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Endothelial Function and Oxidative Stress
in Cardiovascular Diseases
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The vascular endothelium is involved in the release of various vasodilators, including nitric oxide (NO), prosta-
cyclin and endothelium-derived hyperpolarizing factor, as well as vasoconstrictors. NO plays an important role
in the regulation of vascular tone, inhibition of platelet aggregation, and suppression of smooth muscle cell
proliferation. Endothelial dysfunction is the initial step in the pathogenesis of atherosclerosis. Cardiovascular
diseases are associated with endothelial dysfunction. It is well known that the grade of endothelial function is a
predictor of cardiovascular outcomes. Oxidative stress plays an important role in the pathogenesis and develop-
ment of cardiovascular diseases. Several mechanisms contribute to impairment of endothelial function. An
imbalance of reduced production of NO or increased production of reactive oxygen species, mainly superoxide,
may promote endothelial dysfunction. One mechanism by which endothelium-dependent vasodilation is impaired
is an increase in oxidative stress that inactivates NO. This review focuses on recent findings and interaction
between endothelial function and oxidative stress in cardiovascular diseases. (Circ J 2009; 73: 411-418)
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prostacyclin, and endothelium-derived hyperpo-

larizing factor (EDHF), as well as vasoconstric-
tors, are released from the endothelium!2 NO plays an
important role in the regulation of vascular tone, inhibition
of platelet aggregation, and suppression of vascular smooth
muscle cell proliferation3# Impaired endothelium-depen-
dent vasodilation has been found in the forearm, coronary,
and renal vasculature of patients with hypertensiony-!! dys-
lipidemia!213 diabetes mellitus!4-16 and coronary artery
diseases!’-2! Endothelial dysfunction is an early feature of
both atherosclerosis and vascular diseases in humans?2
Improvement or augmentation of endothelial function will
prevent the development of atherosclerosis, resulting in a
reduction in cardiac events.

There are several possible mechanisms for impaired
endothelial function in patients with cardiovascular dis-
eases. Decreased NO bioavailability (decreased NO pro-
duction and/or increased NO inactivation) induces endo-
thelial dysfunction. A balance of endothelium-derived
vasodilators, especially NO, and reactive oxygen species
(ROS) modulates endothelial function. Therefore, an imbal-
ance of NO and ROS, so-called oxidative stress, is involved
in endothelial dysfunction through the inactivation of NO.

Various vasodilators, including nitric oxide (NO),
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Oxidative Stress in Cardiovascular Diseases

ROS are produced by various oxidase enzymes, includ-
ing nicotinamide-adenine dinucleotide phosphate (NADPH)
oxidase, xanthine oxidase, uncoupled endothelial NO syn-
thase (eNOS), cyclooxygenase, glucose oxidase, and lipo-
oxygenase, and mitochondrial electron transport (Figure 1).
ROS include superoxide anion (O2-), hydrogen peroxide
(H202), hydroxyl radical (OH), hypochlorous acid (HOCI),
NO, and peroxynitrite (ONOO-). O2-, OH, and NO are
classified as free radicals that have unpaired electrons and
potent oxidation ability. H2O2, HOCI, and ONOO- are clas-
sified as non-free radicals that also have oxidation ability.
The sources of ROS are a variety of cell types, including
vascular smooth muscle cells (VSMCs), endothelial cells
and mononuclear cells. The antioxidant enzyme superoxide
dismutase (SOD) has been identified as 3 enzymatic types:
Cu/Zn SOD, Mn SOD, and extracellular SOD. SOD rapidly
dismutates O2- to H202, then H202 is eliminated by gluta-
thione peroxidase (GPx) and catalase to water.

Several lines of evidence demonstrate that oxidative
stress plays an important role in the pathogenesis and devel-
opment of cardiovascular diseases, including hypertension,
dyslipidemia, diabetes mellitus, atherosclerosis, myocar-
dial infraction, angina pectoris, and heart failure?3-26 The
susceptibility of vascular cells to oxidative stress is a func-
tion of the overall balance between the degree of oxidative
stress and the antioxidant defense capability. Protective
antioxidant mechanisms are complex and multifactorial.
Antioxidant defense systems, such as SOD, GPx and cata-
lase, scavenge ROS in the vasculature, resulting in inhibi-
tion of NO degradation. Although SOD rapidly converts
02~ to H202, H202 per se is involved as an intracellular
second messenger in vascular remodeling, inflammation,
apoptosis, and growth of VSMCs?7 Oxidative stress induces
cell proliferation, hypertrophy, apoptosis and inflammation
through activation of various signaling cascades and redox-
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Figure 1.

Activated NADH/NADPH oxidase-related ROS generation and ROS degradation system in the vasculature.

NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species; SOD, superoxide dismutase; NO,
nitric oxide; GPx, glutathione peroxidase; eNOS, endothelial NO synthase.
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sensitive transcriptional factors. Excess ROS, especially
free radicals, oxidize various molecules. Lipid peroxidation
and protein oxidation induce overexpression of redox
genes, intracellular calcium overload, and DNA fragmenta-
tion, resulting in damage to VSMCs, endothelial cells or
myocardial cells. A vicious cycle of oxidative stress and
oxidative stress-induced atherosclerosis leads to the devel-
opment of atherosclerosis.

Endothelial Function in
Cardiovascular Diseases

It had been thought until 1981 that the vascular endothe-

Pro-oxidation

Total area = Six tennis courts

Figure 2. Structure and function of endothelial
cells.

lium functioned as a wall separating the blood vessel and
the inside cavity. If the endothelium of the whole body
could be collected, its total weight would be equal to that of
the liver, and its total area would be equal to that of 6 tennis
courts. Endothelial cells secrete various vasoactive agents,
such as the vasodilators NO, prostacyclin and EDHF, and
the vasoconstrictors endothelin-1, angiotensin II (Angll),
and thromboxane A2!-4 Thus, the vascular endothelium
might be the biggest endocrine organ in the human body. A
healthy endothelium maintains vascular tone and structure
by regulating the balance between vasodilation and vaso-
constriction, growth inhibition and growth promotion, anti-
thrombosis and prothrombosis, anti-inflammation and pro-
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Figure 3. From endothelial dysfunction to cardiovascular complications: progression of atherosclerosis in cardiovascu-
lar diseases.
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Figure 4. Mechanisms by which ROS induce endothelial dysfunction. NO, nitric oxide (NO); ROCK, Rho-associated
kinase; SOD, superoxide dismutase; NADH/NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive
oxygen species; HSP, heat shock protein; HIF-1, hypoxia-induced factor-1; VEGF, vascular endothelial growth factor;
eNOS, endothelial NO synthase; PI3K, phosphatidyl-inositol-3-kinase; MAPK, mitogen-activated protein kinase; NF-«B,
nuclear factor kB; AP-1, plasminogen activator inhibitor-1; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intra-
cellular adhesion molecule-1; VSMC, vascular smooth muscle cell.

inflammation, and also antioxidation and pro-oxidation
(Figure 2)!-4

Endothelial dysfunction is the initial step in the patho-
genesis of atherosclerosis (Figure 3)?2 Several investigators
have shown that impaired endothelium-dependent vasodila-
tion is found in the forearm, coronary, and renal vasculature
in patients with cardiovascular diseases>2! Perticone et al
evaluated cardiac outcome in patients with untreated essen-
tial hypertension characterized by 3 tertiles of acetylcho-
line-induced vasodilation, and found that patients with the
lowest tertile of acetylcholine-induced vasodilation had a
significantly higher event ratio than did the patients with a
moderate or high tertile?® In patients with coronary artery
diseases, severe coronary endothelial dysfunction is associ-
ated with increased cardiovascular events?® Schachinger et al

Circulation Journal Vol.73, March 2009

demonstrated a link between coronary endothelial dysfunc-
tion and subsequent cardiovascular events in patients with
coronary artery diseases3? Acetylcholine-induced vasodila-
tion and flow-meditated vasodilation are also useful for pre-
dicting cardiovascular events in such patients?3-25 Also in
patients with peripheral arterial disease, conduit artery endo-
thelial dysfunction assessed by flow-meditated vasodilation
independently predicts long-term cardiac outcome?® Those
clinical studies have shown that endothelial function can be
an independent predictor of cardiovascular events30-31
From a clinical perspective, it is important to select an
appropriate intervention that will be effective in improving
endothelial function in patients with cardiovascular diseases.
Indeed, several interventions, including pharmacological
therapy, administration of antihypertensive agents such as
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Figure 5. Endothelial function and oxidative stress in patients with renovascular hypertension. (A) Angiography before
and after angioplasty. (B) Circulating renin and AnglI levels and oxidative stress markers before and after angioplasty.
(C) Effects of concomitant administration of the antioxidant vitamin C on the forearm blood flow response to acetylcholine
administration before and after angioplasty. (D) Relationship between acetylcholine-induced vasodilation and oxidative
stress. Modified from Ref. 66 with permission. Copyright ©2002 Massachusetts Medical Society. All rights reserved.

Angll, angiotensin II.

angiotensin-converting enzyme inhibitors and AnglI type I
receptor blockers32-35 statins3¢ and thiazolidinedione deriva-
tives37 supplementation therapy, such as administration of a
substrate of NO L-arginine38 estrogen replacement3® admin-
istration of a cofactor of NO tetrahydrobiopterine;© treatment
with antioxidant vitamins such as vitamin C# and lifestyle
modifications such as aerobic exercise]#243 body weight
reduction®* and sodium restriction?> have been shown to
improve endothelial function and prevent cardiovascular
complications. These findings suggest that endothelial
dysfunction in patients with cardiovascular diseases is
reversible.

Several investigators have reported possible mechanisms
of the impairment of endothelial function in cardiovascular
diseases, including abnormalities of shear stress, increased
amounts of the endogenous eNOS inhibitor asymmetrical
dimethylarginine, increased amounts of vasoconstrictors
such as Angll, endothelin-1 and norepinephrine, and inacti-
vation of NO by ROS#47 Growing evidence reveals an
interaction between oxidative stress and endothelial func-
tion (Figure 4). Enhanced production of ROS and an atten-
uated antioxidant system would contribute to endothelial
dysfunction in cardiovascular diseases.

Decrease in NO Bioavailability

Endothelial dysfunction has been shown to be associated
with an increase in ROS in atherosclerotic animal models

and human subjects with atherosclerosis#¢ The concentra-
tion s of antioxidant scavengers, such as SOD, GPx catalase,
and vitamins C and E, are decreased in patients with athero-
sclerosis?® NADH/NADPH oxidase, which is a major source
of production of ROS in vessel walls, is activated in experi-
mental models of atherosclerosis#9-9 It has also been shown
that ascorbic acid (vitamin C) restores impaired endothe-
lium-dependent vasodilation in patients with essential hyper-
tension, dyslipidemia, and coronary artery diseases!3.17-1
Enhanced NO inactivation caused by excess ROS produc-
tion, rather than decreased NO production, may play an
important role in the impairment of endothelium-dependent
vasodilation. These findings suggest that a decrease in NO
inactivation induces an improvement in the endothelial dys-
function in patients with cardiovascular diseases.

eNOS

The serine/threonine kinase Akt protooncogene is 1 of
the major regulators of various cellular processes and medi-
ates the activation of eNOS, resulting in increased NO pro-
duction from endothelial cells?2 Fulton et al53 showed that
Akt activates eNOS enzyme activity by phosphorylation of
eNOS, independently of an increase in intracellular free
calcium concentration, leading to an increase in NO pro-
duction from endothelial cells. The phosphatidyl-inositol-
3-kinase (PI3K)/Akt pathway, which causes intracellular
calcium-independent eNOS phosphorylation and activation,
is involved in eNOS activation, in addition to a calcium-
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dependent mechanism.

Under pathologic conditions, the PI3K/Akt pathway is
diminished, resulting in decreased levels of eNOS gene
expression and enzymatic activity. Andreozzi et al demon-
strated that Angll enhanced Ser312 and Ser616 phosphory-
lation of insulin receptor substrate-1 through stimulation of
c-Jun N-terminal kinase and extracellular signal-regulated
kinase 1/2 activity in human umbilical vein endothelial
cells, and that it impaired insulin-mediated vasodilation
through inactivation of the insulin receptor substrate-1/
PI3K/Akt/eNOS pathway3* Indeed, chronic inhibition of
the renin-angiotensin system (RAS) improves endothelial
function by either increasing NO production or by activat-
ing eNOS-related NO production?S In addition, chronic
inhibition of the RAS has been shown to lead to functional
and histological alterations of the vascular endothelium,
resulting in enhanced vascular structure and function3

eNOS per se produces ROS rather than NO under the
condition of eNOS uncoupling through a deficiency of tet-
rahydrobiopterin (BH4), an essential cofactor for eNOS, or
oxidation of BH4. Degradation of BH4 by ROS, including
ONOO-, O2- and H20g, is associated with downregulation
of eNOS? In addition, it has been demonstrated that sup-
plementation of BH4 improves endothelial function in vivo
and in vitro, and in smokers and patients with hypertension,
hypercholesterolemia or chronic heart failure57-60 Recently,
we also showed that the grade of oxidative stress correlates
with a deficiency of BH4, and that supplementation with
BH4 augmented endothelium-dependent vasodilation in the
brachial arteries of elderly subjects®! These findings suggest
that BH4 deficiency and decreased eNOS activity cause
endothelial dysfunction in atherosclerotic patients through
an increase in oxidative stress.

NADH/NADPH Oxidase

NADH/NADPH oxidase is the most important source of
ROS in the vasculature®> NADH/NADPH oxidase is a
multi-subunit complex composed of cytosolic components,
such as p47phox p67phox and Rac 1, and membrane-spanning
components, such as p22prhox and gp91prhox or another NOx
homolog. The production of ROS by activated NADH/
NADPH oxidase is mediated by several pathways®® Angll-
induced NADH/NADPH oxidase activation is 1 of the
major sources of ROS in atherosclerosis®2-65 The activated
NADH/NADPH oxidase-related ROS generation and ROS
degradation pathway is shown in Figure 1. In the aorta of
spontaneously hypertensive rats, endothelial dysfunction is
caused by an excess of ROS rather than a decrease in NO
production and is associated with both upregulation of
p22rhox MRNA expression and increased activity of NADH/
NADPH oxidase® Upregulation of p22rhox mRNA expres-
sion is a key component of Angll-induced NADH/NADPH
oxidase activation, and increased expression levels of other
components also play an important role in this oxidase
under pathological conditions®4-65 Increased mRNA expres-
sion levels of p47phox p67phox p22phox and NOx2 have been
found in the internal mammary arteries of patients with
coronary artery diseases and in those with diabetes mellitus.
RAS inhibitors prevent the increase in the mRNA expres-
sion levels of p22prhox and NOx2 in Angll-induced hyper-
tensive rats and reduce ROS generation, and the AT2 recep-
tor blockade accentuated the changes in p22prhox and NOx2
and increased p67prhox, RAS inhibition improves endothelial
function in various animal models through decreased
NADH/NADPH oxidase activity®? It is thought that inacti-
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vation of NADH/NADPH oxidase may contribute to the
improvement in endothelial dysfunction in patients with
atherosclerosis. Recently, we also found that inactivation of
the RAS, particularly Angll, by successful renal angio-
plasty may decrease oxidative stress, resulting in improved
endothelium-dependent vasodilation in patients with reno-
vascular hypertension, who are ideal subjects for determin-
ing how endothelial function is affected by excess Angll
and Angll-related increase in oxidative stress (Figure 5)%
These findings suggest that the role of the RAS in the patho-
genesis of atherosclerosis may be related, at least in part, to
Angll-induced production of ROS in vascular cells.

Antioxidant System

Protective antioxidant mechanisms are complex and mul-
tifactorial. The antioxidant defense system, such as SOD,
GPx and catalase, scavenges ROS in the vasculature, result-
ing in inhibition of NO degradation (Figure 1). The suscep-
tibility of vascular cells to oxidative stress is a function of the
overall balance between the degree of oxidative stress and
the antioxidant defense capability. The antioxidant enzyme
SOD rapidly dismutates O2- to H202. SOD has been iden-
tified as 3 enzymatic types: Cu/Zn SOD, Mn SOD, and
extracellular SOD. Destruction of the antioxidant system,
including decreased antioxidant enzyme activity and ROS
scavenging ability, may contribute to oxidative stress in
patients with atherosclerosis. Various interventions, such as
administration of antioxidant vitamins and antihypertensive
agents and exercise training, have been shown to enhance
the protein levels and enzymatic activities of SOD, such as
Cu/Zn SOD and Mn SOD, in the vascular endothelium and
smooth muscle cells of the aorta in experimental animal
models.67-68 It has been reported that approximately 50% of
the total SOD in the human vasculature is extracellular®
Fukai et al demonstrated that exercise increased eNOS and
extracellular SOD protein levels in wild-type mice, but had
no effect on extracellular SOD protein levels in eNOS-
knockout mice and that the effect of endothelium-derived
NO on extracellular SOD protein level is mediated by the
c¢GMP/protein kinase G-dependent pathway’0 Hornig et al
have shown that extracellular SOD contributes to the
improvement in endothelial function by treatment with a
RAS inhibitor in patients with coronary artery diseases?!
Interestingly, extracellular SOD activity determined after
its release from the endothelium by a heparin bolus injec-
tion was increased after treatment with losartan and was
associated with an increase in flow-mediated vasodilation.
These findings suggest that activation of extracellular SOD
improves endothelial function, probably by increased NO
bioavailability, in patients with coronary artery diseases.

Although SOD rapidly converts O2- to H202, H202 per
se is involved as an intracellular second messenger in vas-
cular remodeling, inflammation, apoptosis, and growth of
VSMCs. Hydrogen peroxide is eliminated by GPx and cata-
lase to H20. It has been shown that a physiological level of
shear stress upregulates GPx mRNA levels and GPx enzy-
matic activity in cultured bovine aortic endothelial cells?2
The upregulation of Cu/Zn SOD, Mn SOD, GPx and cata-
lase, apart from extracellular SOD induced by appropriate
interventions, may improve endothelial function through
the inhibition of NO degradation with a decrease in ROS.

Rho-Associated Kinases (ROCKs)
The family of ROCKs, which are small GTPase Rho
effectors, mediate various cellular physiologic functions
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such as cell proliferation, migration, adhesion, apoptosis
and contraction, all of which may be involved in the patho-
genesis of atherosclerosis’3-’5 ROCKs consist of 2 iso-
forms, ROCK1 and ROCK2, and have been found to be the
immediate downstream targets of RhoA76.77 The RhoA/
ROCK pathway has been shown to be involved in the for-
mation of atherosclerotic lesions, vasoconstriction and myo-
cardial hypertrophy, and to be activated in patients with
hypertension and in those with coronary artery disease?8-83
Sauzeau et al have shown that NO also inhibits RhoA trans-
location from the cytosol to the membrane in VSMCs$ In
addition, previous studies using ROCK inhibitors, such as
fasudil or Y-27632, have suggested that ROCKs may play
an important role in the pathogenesis of cardiovascular
disease?+78:80 These experimental and clinical studies have
shown that ROCKSs are an important therapeutic target for
cardiovascular diseases$3-36 Previous studies have shown
that activation of the RhoA/ROCK pathway impairs NO
bioavailability through inhibition of eNOS mRNA stability
and eNOS protein phosphorylation at Ser1177 via the
PI3K/Akt pathway’887 We previously reported that intra-
arterial infusion of the ROCK inhibitor fasudil improved
endothelial function in smokers38 Several investigators have
shown an interaction between the RhoA/ROCK pathway
and ROS$99 Indeed, ROS induced by hyperglycemia
enhance ROCK activity, leading to atherothrombogenesis
through increased expression of plasminogen activator
inhibitor-1 in vascular endothelial cells?! It is well known
that cigarette smoking decreases NO bioavailability through
the production of ROS. Several investigators, including us,
have demonstrated that there is a possible association of
ROCK activity with oxidative stress and that smoking
enhances the activation of ROCKs in VSMCs in vivo and in
vitro39:92 Taken together, the findings indicate an interaction
between ROCK activity, endogenous NO, and oxidative
stress.

Conclusions

Increased production of ROS impairs endothelial func-
tion in humans. One mechanism by which endothelial func-
tion is impaired is increased oxidative stress, which inacti-
vates NO. An imbalance of reduced production of NO and
increased production of ROS may be involved in impaired
endothelium-dependent vasodilation in patients with cardio-
vascular diseases. It is thought that a vicious cycle of endo-
thelial dysfunction and oxidative stress leads to development
of atherosclerosis. In the clinical setting, it is important to
select appropriate interventions for both endothelial func-
tion and oxidative stress, and it is expected such interven-
tions will greatly improve clinical outcomes. Future study in
a large clinical trial or cohort study is needed to determine
the roles of endothelial function and oxidative stress in car-
diovascular outcomes.

Acknowledgments

The authors thank Megumi Wakisaka and Satoko Michiyama for their
excellent secretarial assistance.

Disclosures

This study was supported in part by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and Technology
of Japan (1559075100 and 1859081500).

Conflict of interest is none.

10.

11.

13.

16.

17.

18.

19.

20.

21.

22.
23.

HIGASHI Y et al.

References

Liischer TF. Imbalance of endothelium-derived relaxing and con-
tracting factors. Am J Hypertens 1990; 3: 317-330.

Vane JR, Anggard EE, Botting RM. Regulatory functions of the vas-
cular endothelium. N Engl J Med 1990; 323: 27-36.

Vallance P, Collier J, Moncada S. Effects of endothelium-derived nitric
oxide on peripheral arteriolar tone in man. Lancet 1989; 2: 997-1000.
Vanhoutte PM. Endothelium and control of vascular function: State
of the art lecture. Hypertension 1989; 13: 658—-667.

Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE. Abnormal endo-
thelium-dependent vascular relaxation in patients with essential
hypertension. N Engl J Med 1990; 323: 22-27.

Linder L, Kiowski W, Buhler FR, Liischer TF. Indirect evidence for
release of endothelium-derived relaxing factor in human forearm
circulation in vivo: Blunted response in essential hypertension. Cir-
culation 1990; 81: 1762—-1767.

Higashi Y, Sasaki S, Kurisu S, Yoshimizu A, Sasaki N, Matsuura H,
et al. Regular aerobic exercise augments endothelium-dependent
vascular relaxation in normotensive as well as hypertensive subjects:
Role of endothelium-derived nitric oxide. Circulation 1999; 100:
1194-1202.

Treasure CB, Klein JL, Vita JA, Manoukian SV, Renwick GH,
Selwyn AP, et al. Hypertension and left ventricular hypertrophy are
associated with impaired endothelium-mediated relaxation in human
coronary resistance vessels. Circulation 1993; 87: 86-93.

Egashira K, Suzuki S, Hirooka Y, Kai H, Sugimachi M, Imaizumi T,
et al. Impaired endothelium-dependent vasodilation in large epicardial
and resistance coronary arteries in patients with essential hyperten-
sion: Different responses to acetylcholine and substance P. Hyperten-
sion 1995; 25: 201 -206.

Raij L. Nitric oxide and the kidney. Circulation 1993; 87(Suppl V):
V-26-V-29.

Higashi Y, Oshima T, Ozono R, Watanabe M, Matsuura H, Kajiyama
G. Effects of L-arginine infusion on renal hemodynamics in patients
with mild essential hypertension. Hypertension 1995; 25: 898 -902.
Creager MA, Cooke JP, Mendelsohn ME, Gallagher SJ, Coleman
SM, Loscalzo J, et al. Impaired vasodilation of forearm resistance
vessels in hypercholesterolemic humans. J Clin Invest 1990; 86:
228-234.

Gilligan DM, Sack MN, Guetta V, Casino PR, Quyyumi AA, Rader
DJ, et al. Effect of antioxidant vitamins on low density lipoprotein
oxidation and impaired endothelium-dependent vasodilation in
patients with hypercholesterolemia. J Am Coll Cardiol 1994; 24:
1611-1617.

Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P, Creager MA.
Vitamin C improves endothelium-dependent vasodilation in patients
with non-insulin-dependent diabetes mellitus. J Clin Invest 1996; 97:
22-28.

McVeigh GE, Brennan GM, Johnston GD, McDermott BJ, McGrath
LT, Henry WR, et al. Impaired endothelium-dependent and indepen-
dent vasodilation in patients with type 2 (non-insulin-dependent)
diabetes mellitus. Diabetologia 1992; 35: 771-776.

Clarkson P, Celermajer DS, Donald AE, Sampson M, Sorensen KE,
Adams M, et al. Impaired vascular reactivity in insulin-dependent
diabetes mellitus is related to disease duration and low density lipo-
protein cholesterol levels. J Am Coll Cardiol 1996; 28: 573-579.
Levine GN, Frei B, Koulouris SN, Gerhard MD, Keaney JF Jr, Vita
JA. Ascorbic acid reverses endothelial vasomotor dysfunction in
patients with coronary artery disease. Circulation 1996; 93: 1107—
1113.

Zeiher AM, Drexler H, Saurbier B, Just H. Endothelium-mediated
coronary blood flow modulation in humans: Effects of age, athero-
sclerosis, hypercholesterolemia, and hypertension. J Clin Invest 1993;
92: 652-662.

Soga J, Nishioka K, Nakamura S, Umemura T, Jitsuiki D, Hidaka T,
et al. Measurement of flow-mediated vasodilation of the brachial
artery: A comparison of measurements in the sitting and supine posi-
tions. Circ J 2007; 71: 736—740.

Treasure CB, Klein JL, Weintraub WS, Talley JD, Stillabower ME,
Kosinski AS, et al. Beneficial effects of cholesterol-lowering therapy
on the coronary endothelium in patients with coronary artery disease.
N Engl J Med 1995; 332: 481-467.

Hambrecht R, Wolf A, Gielen S, Linke A, Hofer J, Erbs S, et al.
Effect of exercise on coronary endothelial function in patients with
coronary artery disease. N Engl J Med 2000; 342: 454—460.

Ross R. Atherosclerosis: An inflammatory disease. N Engl J Med
1999; 340: 115-126.

Schachinger V, Britten MB, Zeiher AM. Prognostic impact of coro-
nary vasodilator dysfunction on adverse long-term outcome of coro-

Circulation Journal  Vol.73, March 2009



Endothelial Function and Oxidative Stress

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Circulation Journal

nary heart disease. Circulation 2000; 101: 1899—-1906.

Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T. Endothelial
dysfunction, oxidative stress, and risk of cardiovascular events in
patients with coronary artery disease. Circulation 2001; 104: 2673 —
2678.

Neunteufl T, Heher S, Katzenschlager R, Wolfl G, Kostner K, Maurer
G, et al. Late prognostic value of flow-mediated dilation in the bra-
chial artery of patients with chest pain. Am J Cardiol 2000; 86: 207 —
210.

Gokce N, Keaney JF Jr, Hunter LM, Watkins MT, Menzoian JO,
Vita JA. Risk stratification for postoperative cardiovascular events
via noninvasive assessment of endothelial function: A prospective
study. Circulation 2002; 105: 1567 —1572.

Faraci FM, Didion SP. Vascular protection: Superoxide dismutase
isoforms in the vessel wall. Arterioscler Thromb Vasc Biol 2004; 24:
1367-1373.

Perticone F, Ceravolo R, Pujia A, Ventura G, lacopino S, Scozzafava
A, et al. Prognostic significance of endothelial dysfunction in hyper-
tensive patients. Circulation 2001; 104: 191—196.

Suwaidi JA, Hamasaki S, Higano ST, Nishimura RA, Holmes DR Jr,
Lerman A. Long-term follow-up of patients with mild coronary artery
disease and endothelial dysfunction. Circulation 2000; 101: 948 —
954.

Widlansky ME, Gokce N, Keaney JF Jr, Vita JA. The clinical impli-
cations of endothelial dysfunction. J Am Coll Cardiol 2003; 42:
1149-1160.

Landmesser U, Hornig B, Drexler H. Endothelial function: A critical
determinant in atherosclerosis? Circulation 2004; 109(Suppl 1): 1I-
27-11-33.

Hirooka Y, Imaizumi T, Masaki H, Ando S, Harada S, Momohara
M, et al. Captopril improves impaired endothelium-dependent vaso-
dilation in hypertensive patients. Hypertension 1992; 20: 175—-180.
Schiffrin EL, Deng LY. Comparison of effects of angiotensin I-con-
verting enzyme inhibition and 3-blockade for 2 years on function of
small arteries from hypertensive patients. Hypertension 1995; 25:
699-703.

Higashi Y, Sasaki S, Nakagawa K, Kurisu S, Yoshimizu A, Matsuura
H, et al. A comparison of angiotensin-converting enzyme inhibitors,
calcium antagonists, beta-blockers, diuretics on reactive hyperemia
in patients with essential hypertension: A multicenter study. J Am
Coll Cardiol 2000; 35: 284-291.

Ghiadoni L, Virdis A, Magagna A, Taddei S, Salvetti A. Effect of the
angiotensin II type 1 receptor blocker candesartan on endothelial
function in patients with essential hypertension. Hypertension 2000;
35: 501-506.

Wolfrum S, Jensen KS, Liao JK. Endothelium-dependent effects of
statins. Arterioscler Thromb Vasc Biol 2003; 23: 729-736.

Martens FM, Rabelink TJ, op "t Roodt J, de Koning EJ, Visseren FL.
TNF-alpha induces endothelial dysfunction in diabetic adults, an
effect reversible by the PPAR-gamma agonist pioglitazone. Eur
Heart J 2006; 27: 1605-1609.

Higashi Y, Oshima T, Ozono R, Watanabe M, Matsuura H, Kajiyama
G. Effects of L-arginine infusion on renal hemodynamics in patients
with mild essential hypertension. Hypertension 1995; 25: 898 —902.
Sanada M, Higashi Y, Sasaki S, Nakagawa K, Kodama I, Tsuda M, et
al. Relationship between the angiotensin-converting enzym genotype
and forearm vasodilator response to estrogen replacement therapy in
postmenopausal. J Am Coll Cardiol 2001; 37: 1529—1535.

Higashi Y, Sasaki S, Nakagawa K, Fukuda Y, Matsuura H, Oshima
T, et al. Tetrahydrobiopterin improves impaired endothelium-depen-
dent vasodilation in patients with essential hypertension. Am J
Hypertens 2002; 15: 326-332.

Takeshita Y, Katsuki Y, Katsuda Y, Kai H, Saito Y, Arima K, et al.
Vitamin C reversed malfunction of peripheral blood-derived mono-
nuclear cells in smokers through antioxidant properties. Circ J 2008;
72: 654-659.

Higashi Y, Sasaki S, Sasaki N, Nakagawa K, Ueda T, Yoshimizu A,
et al. Daily aerobic exercise improves reactive hyperemia in patients
with essential hypertension. Hypertension 1999; 33: 591-597.

Goto C, Higashi Y, Kimura M, Noma K, Hara K, Nakagawa K, et al.
The effect of different intensities of exercise on endothelium-depen-
dent vasodilation in humans: Role of endothelium-dependent nitric
oxide and oxidative stress. Circulation 2003; 108: 530—535.

Sasaki S, Higashi Y, Nakagawa K, Kimura M, Noma K, Sasaki S, et
al. A low-calorie diet improves endothelium-dependent vasodilation
in obese patients with essential hypertension. Am J Hypertens 2002;
15: 302-309.

Bragulat E, de la Sierra A, Antonio MT, Coca A. Endothelial dys-
function in salt-sensitive essential hypertension. Hypertension 2001;
37: 444-448.

Vol.73, March 2009

46.
47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

417

Cai H, Harrison DG. Endothelial dysfunction in cardiovascular dis-
eases: The role of oxidant stress. Circ Res 2000; 87: 840—844.
Delles C, Schneider MP, John S, Gekle M, Schmieder RE. Angioten-
sin converting enzyme inhibition and angiotensin II AT1-receptor
blockade reduce the levels of asymmetrical N(G), N(G)-dimethylar-
ginine in human essential hypertension. Am J Hypertens 2002; 15:
590-593.

Irani K. Oxidant signaling in vascular cell growth, death and survival:
A review of the roles of reactive oxygen species in smooth muscle
and endothelial cell mitogenic and apoptotic signaling. Circ Res 2000;
87: 179-183.

Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling
KK, et al. Angiotensin II-mediated hypertension in the rat increases
vascular superoxide production via membrane NADH/NADPH
oxidase activation. J Clin Invest 1996; 97: 1916—1923.

Hegde LG, Srivastava P, Kumari R, Dikshit M. Alterations in the
vasoreactivity of hypertensive rat aortic rings: Role of nitric oxide
and superoxide radicals. Clin Exp Hypertens 1998; 20: 885-901.
Hornig B. Vitamins, antioxidants and endothelial function in coro-
nary artery disease. Cardiovasc Drugs Ther 2002; 16: 401 -409.
Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher
AM. Activation of nitric oxide synthase in endothelial cells by Akt-
dependent phosphorylation. Nature 1999; 399: 601—605.

Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, et al.
Regulation of endothelium-derived nitric oxide production by the
protein kinase Akt. Nature 1999; 399: 597-601.

Andreozzi F, Laratta E, Sciacqua A, Perticone F, Sesti G. Angioten-
sin Il impairs the insulin signaling pathway promoting production of
nitric oxide by inducing phosphorylation of insulin receptor sub-
strate-1 on Ser312 and Ser616 in human umbilical vein endothelial
cells. Circ Res 2004; 94: 1211-1218.

Dijhorst-Oei LT, Stores ES, Koomans HA, Rabelink TJ. Acute
simultaneous stimulation of nitric oxide and oxygen radicals by
angiotensin II in humans in vivo. J Cardiovasc Pharmacol 1999; 33:
420-424.

Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of
peroxynitrite, tetrahydrobiopterin, ascorbic acid, and thiols: Implica-
tions for uncoupling endothelial nitric-oxide synthase. J Biol Chem
2003; 278: 22546—22554.

Masano T, Kawashima S, Toh R, Satomi-Kobayashi S, Shinohara M,
Takaya T, et al. Beneficial effects of exogenous tetrahydrobiopterin
on left ventricular remodeling after myocardial infarction in rats: The
possible role of oxidative stress caused by uncoupled endothelial
nitric oxide synthase. Circ J 2008; 72: 1512-1519.

Heitzer T, Brockhoff C, Mayer B, Warnholtz A, Mollnau H, Henne
S, et al. Tetrahydrobiopterin improves endothelium-dependent vaso-
dilation in chronic smokers: Evidence for a dysfunctional nitric oxide
synthase. Circ Res 2000; 86: E36—E41.

Stoes E, Kastelein J, Cosentino F, Erkelens W, Wever R, Koomans
H, et al. Tetrahydrobiopterin restores endothelial function in hyper-
cholesterolemia. J Clin Invest 1997; 99: 41-46.

Setoguchi S, Hirooka Y, Eshima K, Shimokawa H, Takeshita A. Tet-
rahydrobiopterin improves impaired endothelium-dependent forearm
vasodilation in patients with heart failure. J Cardiovasc Pharmacol
2002; 39: 363-368.

Higashi Y, Sasaki S, Nakagawa K, Kimura M, Noma K, Hara K, et
al. Tetrahydrobiopterin improves aging-related impairment of endo-
thelium-dependent vasodilation through increase in nitric oxide pro-
duction and decrease in reactive oxygen species. Atherosclerosis
2006; 186: 390—-395.

Dzau VJ. Tissue angiotensin and pathobiology of vascular disease: A
unifying hypothesis [Theodore Cooper Lecture]. Hypertension 2001;
37: 1047-1052.

Zalba G, Beaumont FJ, San Jose G, Fortuno A, Fortuno MA, Etayo
JC, et al. Vascular NADH/NADPH oxidase is involved in enhanced
superoxide production in spontaneously hypertensive rats. Hyperten-
sion 2000; 35: 1055-1061.

Touyz RM. Reactive oxygen species, vascular oxidative stress, and
redox signaling in hypertension: What is the clinical significance?
Hypertension 2004; 44: 248 -252.

Guzik TJ, West NE, Black E, McDonald D, Ratnatunga C, Pillai R,
et al. Vascular superoxide production by NAD(P)H oxidase: Associ-
ation with endothelial dysfunction and clinical risk factors. Circ Res
2000; 86: E85-E90.

Higashi Y, Sasaki S, Nakagawa K, Matsuura H, Oshima T, Chayama
K. Endothelial function and oxidative stress in renovascular hyper-
tension. N Engl J Med 2002; 346: 1954—1962.

Yamashita N, Hoshida S, Otsu K, Asahi M, Kuzuya T, Hori M.
Exercise provides direct biphasic cardioprotection via manganese
superoxide dismutase activation. J Exp Med 1999; 189: 1699 —1706.



418

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Rush JW, Turk JR, Laughlin MH. Exercise training regulates SOD-1
and oxidative stress in porcine aortic endothelium. Am J Physiol
Heart Circ Physiol 2003; 284: H1378-H1387.

Stralin P, Karlsson K, Johansson BO, Marklund SL. The interstitium
of the human arterial wall contains very large amounts of extracellu-
lar superoxide dismutase. Arterioscler Thromb Vasc Biol 1995; 11:
2032-2036.

Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G, Harrison
DG. Regulation of the vascular extracellular superoxide dismutase
by nitric oxide and exercise training. J Clin Invest 2000; 105: 1631—
1639.

Hornig B, Landmesser U, Kohler C, Ahlersmann D, Spiekermann S,
Christoph A, et al. Comparative effect of ace inhibition and angioten-
sin I type 1 receptor antagonism on bioavailability of nitric oxide in
patients with coronary artery disease: Role of superoxide dismutase.
Circulation 2001; 103: 799-805.

Takeshita S, Inoue N, Ueyama T, Kawashima S, Yokoyama M.
Shear stress enhances glutathione peroxidase expression in endothe-
lial cells. Biochem Biophys Res Commun 2000; 273: 66—71.

Amano M, Chihara K, Kimura K, Fukata Y, Nakamura N, Matsuura
Y, et al. Formation of actin stress fibers and focal adhesions enhanced
by Rho-kinase. Science 1997; 275: 1308—1311.

Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T, et
al. Calcium sensitization of smooth muscle mediated by a Rho-asso-
ciated protein kinase in hypertension. Nature 1997; 389: 990—-994.
Hall A. Rho GTPases and the actin cytoskeleton. Science 1998; 279:
509-514.

Kimura K, Fukata Y, Matsuoka Y, Bennett V, Matsuura Y, Okawa
K, et al. Regulation of the association of adducin with actin filaments
by Rho-associated kinase (Rho-kinase) and myosin phosphatase. J
Biol Chem 1998; 273: 5542—5548.

Inagaki N, Nishizawa M, Ito M, Fujioka M, Nakano T, Tsujino S, et
al. Myosin binding subunit of smooth muscle myosin phosphatase at
the cell-cell adhesion sites in MDCK cells. Biochem Biophys Res
Commun 1997; 230: 552—-556.

Mallat Z, Gojova A, Sauzeau V, Brun V, Silvestre JS, Esposito B, et
al. Rho-associated protein kinase contributes to early atherosclerotic
lesion formation in mice. Circ Res 2003; 93: 884 —888.

Kataoka C, Egashira K, Inoue S, Takemoto M, Ni W, Koyanagi M,
et al. Important role of Rho-kinase in the pathogenesis of cardiovas-
cular inflammation and remodeling induced by long-term blockade
of nitric oxide synthesis in rats. Hypertension 2002; 39: 245-250.
Rikitake Y, Kim HH, Huang Z, Seto M, Yano K, Asano T, et al.
Inhibition of Rho kinase (ROCK) leads to increased cerebral blood

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

HIGASHI Y et al.

flow and stroke protection. Stroke 2005; 36: 2251-2257.

Rikitake Y, Oyama N, Wang CY, Noma K, Satoh M, Kim HH, et al.
Decreased perivascular fibrosis but not cardiac hypertrophy in
ROCKI1+/- haploinsufficient mice. Circulation 2005; 112: 2959—
2965.

Masumoto A, Hirooka Y, Shimokawa H, Hironaga K, Setoguchi S,
Takeshita A. Possible involvement of Rho-kinase in the pathogenesis
of hypertension in humans. Hypertension 2001; 38: 1307—-1310.
Masumoto A, Mohri M, Shimokawa H, Urakami L, Usui M, Takeshita
A. Suppression of coronary artery spasm by the Rho-kinase inhibitor
fasudil in patients with vasospastic angina. Circulation 2002; 105:
1545-1547.

Sauzeau V, Le Jeune H, Cario-Toumaniantz C, Smolenski A,
Lohmann SM, Bertoglio J, et al. Cyclic GMP-dependent protein
kinase signaling pathway inhibits RhoA-induced Ca2* sensitization
of contraction in vascular smooth muscle. J Biol Chem 2000; 275:
21722-21729.

Shimokawa H. Rho-kinase as a novel therapeutic target in treatment
of cardiovascular diseases (Review). J Cardiovasc Pharmacol 2002;
39:319-327.

Shimokawa H, Takeshita A. Rho-kinase is an important therapeutic
target in cardiovascular medicine (Review). Arterioscler Thromb
Vasc Biol 2005; 25: 1767-1775.

Wolfrum S, Dendorfer A, Rikitake Y, Stalker TJ, Gong Y, Scalia R,
et al. Inhibition of Rho-kinase leads to rapid activation of phosphati-
dylinositol 3-kinase/protein kinase Akt and cardiovascular protec-
tion. Arterioscler Thromb Vasc Biol 2004; 24: 1842—1847.

Noma K, Higashi Y, Jitsuiki D, Hara K, Kimura M, Nakagawa K, et
al. Smoking activates rho-kinase in smooth muscle cells of forearm
vasculature in humans. Hypertension 2003; 41: 1102-1105.

Bailey SR, Mitra S, Flavahan S, Flavahan NA. Reactive oxygen
species from smooth muscle mitochondria initiate cold-induced con-
striction of cutaneous arteries. Am J Physiol Heart Circ Physiol
2005; 289: H243 —H250.

Jin L, Ying Z, Webb RC. Activation of Rho/Rho kinase signaling
pathway by reactive oxygen species in rat aorta. Am J Physiol Heart
Circ Physiol 2004; 287: H1495-H1500.

Rikitake Y, Liao JK. Rho-kinase mediates hyperglycemia-induced
plasminogen activator inhibitor-1 expression in vascular endothelial
cells. Circulation 2005; 111: 3261-3268.

Noma K, Goto C, Nishioka K, Jitsuiki D, Umemura T, Ueda K, et al.
Roles of rho-associated kinase and oxidative stress in the pathogene-
sis of aortic stiffness. J Am Coll Cardiol 2007; 49: 698 -705.

Circulation Journal  Vol.73, March 2009



