease: A Balance Concept 

Optimal vascular health depends on a delicate balance in the vascular wall of pro-oxidative and antioxidant cellular mechanisms (e.g., superoxide dismutase, catalase). Pro-oxidative mechanisms include production of reactive oxygen species (ROS), as well as molecules such as angiotensin II and endothelin. In health, these pro-oxidative and antioxidant mechanisms are balanced, and favor production of NO and downstream signaling rather than ROS. But NO–sGC–cGMP signaling can be compromised either by reducing NO bioavailability via chemical interaction of NO with ROS, or by altering the redox state of sGC through oxidative stress (e.g., the action of peroxynitrite). The result is that sGC becomes unresponsive to the minute amounts of endogenous NO that are normally present. In this pro-oxidative environment, oxidative stress induces cell damage via lipid peroxidation, inactivation of enzymes and other proteins by oxidation and nitration, and activation of matrix metalloproteinases and the nuclear enzyme poly(ADP-ribose) polymerase. This leads to cellular dysfunction expressed clinically as endothelial dysfunction, inflammation, plaque formation, and plaque destabilization finally resulting in acute vascular events and/or death. Antioxidant-promoting factors, such as exercise, 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor (statin) drugs, angiotensin-converting enzyme inhibitors, and perhaps calcium channel blockers, promote improved blood flow and contribute to a more favorable antithrombotic, antioxidant environment that promotes plaque stabilization and/or even regression. Oxidative stress can tip the balance from a healthy vasculature dominated by functional NO signaling, to one that is not beneficial with defective NO signaling. This may result in dysregulation of vascular tone, an increase in gene expression in both vascular smooth muscle and endothelial cells that involves processes that promote vascular cell proliferation, and changes in cell function. This also influences coagulation, because platelets become activated and aggregate, and disrupts the balance between profibrinolytic and antifibrinolytic processes. All of this leads to plaque destabilization, increases in plaque vulnerability, and cardiovascular events.

A Unifying Model of Cardiovascular Disease 

A unifying model of cardiovascular disease can be useful to illustrate the relation between the presence of cardiovascular risk factors and the occurrence of cardiovascular events (Figure 2).5 Major conditions that are well known to be associated with increased cardiovascular risk, such as hypertension, hyperlipidemia, diabetes mellitus, and cigarette smoking, are all associated with increased oxidative stress. Presence of ≥1 major cardiovascular risk factor creates an environment in which the principal oxidative systems in the vascular wall are activated. These include xanthine oxidase, nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide phosphate (NADH/NADPH) oxidase, and the uncoupling of eNOS, which favors production of ROS rather than functional NO signaling. This oxidative stress overwhelms the endogenous antioxidant mechanisms and leads to cell dysfunction and damage via oxidation of lipoproteins, nucleic acids, carbohydrates, and proteins. The principal target of this oxidative stress is the vasculature; this includes the endothelial cells and vascular smooth muscle cells, and their precursors, the mononuclear (stem) cells that reside in bone marrow and other storage areas. Endothelial cells, in particular, become overwhelmed by these oxidative processes and are unable to compensate for this relative decrease in bioavailable NO. As a result, NO–sGC signaling becomes defective and functional alterations develop in the vascular cells as noted above. Impairment of endothelium-dependent vasorelaxation, increased inflammatory mediators, and development of a prothrombotic vascular surface are among the critically important functional alterations induced by oxidative stress.

If vascular dysfunction persists, it can lead to structural alterations of the blood vessels that result in abnormal tone, smooth muscle cell proliferation and migration, remodeling of blood vessel walls, decreased fibrinolysis, platelet aggregation, and inflammation. These contribute to the development of clinical sequelae such as myocardial infarction, stroke, ischemia, congestive heart failure, death, and possibly cognitive dysfunction related to vascular damage.5
Oxidative stress also activates the renin-angiotensin-aldosterone system, and angiotensin II is one of the representative molecules that influence bioavailability of NO. Angiotensin II stimulates type-1 receptors in the vascular wall and activates NADPH oxidase systems to produce superoxide anion. This stimulates vascular smooth muscle migration, hypertrophy, and replication, and also stimulates plasminogen activator inhibitor (PAI)–1 synthesis, altering the tissue plasminogen activator to PAI-1 ratio. In blood vessels there is an intense increase in vascular smooth muscle tone that results in constriction, and endothelin as well as norepinephrine may be released to further promote constriction. Again, this reduced NO bioactivity also stimulates inflammation and blood vessel remodeling and makes the blood vessel more prone to thrombosis and much less fibrinolytic.

Endothelial Dysfunction and Cardiovascular Outcomes 

The vasomotor component of endothelial function can be assessed by the response of the vasculature to certain stimuli that normally evoke increased blood flow. A strong relation between a vasoconstrictive response to the endothelium-dependent stimulator acetylcholine, which is a marker for endothelial dysfunction, and adverse cardiovascular outcomes during follow-up has been established in a large number of studies.8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 These data are underscored by a meta-analysis19 that included 15 published reports evaluating cardiovascular risk and endothelial dysfunction assessed by coronary (5 reports) or peripheral (10 reports) testing. The results suggested an approximately 10-fold increase in relative risk for cardiovascular events during follow-up among persons identified with endothelial dysfunction (Figure 3). 

 The Role of Inflammation 



Inflammation potentiates the deleterious vascular effects of oxidative stress. C-reactive protein (CRP), a long-recognized marker of inflammation, has recently been shown to also be a mediator of vascular damage, in part through its attenuation of NO production and bioavailability.20, 21 CRP is upregulated in inflammation, and this directly decreases NO production by inactivating eNOS. By decreasing NO production, CRP may also promote endothelial cell apoptosis and inhibit angiogenesis. Additionally, CRP increases the production of endothelin-1 by endothelial cells and may upregulate expression of the cytokine interleukin-6. These substances may promote increases in tone and constriction of the vascular smooth muscle. They also may alter the phenotypic state of the vascular smooth muscle cell, shifting it toward the synthetic phenotype.

Nitric Oxide and Vascular Progenitor Cells 



It has recently been determined that, in addition to endothelial cell and vascular smooth muscle cells, the precursors of these cells, the mononuclear vascular progenitor cells, are also affected by the imbalance of NO that occurs in conditions of oxidative stress. Endothelial progenitor cells (EPCs), and perhaps other vascular progenitor cells, are derived from the bone marrow and circulate in peripheral blood to participate in the normal maintenance and repair of blood vessels. The life of the normal endothelial cell is relatively short, so maintenance of functional blood vessels depends on continuous replacement by progenitor cells from these reservoirs. NO plays a key role in the mobilization and function of the progenitor cells.22 Patients with cardiovascular risk conditions, such as diabetes, have lower levels of circulating progenitor cells and those cells produce NO at greatly reduced levels.23, 24 In patients with type 2 diabetes and peripheral arterial disease, the decrease in the number of EPCs correlates with the severity of the damage to the vasculature.25
Several studies have linked low levels of circulating vascular progenitor cells with an increased risk for cardiovascular events during follow-up (Figure 4).23, 26, 27 In patients with coronary artery disease, reduced EPC levels were an independent predictor of poor prognosis, even after adjusting for traditional cardiovascular risk factors.

Inflammation, Arthritis, and Vascular Progenitor Cells 



As described earlier, inflammation can exacerbate the deleterious effects of oxidative stress on the vasculature. It is well known that patients with rheumatoid arthritis have an increased risk for cardiovascular disease28, 29 that is independent of other cardiovascular risk factors.30 This is thought to be related to the environment of chronic inflammation that is a hallmark of rheumatoid arthritis. Morbidity in patients with rheumatoid arthritis is correlated with the degree of disease activity and can be improved with disease-modifying therapy.31 A recent study investigated the relation between EPC levels and cardiovascular risk in randomly selected patients with rheumatoid arthritis compared with healthy volunteers.32 Patients with rheumatoid arthritis who had significant hypertension or diabetes were excluded; those remaining were divided into groups by disease activity (e.g., high, low, or no disease activity). Circulating EPCs were significantly lower in patients with active rheumatoid arthritis compared with age- and sex-matched healthy controls. In those with low disease activity or inactive rheumatoid arthritis, EPC levels were similar to those of controls, but significantly higher than in those with active disease. The number of circulating EPCs correlated inversely with disease activity, and in a subgroup of patients with active rheumatoid arthritis receiving anti–tumor necrosis factor therapy, EPC levels were comparable to those in the healthy control and low or no disease activity groups. These early findings support a link between arthritis disease activity and the number of circulating vascular progenitor cells that seems to be influenced by suppressing components of the inflammatory cascade. This suggests that vascular repair may be impaired in these patients. If the NO signaling cascade of these progenitor cells is also depressed in patients with arthritis with a reduced number of circulating cells, it is likely that important NO-dependent functions of vascular cells may also be defective in proportion to arthritis disease activity. If this hypothesis proves correct, restoration of NO in patients with inflammatory conditions like rheumatoid arthritis could lead to beneficial vascular consequences.

