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Abstract

Ischemic heart disease is the leading cause of morbidity and mortality throughout the world. Many 

clinical trials have suggested that lifestyle and pharmacologic interventions are effective in 

attenuating atherosclerotic disease progression and events development. However, an 

individualized approach with careful consideration to comprehensive vascular health is necessary 

to perform successful intervention strategies. Endothelial dysfunction plays a pivotal role in the 

early stage of atherosclerosis and is also associated with plaque progression and occurrence of 

atherosclerotic complications. The assessment of endothelial function provides us with important 

information about individual patient risk, progress and vulnerability of disease, and guidance of 

therapy. Thus, the application of endothelial function assessment might enable clinicians to 

innovate ideal individualized medicine. In this review, we summarize the current knowledge on 

the impact of pharmacological therapies for atherosclerotic cardiovascular disease on endothelial 

dysfunction, and argue for the utility of non-invasive assessment of endothelial function aiming at 

individualized medicine.
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1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of morbidity and 

mortality all over the world. Atherosclerosis results from a complex interaction between 
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genetic and environmental factors that causes the arterial wall to respond to inflammatory 

stimuli. It begins in childhood progressing over decades with a long subclinical phase and 

affects essentially all arterial beds.1 On occasion, atherosclerosis can cause sudden arterial 

occlusion from unstable lesions leading to acute clinical events. In order to reduce morbidity 

and mortality related to ASCVD, increased emphasis is being placed on early identification 

of at risk patients and their optimal treatment to stabilize, halt, or even modestly regress 

atherosclerosis.2 Owing to results from large randomized clinical trials, significant 

advancements have been made, over decades, to define effective treatment for ASCVD. 

However, there is a notable inter-individual heterogeneity in response to risk factors and 

cardiovascular (CV) drugs, affecting efficacy. Emerging paradigms that manage individual 

patients based on their comprehensive vascular health assessment have the potential to 

unveil novel mechanisms in disease pathogenesis.

Endothelial dysfunction is associated with unfavorable physiological vascular changes such 

as vasomotor tone alterations, thrombotic dysfunctions, smooth muscle cell proliferation and 

migration, as well as leukocyte adhesion, and plays a pivotal role in the initial development 

and progression of atherosclerotic plaque and occurrence of atherosclerotic 

complications.3, 4 Most CV risk factors have the potential to initiate endothelial cell injury 

causing endothelial dysfunction.5 Moreover endothelial function is not determined solely by 

the individual risk factor burden but rather, may be regarded as an integrated index of all 

atherogenic and atheroprotective factors present in an individual, including unknown factors 

and genetic predisposition (Figure 1).6 Increasing body of evidence suggests that 

improvement of endothelial function in response to therapy is associated with reduction in 

future events.7, 8 Therefore, assessment of endothelial function not only reflects ongoing CV 

risk but also success of therapy.

This review will present the current knowledge on the impact of therapeutic interventions, 

currently available and under development, on endothelial function. Clinical management 

strategies for ASCVD with endothelial function assessment might enable more accurate risk 

assessment guiding the indication of pharmacological therapy and more accurate evaluation 

of treatment efficacy guiding the selection or adjustment of a given pharmacological 

therapy. Thus, the introduction of endothelial function assessment into clinical practice will 

bring the development of more tailored medicine in both primary and secondary prevention 

settings.

2. Endothelial function assessment for individualized medicine

Common approaches to ASCVD risk assessment are based on identifying and quantifying 

the established risk factors for atherosclerotic diseases to estimate 10-year risk for ASCVD.9 

This process represents a uniform, validated and robust method to identify individuals at 

high-risk for ASCVD. However, many individuals with coronary heart disease (CHD) have 

only one, or none, of the classic risk factors,10 and these risk factors overall are thought to 

account for only 50% of CHD,11 indicating the existence of non-traditional risk factors for 

atherosclerosis (i.e., mental stress, physical inactivity/fitness, genetic factor) (Figure 1). 

Thus, the current patient-specific approaches may have limitations that derive from the 

insufficiency of established risk factors to accurately identify individual risk or etiologic 
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causes of atherosclerosis. Direct assessment of vascular damage by measuring endothelial 

function rather than risk factor estimation could be a reliable method to identify the 

functional significance of the risk factors. Precise detection of a risk profile will potentially 

allow both early identification of individuals susceptible to disease and discovery of 

potential targets for pharmacological or lifestyle intervention.

In addition to risk assessment, providing and adjusting optimal treatment in each individual 

is the goal of individualized medicine. In clinical practice, it is necessary for clinicians to 

translate scientific evidence from large clinical trials to the treatment of individual patients. 

Most clinical trials report relative risks or hazard ratios, which are obtained from treating a 

heterogeneous group of participants.12 In current practice, the same treatment is 

administered to a wide range of patients who are all assumed to be the “average” patient 

based on the single point estimate of treatment effect. However, the absolute treatment effect 

in each patient can largely be affected by individual characteristics. Endothelial function 

might be reversible at every phase of atherosclerosis, from initiation to atherothrombotic 

complication.13 Thus it can be a potentially useful clinical strategy, for both physicians and 

patients, to consider endothelial function in the assessment of atherosclerosis to prevent 

ASCVD and to determine the efficacy of current ongoing treatments (Figure 2). For 

example, if a patient had abnormal endothelial function even under optimal medical 

treatment for traditional risk factors, we need to consider changing therapy and searching 

other non-traditional risk factors in order to prevent CV events.

3. Non-invasive assessment of peripheral endothelial function

Several invasive and noninvasive techniques have been developed for endothelial function 

testing into clinical practice. The features of commonly used methods to assess endothelial 

function are summarized in Table 1.14 Invasive assessment by catheterization is considered 

the reference standard for evaluating coronary endothelial function.14 Catheterization 

involves intra-arterial administration of endothelium-dependent substances (such as 

acetylcholine) that enhance release of endothelial nitric oxide (NO) and lead to measurable 

vasodilatation and increase in coronary blood flow in normal subjects but vasoconstriction 

and lack of increase in coronary blood flow in patients with endothelial dysfunction. The 

obvious disadvantage with such a method is that its invasive nature precludes widespread 

use in the population. Therefore, other non-invasive techniques have been developed based 

on the diffuse nature of endothelial dysfunction, most of which are based on the same 

principle of reactive hyperemia. The forearm flow mediated vasodilatation (FMD) is a non-

invasive method to evaluate peripheral endothelial function, and its measures correlate well 

with coronary artery endothelial function by catheterization.15 Another major method based 

on the same principle to assess peripheral endothelial function is the reactive hyperemia-

peripheral arterial tonometry (RH-PAT),16 whose response also correlates well with the 

presence of coronary artery endothelial dysfunction.17 Although, the majority of the non-

invasive endothelial function tests use reactive hyperemia after occlusion as a trigger to 

detect endothelial dependent vasodilation, FMD represents conduit artery vasodilation, and 

RH-PAT represents microvessel vasodilation. Moreover, RH-PAT is adjusted for any 

changes that occur in the control arm, a distinction from the FMD method. Given its 
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repeatability, non-invasive endothelial function assessment is useful in evaluating the 

clinical efficacy of traditional and new approaches for CV diseases.

In the setting of established CHD, patients with endothelial dysfunction were reported to 

have a higher rate of adverse CV events,18 and improvement in peripheral endothelial 

function is associated with significant reduction in future CV events.7 A past report has 

documented that overall survival in patients with CHD is largely independent of the degree 

of coronary luminal stenosis.19 Matsuzawa et al. reported that even after adjustment for 

coronary plaque complexity, impaired peripheral endothelial function significantly predicted 

future CV events.20 The prognostic value of brachial FMD and RH-PAT for ASCVD events 

in both primary and secondary prevention has been demonstrated in several studies and 

meta-analyses.8, 21–25

5. The impact of pharmacologic interventions on endothelial function

Effective management of atherosclerotic disease includes pharmacologic treatment of 

specific risk factors and lifestyle modifications, such as smoking cessation, weight loss, diet 

change, and exercise. Over the decades, pharmacological intervention in atherosclerotic 

diseases has advanced dramatically. Although, many clinical trials have suggested that many 

kinds of pharmacologic interventions are effective in preventing atherosclerotic disease 

progression, clinical management of atherosclerosis is quite difficult as there is no 

recognized method to prevent or improve the entire vascular bed. Thus, an individualized 

approach with comprehensive vascular health assessment by endothelial function test might 

be beneficial to provide a tailored treatment according to the specificities of atherosclerosis 

in a given patient. Here, we review the evidence of the impact of pharmacological treatment 

for atherosclerosis on endothelial function. Figure 3 shows a brief summary on the effects of 

each drug on endothelial function and CV outcomes.

5.1. Statins

The use of statins for ASCVD prevention is clearly supported by clinical evidence and is 

recommended by clinical guidelines.26 Statins reduce ASCVD events beyond their 

cholesterol-lowering effects and play an important role in the primary and secondary 

prevention of ASCVD in at-risk individuals.27 The beneficial effect of statins on coronary 

and peripheral endothelial function are attributed partly to their anti-inflammatory and anti-

oxidant properties.27 A recent meta-analysis of 46 randomized clinical trials concluded that 

statin therapy is associated with a significant improvement in both coronary and peripheral 

endothelial function.28 Subgroup analyses revealed that this significant beneficial effect did 

not differ by diabetes or CHD.28 However, not all studies showed the beneficial effect of 

statins on endothelial function.29 It is noteworthy that considerable residual risk persists 

among statin-treated patients, with rates of CV events being approximately two-thirds to 

three-quarters that of placebo-treated patients in clinical trials.30, 31 It has been reported that 

even with maximal statin therapy, approximately 22% of patients with recent acute coronary 

syndrome (ACS) and 9% of patients with stable CHD proceeded to a second CV event at 2 

years and 5 years of follow-up periods, respectively,32, 33 and therefore many patients are 

not completely protected by their current therapeutic regimens.
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5.2. Cholesterol ester transfer protein inhibitors

Cholesterol ester transfer protein (CETP) is a plasma protein that facilitates the transport of 

cholesteryl esters from high-density lipoprotein (HDL) to apolipoprotein (Apo) B-containing 

lipoproteins, and is currently a target for increasing HDL-cholesterol, by inhibition of this 

transport between low-density lipoprotein (LDL) and HDL particles. Notwithstanding a 

significant increase in HDL-cholesterol, surprisingly an unexpected increase in CV events 

and mortality was observed in patients treated with torcetrapib, the CETP inhibitor, in the 

Investigation of Lipid Level Management to Understand Its Impact in Atherosclerotic 

Events (ILLUMINATE) study.34 It was suggested that the sustained and marked impairment 

of endothelial function may at least in part explain the increased mortality associated with 

torcetrapib treatment in the trial.35 Dalcetrapib did not improve endothelial function either in 

the Dal-VESSEL study.36 Subsequently, the phase III outcome trial for dalcetrapib, dal-

OUTCOMES trial, was terminated at a prespecified interim analysis after a median follow-

up of 31 months due to lack of efficacy on major CV outcomes.37 Anacetrapib and 

evacetrapib, highly potent CETP inhibitors, recently entered phase III outcome trials. In the 

phase III safety study (DEFINE), anacetrapib showed no torcetrapib-like adverse effects.38 

The impact of anacetrapib and evacetrapib on endothelial function has not been investigated 

yet.

5.3. Omega-3 fatty acids

A number of randomized clinical trials have been designed specifically to provide a 

controlled evaluation of the effects of omega-3 fatty acids on CV events. Conflicting 

findings have been found on this issue,39 however, large scale prospective studies and meta-

analyses have demonstrated that intake of omega-3 fatty acids has a beneficial impact on CV 

outcomes.40–42 Furthermore a recent meta-analysis of randomized controlled trials 

suggested that supplementation of omega-3 fatty acids may improve endothelial function.43 

Although the mechanism underlying this protective effect has not been identified, reduced 

production of inflammatory cytokines might partly contribute.44

5.4. Lipoprotein-associated phospholipase A2

inhibitors Lipoprotein-associated phospholipase A2 (Lp-PLA2) is highly expressed in 

atherosclerotic lesions, in particular vulnerable plaques,45, 46 and has been shown to increase 

inflammation through producing arachidonic acid precursors from membrane 

glycerophospholipids,47 suggesting that this enzyme might be a potential therapeutic target. 

However the phase III Stabilization of Atherosclerotic Plaque By Initiation of Darapladib 

Therapy (STABILITY) trial involving 15,828 CHD patients reported that darapladib, a 

selective oral inhibitor of Lp-PLA2, did not significantly reduce the risk of the composite 

endpoint of CV death, myocardial infarction (MI), and stroke.48 Similarly, the randomized 

controlled trial of 13,026 patients with ACS, Darapladib-Thrombolysis in Myocardial 

Infarction (SOLID-TIMI 52) trial, demonstrated that the addition of darapladib to optimal 

medical therapy did not reduce the risk of major coronary events.49 The Multi-Ethnic Study 

of Atherosclerosis (MESA) which measured Lp-PLA2 and endothelial function in a total of 

2809 participants,50 reported that Lp-PLA2 was not associated with endothelial dysfunction. 

So far, data on the impact of darapladib on endothelial function is lacking.
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5.5. Renin-angiotensin system inhibitors

Angiotensin converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers 

(ARBs) are well established drugs to prevent CV events in heart failure patients and are 

recommended by the current guidelines.26 Also, ACEIs have been reported to reduce CV 

death, MI, and stroke in high-risk patients and stable CHD patients without a low ejection 

fraction or heart failure,51, 52 and are recommended in all patients with ASCVD.26 A 

randomised study, Telmisartan Randomized Assessment Study in ACE-Intolerant Subjects 

With Cardiovascular Disease (TRANSCEND) study, demonstrated that telmisartan 

modestly reduced the risk of CV death, MI, and stroke in patients intolerant to ACEIs. 

ACEIs and ARBs are involved in renin-angiotensin-aldosterone system (RAAS), and they 

have similar mechanisms of action. In addition to lowering blood pressure, ACEIs and 

ARBs possess direct CV protective effects. ACEIs improve endothelial function by reducing 

the production of angiotensin II by inhibiting angiotensin converting enzyme, a key enzyme 

affecting the transformation from angiotensin I to angiotensin II and increasing bradykinin 

production.53 Similarly, the mechanisms by which ARBs improve endothelial function are 

based on their ability to inhibit angiotensin II receptors.53 Although, studies on the effects of 

ACEIs and ARBs on endothelial dysfunction have yielded conflicting results, 2 meta-

analyses of randomized controlled trials demonstrated that each of ACEIs and ARBs 

improved peripheral endothelial function and are superior to other anti-hypertensive drugs 

including calcium channel blockers (CCBs) and β adrenergic receptor blocking agents (βBs). 

Furthermore there was no significant difference between ACEIs and ARBs effect on 

endothelial function.54, 55

Aliskiren is a non-peptide renin inhibitor, which blocks RAAS at the first and rate-limiting 

step, reducing the circulating levels of angiotensin II. Thus, at least theoretically, aliskiren 

should inhibit RAAS more effectively than ACEIs and ARBs. A recent study of 30 

uncontrolled hypertensive patients reported that endothelial function significantly improved 

6 months after the addition of aliskiren.56 However, another study demonstrated that 4 

months treatment with aliskiren decreased circulating endothelial progenitor cells, which are 

considered important contributors to vascular repair, compared to placebo.57 Evidence on 

the effect of aliskiren on endothelial function in humans is scarce, and the results are 

conflicting. Also, clinical efficacy of aliskiren on CV outcomes is still not clear. Ongoing 

clinical trials series, evaluating the effects of aliskiren on CV outcomes, will identify the 

role of direct renin inhibition as an alternative treatment for hypertension and other 

atherosclerotic diseases.

5.6. Calcium channel blockers

Because of increased adverse CV events associated with rapid release, the role of short 

acting CCBs in CHD treatment was previously limited.58 However, data from many 

subsequent large clinical trials confirmed the safety and efficacy of long-acting CCBs.59, 60 

They are divided into dihydropyridines (DHP) and non-dihydropyridines (non-DHP). 

Although the mechanisms of CCBs action vary across classes, generally they improve the 

balance between myocardial oxygen supply and demand by inducing coronary artery 

dilation, systemic vasodilation, negative inotropic, and for non-DHPs negative chronotropic 

effect. In addition, CCBs have been reported to exert pleiotropic effects.61 Of particular 
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importance, certain DHP-type CCBs have been shown to modify endothelial function by 

enhancing endothelial NO synthase activity resulting in increased NO production.62 

Although not randomized, one study showed that lacidipine improved peripheral endothelial 

function as assessed by intra-brachial infusion of acetylcholine and bradykinin, in 

hypertensive subjects.63 The Evaluation of Nifedipine and Cerivastatin on Recovery of 

Coronary Endothelial Function (ENCORE)-1 and -2 trials showed that long-acting 

nifedipine consistently improved coronary endothelial function for up to 2 years in patients 

with stable CHD.64, 65 On the other hand, in a randomized double-blind study of apparently 

healthy young adults with a strong family history of premature CHD but no other 

identifiable risk factors, although amlodipine significantly improved peripheral endothelial 

function, its improvement did not significantly differ from the placebo group.66 To date no 

meta-analyses on the effects of CCBs on endothelial function have been reported. Further 

studies involving more patients and several classes of CCBs are needed to clarify these 

relationships.

5.7. β adrenergic receptor blocking agents

βBs are generally recommended for the treatment of patients with ACS or heart failure, 

because of their proven positive effects on life expectancy, risk of sudden cardiac death and 

left ventricular ejection fraction.26 βBs have emerged in 3 generations. The first and second 

generation βBs have no significant ancillary properties, with the former being nonselective 

and the latter selective for either β1 or β2 adrenergic receptors. However, a different 

effectiveness has been proposed for the third-generation βBs, such as nebivolol and 

carvedilol. Nebivolol causes vasodilation primarily through the release of endothelium-

derived NO.67 Interestingly, infusion of nebivolol intra-arterially in the forearm of healthy 

subjects is associated with an increase in forearm blood flow, which can be prevented by 

NO synthesis inhibition.68 It is thought to be mediated through β3 receptor activation and by 

interaction with estrogen receptors.69 Carvedilol, a nonselective β-blocker with additional 

α1 adrenoceptor antagonist activity, also has been shown to elevate antioxidant effect and 

improve endothelial dysfunction.70 In a recent randomized study of patients with 

hypertension and diabetes mellitus, compared with metoprolol, carvedilol was able to 

improve endothelial function as assessed by FMD.71

5.8. Anti-diabetic drugs

Macrovascular disease is the major cause of morbidity and mortality in type 2 diabetes 

(T2D) and data suggests a consistent relationship between glycemic control and the 

frequency of diabetic complications.72 However, clinical trials to date, including the United 

Kingdom Prospective Diabetes Study (UKPDS)73 and The Diabetes Control and 

Complications Trial (DCCT)74, have not provided conclusive evidence that improved 

glycemic control reduces the risk for macrovascular diseases. Furthermore, recent landmark 

trials, including the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial, 

Action in Diabetes and Vascular Disease: Preterax and Diamicron-MR Controlled 

Evaluation (ADVANCE) trial, and Veterans Affairs Diabetes Trial (VADT), have raised 

new concerns about possible risks associated with intensive glycemic control.75–77 In 

accordance with these results, it was reported that brachial artery endothelial function was 

not influenced by reduction in hemoglobin A1c.78 A recent study using continuous glucose 
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monitoring demonstrated that fluctuations in blood glucose levels play an important role in 

endothelial dysfunction in patients with T2D,79 suggesting that quality of blood glucose 

lowering including modification of blood glucose fluctuations is required in addition to 

lowering hemoglobin A1c.

5.8.1 Insulin therapy—Insulin therapy is well established as the most effective means of 

managing blood glucose levels in diabetes.73, 80 A past study reported that early introduction 

of insulin therapy may improve endothelial function in patients with type 1 diabetes.81 On 

the other hand, in patients with T2D, the role of insulin therapy in endothelial dysfunction is 

still controversial. Although the addition of isophane insulin glargine improved forearm 

vascular reactivity in patients treated with metformin alone,82 insulin may worsen 

endothelial dysfunction in subjects with impaired sensitivity of the phosphatidylinostol 3-

kinase-dependent pathways.83 The controversy concerning the putative atherogenic effects 

of insulin may reflect differences in the way in which the two pathways 

(phosphatidylinositol kinase (PI-3K) pathway and mitogen-activated protein kinase (MAPK) 

pathway) are affected by insulin in the healthy and insulin-resistant endothelium.84 The lack 

of clarity surrounding this issue might also involve failure to separate the effects of insulin 

from those of pro-insulin, which is pro-atherogenic.

5.8.2 Metformin—Meta analyses, in which only studies prior to incretin-associated drugs 

were included, demonstrated that compared with other oral diabetes agents and placebo, 

metformin was moderately associated with a decreased risk of CV mortality.85 Thus 

metformin has been established as a first-line drug for the management of T2D. Metformin 

improves insulin sensitivity and glucose homeostasis and is demonstrated to activate 5’ 

adenosine monophosphate–activated protein kinase (AMPK) in tissues.86 AMPK system 

controls systemic energy balance and metabolism, and may be partly responsible for the 

health benefit of exercise.86 Interestingly, many studies in several patient groups, including 

patients with type 1 diabetes, have demonstrated that administration of metformin improves 

endothelial function,87–89 although, a few showed no significant beneficial effect.90

5.8.3 Sulfonylureas—Sulphonylurea use may elevate the risk of CV disease in patients 

with T2D,91 but there is insufficient evidence from randomized controlled trials to 

determine its clinical efficacy on CV outcomes.92 Through stimulating insulin secretion, 

sulfonylureas are believed to favor the development of hypoglycemia and weight gain, 

accelerate beta-cell apoptosis and beta-cell exhaustion and impair endothelial function, 

thereby increasing the risk for ischemic complications. Consistently, several studies have 

reported negative effects of glibenclamide on endothelial function, although a few showed 

improved endothelial function, e.g., gliclazide has anti-oxidant properties that might prevent 

endothelial dysfunction.86, 93 To date there is no robust clinical evidence, however, there 

might be differences among sulfonylureas regarding their effects on endothelial function.

5.8.4 Thiazolidinediones—A meta-analysis of 19 randomized trials with pioglitazone 

found a statistically significant reduction in the composite outcome of nonfatal MI, stroke, 

and all-cause mortality.94 Whereas, in 2007, a meta-analysis of 42 randomized controlled 

trials suggested that rosiglitazone increased the risk of MI and CV deaths.95 However, in 
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2009, the Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycemia in 

Diabetes (RECORD) trial demonstrated no significant increased risk of CV events 

associated with rosiglitazone compared to metformin or sulfonylurea.96 Moreover, it was 

reported that both pioglitazone and rosiglitazone might increase the risk for congestive heart 

failure.97, 98 The peroxisome proliferator activated receptors γ, to which thiazolidinediones 

bind, are expressed in adipose tissue, pancreatic β-cells, endothelium and macrophages.99 

Thiazolidinediones activate endothelial NO synthase,100 and might also have antioxidant 

properties thereby increasing NO bioavailability.101 Thus, it is suggested that 

thiazolidinediones have direct beneficial vascular effects in addition to secondary effects via 

the improvement in metabolic milieu. The salutary effects of thiazolidinediones on 

endothelium have been reported by several clinical studies,102–104 however, not all studies 

have come to the same conclusion.105 Furthermore, it is reported that rosiglitazone can 

reduce intracellular levels of the enzyme involved in tetrahydrobiopterin synthesis, and 

inhibit cytokine-induced NO synthesis.106 Thus, its effect on NO bioavailability and NO 

synthase function remains to be fully explored, and the issue of the independent effect of 

these drugs on endothelial function remains unsolved.

5.8.5 α-Glucosidase inhibitors—Repeated post-prandial hyperglycemia might have an 

important role in the development of atherosclerosis by suppressing vascular endothelial 

function.107 α-glucosidase inhibitors delay digestion of complex carbohydrates in the upper 

small bowel and subsequently retard absorption of glucose and ‘blunt’ postprandial 

hyperglycemia by inhibiting of α-glucosidases in the brush-border of the small intestine. 

Unlike some other blood glucose lowering agents, no adverse signals of potential CV risk 

have emerged in relation to α-glucosidase inhibitors use. On the contrary, significant 

beneficial CV outcome results have been reported by the landmark Study to Prevent Non-

Insulin-Dependent Diabetes Mellitus (STOP-NIDDM) trial.108 However other large 

randomised clinical trials, such as the Hyperglycemia and Its Effect After Acute Myocardial 

Infarction on Cardiovascular Outcomes in Patients With Type 2 Diabetes Mellitus 

(HEART2D) trial and the Nateglinide and Valsartan in Impaired Glucose Tolerance 

Outcomes Research (NAVIGATOR) trial, failed to show beneficial effect of α-glucosidase 

inhibitors on CV outcomes.109, 110 In agreement with these results from clinical trials, the 

reported effect of α-glucosidase inhibitors is also conflicting. Little evidence suggests that 

by diminishing postprandial hyperglycemia and thereby limiting glucotoxicity on the vessels 

acarbose improves endothelial function.111 However, some studies showed no significant 

beneficial effect of α-glucosidase inhibitors on endothelial function.112

5.8.6. Incretins GLP-1 and DPP4-I—In addition to the well-characterized actions of 

glucagonlike peptide-1(GLP-1) on glycemic controls, GLP-1 acts on endothelium and 

cardiac and vascular myocytes which express a functional GLP-1 receptor.113 Furthermore, 

GLP-1 receptor dependent and independent pathways have been proposed for the beneficial 

CV effects of GLP-1.113 Dipeptidyl peptidase 4 inhibitor (DPP4-I) maintains the plasma 

level of active GLP-1, and increases NO production with increased endothelial NO synthase 

phosphorylation.114 In recent years, incretin mimetics GLP-1 receptor agonists and DPP4-Is 

have received particular attention for their potential to positively impact CV outcomes. 

Although an increasing body of literature from preclinical and early phase clinical studies 
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has indicated that both GLP-1 receptor agonists and DPP4-Is may exert glucose-independent 

beneficial effects on CV outcomes,115 the results from ongoing large-scale trials might 

provide valuable new insights about the impact of these incretin-based therapies on CV 

outcomes. Several clinical studies reported that endothelial function was improved by 

GLP-1 and DPP4-I,116–119 although their effect remains controversial, because most of 

these were non-randomized trials and included a small number of patients. Large-scale 

randomized studies are needed to further clarify the impact of GLP-1 and DPP4-I on 

endothelial function.

5.9. Other potential drugs and foods

Other than the above mentioned, to date, many other drugs and food products have been 

reported potentially to have beneficial effects on endothelial function. L-arginine, a semi-

essential amino acid, acts as the substrate for endothelial NO synthase enzyme. Although 

several studies have reported the effect of oral L-arginine supplementation on endothelial 

function, the data in humans are varied, possibly because of small sample sizes and short 

durations.120 Tetrahydrobiopterin, an essential factor for endothelial NO synthase, has an 

important role in regulating endothelial NO synthase enzymatic activity, and it is 

demonstrated that acute administration of tetrahydrobiopterin improved endothelial 

function.121, 122 However, evidence of long term effects is lacking. Other potential agents 

include anti-oxidative vitamins including folic acid and vitamin C, flavonoids, dark 

chocolate, black tea, green tea, polyphenol-rich olive oil, and red wine. Although these may 

possess anti-athrogenic effects, the effects of these on endothelial function, atherosclerotic 

diseases progression and CV outcomes remain to be elucidated.

6. Future directions for research

Our knowledge on the mechanisms of atherosclerosis and CV diseases is still limited. There 

might be several unknown risk factors for atherosclerosis, and probably more effective 

interventions which are yet to be discovered. As reported in this review, the efficacy of 

drugs on endothelial function is mostly in line with results from large clinical trials; 

indicating that by using endothelial function assessment we can treat atherosclerosis itself, 

rather than risk factor control. Thus, endothelial function testing is a potential field for future 

research to evaluate the effect of different pharmacological and lifestyle interventions. Using 

pharmacological therapies, lifestyle modification, and other emerging approaches, therapy 

guided by individual endothelial function measurements might be feasible in CV practice. 

However, large scale randomized studies in this area are needed to answer the question of 

whether endothelial function-guided therapies will provide benefits in improving outcomes 

in patients with ASCVD risk factors and in patients with established ASCVD. Such further 

studies may usher us into a new era of individualized medicine in cardiology.

7. Conclusion

The concept of individualized medicine is currently applied in ASCVD management, in both 

primary and secondary prevention settings, although several aspects are still under 

investigation. Since the vascular endothelium plays a crucial role in the pathogenesis of 

atherosclerosis, assessment of endothelial function enables us to directly evaluate 
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atherosclerosis instead of quantifying risk factors, some of which are yet unknown, and can 

provide us important information for individual patient risk assessment, prognosis 

determination, and guidance of therapy. It can also be applied to the field of pharmacology 

in developing new therapies and repositioning of existing drugs to treat new diseases. Thus, 

application of endothelial function assessment might contribute to innovate ideal 

individualized medicine. Although, most of the current pharmacological therapies for 

atherosclerosis have been demonstrated to improve endothelial function, our knowledge of 

the mechanisms involved in endothelial dysfunction is only the tip of the iceberg. Further 

research should be directed at shedding light on novel therapeutic targets and determining 

whether non-invasive endothelial function assessment can be useful to guide treatment and 

change outcomes. These will yield tremendous benefits in improving CV practice.
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Abbreviations

ACEI Angiotensin converting enzyme inhibitor

ACS Acute coronary syndrome

AMPK 5’ adenosine monophosphate–activated protein kinase

Apo Apolipoprotein

ARB Angiotensin II receptor blocker

ASCVD Atherosclerotic cardiovascular disease

βB β adrenergic receptor blocking agent

CCB Calcium channel blocker

CETP Cholesterol ester transfer protein

CHD Coronary heart disease

CV Cardiovascular

DHP Dihydropyridine

DPP4-I Dipeptidyl peptidase 4 inhibitor

FMD Flow mediated vasodilatation

GLP-1 Glucagonlike peptide-1

HDL High-density lipoprotein

LDL Low-density lipoprotein

Lp-PLA2 Lipoprotein-associated phospholipase A2

MAPK Mitogen-activated protein kinase

MI Myocardial infarction
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NO Nitric oxide

PI-3K Phosphatidylinositol kinase

RAAS Renin-angiotensin-aldosterone system

RH-PAT Reactive hyperemia-peripheral arterial tonometry

T2D Type 2 diabetes
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Figure 1. Risk factors of atherosclerosis and endothelial dysfunction
Endothelial dysfunction is a consequence of the harmful effects of risk factors of 

atherosclerosis on the vessel wall, and may be an integrated index of all atherogenic and 

atheroprotective factors.
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Figure 2. Strategy of endothelial function assessment for ASCVD prevention
ASCVD: atherosclerotic cardiovascular disease.
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Figure 3. Brief summary on the effects of each drug on endothelial function and cardiovascular 
outcomes
* Torcetrapib and dalcetrapib.

§ Although there is no data on effect of Lp-PLA2 inhibitors on endothelial function, it was 

reported that Lp-PLA2 was not associated with endothelial dysfunction.50

¶ Clinical trials are ongoing to identify the role of direct renin inhibition for atherosclerotic 

diseases.
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ACEI: angiotensin converting enzyme inhibitor, ARB: angiotensin II receptor blocker, 

CETP: cholesterol ester transfer protein, DPP4-I: dipeptidyl peptidase 4 inhibitor, GLP-1: 

glucagonlike peptide-1, and Lp-PLA2: lipoprotein-associated phospholipase A2.
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Table 1

The methods to assess endothelial function.

CAG Forearm
perfusion
technique

FMD RH-PAT

Vascular beds Coronary Peripheral Peripheral Peripheral

Trigger Infusion of endothelial 
dependent vasodilator

Infusion of endothelial 
dependent vasodilator

Reactive hyperemia Reactive hyperemia

Measurement Vessel diameter Blood 
flow

Plethysmogram Vessel diameter Plethysmogram

Non-invasive − − + +

Predictive for cardiovascular events ++ ++ ++ ++

Reversible with interventions + + + +

Adjustment by control vessel + + − ++

Operator independent +/− +/− +/− ++

Easily operated − − − +

Not expensive − + + +/−

CAG: coronary angiography, FMD: forearm flow mediated vasodilation, and RH-PAT: reactive hyperemia-peripheral arterial tonometry.
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