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Abstract

Cardiovascular disease is characterized by enhanced oxidative stress leading
to low-grade inflammation in the vascular wall, heart, kidney, and brain.
Epidemiological cohort studies have suggested that antioxidants such as vita-
mins C and E and a- and B-carotene may be useful in cardiovascular and cancer
prevention. Interventional trials using antioxidants, however, have provided
mixed results, with some small trials demonstrating benefit, which could
not be confirmed in larger trials, some of which even showed deleterious
consequences. It will be necessary to further investigate cellular effects of
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antioxidants, which can also have prooxidant actions that counterbalance their
antioxidant effects. Angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, and mineralocorticoid receptor blockers reduce the generation
of reactive oxygen species in experimental models and in humans and have
been proven to produce beneficial cardiovascular effects. Polyphenols
and other antioxidants present in foods and beverages may as well have
cardiovascular protective actions. More studies are therefore necessary in
order to develop antioxidants that will indeed be able to buffer the
oxidative stress in cardiovascular tissues and accordingly result in improved
cardiovascular outcomes.
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Introduction

Production of oxygen free radicals or reactive oxygen species (ROS) and
resultant oxidative stress is enhanced in cardiovascular tissues in hypertension,
atherosclerosis, coronary artery disease (CAD), and other forms of cardiovascular
disease. ROS generation plays a role in the mechanisms of cardiovascular injury, in
part by triggering low-grade inflammation. ROS involved in induction of oxidative
stress in the cardiovascular system include superoxide (O, "), hydrogen peroxide
(H,0,), hydroxyl anion (OH"™), hypochlorous acid (HOCI) and the reactive nitro-
gen species (RNS), nitric oxide (NO), and peroxynitrite (ONOO™). ROS and RNS
are usually highly regulated and function as part of the intracellular signaling
mechanisms of cells (Harrison 1997; Datla and Griendling 2010). In hypertension,
atherosclerosis, CAD, heart failure, diabetes, and other conditions associated with
vascular disease, increased ROS production leads to endothelial dysfunction,
enhanced contractility and growth of vascular smooth muscle cells, lipid peroxida-
tion, inflammation, and increased deposition of extracellular matrix proteins
and results in increases in markers of systemic oxidative stress as found in
both experimental and human hypertension (Romero and Reckelhoff 1999; Touyz
and Schiffrin 2004).

Antioxidant treatment or superoxide dismutase mimetics lower blood pressure
(BP) and improve vascular structure and function in experimental hypertension
when given parenterally or orally and by oral administration in human hypertension
(Chen et al. 2001; Hoagland et al. 2003). If the genes of ROS-generating enzymes
(e.g., NOX1 or NOX2) are deleted in mice, BP response to angiotensin II (AngII)
infusion is lower (Touyz and Schiffrin 2004). The ability to counter oxidant stress
by the antioxidant mechanisms available in tissues is reduced in hypertension in
both rodents and humans, resulting in enhanced bioavailability of ROS, and
consequently reduced bioavailability of NO, which is converted into ONOO™,
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Fig. 51.1 Diagram shows the sources of vascular reactive oxygen species (ROS), of which the
most important is NADPH oxidase. Four different Noxes have been identified in the vasculature,
of which NoxS5 is present only in humans. Superoxide (O, ") is dismutated to hydrogen peroxide
by superoxide dismutase (SOD) and, in turn under the action of catalase or glutathione peroxidase,
produces water and oxygen. NADPH reduced nicotinamide adenine dinucleotide, eNOS endothe-
lial nitric oxide synthase

leading to protein nitration and dysfunction. Accordingly, antioxidants should
benefit patients with cardiovascular disease such as hypertension, atherosclerosis,
CAD, or diabetes by reducing oxidative stress and cardiovascular injury, with the
resulting improvement in outcomes.

ROS are produced by different enzyme systems, the major one in the vascular
wall being NADPH oxidase (Fig. 51.1). However, under some circumstances, other
sources of ROS such as uncoupled nitric oxide synthase (NOS), the mitochondrial
electron transport chain, xanthine oxidase, cyclooxygenase, lipoxygenase,
heme oxygenase, and cytochrome P450 monooxygenase may become very impor-
tant contributors to oxidative stress in the cardiovascular system, particularly
uncoupled NOS and mitochondrial electron transport. Reduction of antioxidant
mechanisms with failure to quench ROS generated in the vascular wall will
also promote oxidative stress and participates in cardiovascular and renal oxidative
injury in hypertension. Among the antioxidant defenses available, reduction of
superoxide dismutase, catalase and glutathione (GSH) peroxidase activity
have been reported in hypertensive patients (Chrissobolis et al. 2008; Ebrahimian
and Touyz 2008; Wilcox and Pearlman 2008). Antioxidants should therefore be
able to reduce the oxidative stress present in cardiovascular disease and
produce beneficial results with respect to events and outcomes (Park et al. 2002;
Welch et al. 2006).
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What Are the Molecular Targets of Reactive Oxygen Species in
Vascular Cells?

Physiologically, ROS are mediators in many signaling pathways together
with redox-sensitive molecules such as transcription factors such as nuclear
factor (NF)-xB, activator protein (AP)-1 and hypoxia-inducible factor (HIF)-1,
protein tyrosine phosphatases, protein tyrosine kinases, mitogen-activated
protein (MAP) kinases, and ion channels (Muller et al. 2000; Tabet et al. 2008).
Pathophysiological levels of ROS in cardiovascular diseases such as in
hypertension will be associated with inflammation, fibrosis, and alterations
in matrix metalloproteinases (MMP). These pathophysiological changes will
lead to remodeling of blood vessels and endothelial dysfunction, the latter
resulting in part from uncoupling of NOS which leads to production of ROS
rather than NO by eNOS. Elevated ROS also decrease the bioavailability of any
NO still being generated, as reaction with superoxide anion produces ONOO™.

Oxidative Stress and Clinical Hypertension

Oxidative stress has been reported to be increased in some but not all studies in
patients with primary or essential hypertension, in renovascular and in malignant
hypertension, salt-sensitive hypertension, cyclosporine-induced hypertension, and
preeclampsia (Higashi et al. 2002; Lee et al. 2003; Fortuno et al. 2004). It has been
mostly through measurement of plasma thiobarbituric acid-reactive substances
(TBARS) and plasma and urinary 8-epi-isoprostanes, biomarkers of lipid peroxida-
tion and oxidative stress, that has made it possible to support the hypothesis that there
is increased oxidative stress in hypertension. Plasma H,O, has also been found to
be higher in hypertensive than in normotensive subjects (Lacy et al. 2000), and in
normotensive subjects, a family history of hypertension has been associated with
elevated H,O, plasma levels, which indicates that this finding may have a genetic
basis (Lacy et al. 1998). Increases in superoxide anion generation by polymorpho-
nuclear leukocytes and platelets have also been reported in hypertensive patients.

Asymmetric dimethylarginine (ADMA), which is an inhibitor of eNOS, and
13-hydroxyoctadecadienoic acid, a marker of ROS production, are also increased in
hypertension, and microvessels from patients with the highest levels of these agents
are least responsive to NO-mediated relaxation (Wang et al. 2009). ROS production
is also increased in vascular smooth muscle cells from resistance arteries of
hypertensive patients, associated to enhanced activity of vascular NADPH oxidase
(Touyz and Schiffrin 2001). A number of polymorphisms occur in the gene of
NADPH oxidase in atherosclerosis and hypertension (Kokubo et al. 2005).
Interestingly, patients with chronic granulomatous disease, who are deficient in
the NOX2 isoform, do not have lower BP.

A reduction in superoxide dismutase, glutathione peroxidase, or catalase, which
function as antioxidant defenses, has been found in hypertension (Chen et al. 2002),
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and superoxide dismutase activity correlates inversely with BP in hypertension
(Chen et al. 2002; Mullan et al. 2002). In patients with diabetes, a reduction of
superoxide dismutase activity also correlates inversely with BP and stiffness of the
aorta have not been found in either in healthy subjects, preeclampsia, or in post-
menopausal women (Mullan et al. 2002; Zureik et al. 2004; Xu et al. 2010).

Atherosclerosis

Oxidative stress promotes the oxidation of lipids and proteins in the vascular wall
and the proliferation and migration of vascular smooth muscle cells from the media
of large vessels to the intima (Ross 1999; Griendling and Harrison 1999). These
effects contribute to the pathogenesis of atherosclerosis. Endothelial dysfunction,
which is linked to excessive ROS generation, is a precursor of atherosclerosis. Most
cardiovascular risk factors such as aging, smoking, hypertension, hypercholester-
olemia, and diabetes mellitus increase ROS generation and lead to progression of
atherosclerosis.

The renin-angiotensin system (RAS) plays an important role in the redox-
sensitive pathogenesis of atherosclerosis. The type 1 receptor of angiotensin
(AT),) is upregulated in atheromatous plaques (Nickenig and Harrison 2002).
Angll via the AT; receptor activates superoxide generation by NADPH oxidase
and inflammation. Enhanced ROS leads to upregulation of LOX-1, the human
endothelial receptor for oxidized low-density lipoprotein (LDL) (Morawietz et al.
1999); uptake of oxidized LDL by macrophages (Keidar and Attias 1997); and
progression of atherosclerosis in apoE-deficient mice (Weiss et al. 2001). Matrix
metalloproteinases (MMPs) are stimulated by Angll (Brassard et al. 2005),
contributing to the progression of plaque formation, making as well the plaques
vulnerable and unstable (Rajagopalan et al. 1996). ROS promotes angiogenesis of
atheroma (Khatri et al. 2004), which has been demonstrated to lead to progression
of plaques. Accordingly, blockade of the RAS with angiotensin I-converting
enzyme inhibitors (ACEIs) or AT, angiotensin receptor blockers (ARBs) has
been touted to exert vascular protective effects not only on smaller vessels but
also on large vessel disease and atherosclerosis (Yusuf et al. 2000b), in part by
inhibiting ROS generation. However, ACEIs may be less effective if patients are
already treated with statins, acetylsalicylic acid, and antioxidants, and thus
oxidant systems are already controlled, which could be a reason for the lack of
efficacy compared to control subjects, for example, in the Prevention of Events
with Angiotensin-Converting Enzyme Inhibition (PEACE) trial, a randomized,
double-blind, placebo-controlled study in which 8,290 patients were assigned to
receive either trandolapril 4 mg/day or placebo (PEACE Trial Investigators,
2004). The study was designed to test the hypothesis that patients with stable
coronary artery disease but normal or slightly reduced left ventricular function
could derive benefit from the addition of ACEIs to conventional therapy. After
4.8 years, the incidence of a composite endpoint of cardiovascular mortality,



1244 E.L. Schiffrin

nonfatal myocardial infarction, and coronary revascularization was nearly iden-
tical in the two study groups.

Enhanced expression of the p22”"** subunit of NADPH oxidase in mice is
associated with progression of vascular injury (Datla and Griendling 2010).
Increased H,O, and vascular endothelial growth factor (VEGF) are found when
NADPH oxidase activity is enhanced, likely reflecting increased expression of
HIF-1a induced by oxidative stress. Neovascularization occurs in atheroma and
plays a role in atherosclerosis progression and plaque instability (Tenaglia et al.
1998). Indeed, the p47”"** subunit of NADPH oxidase and H,O, appear to
participate critically in the development and progression of atherosclerotic plaques
in hypercholesterolemic mice through the induction of this angiogenic switch
(Barry-Lane et al. 2001).

ROS generation by NADPH oxidase has been demonstrated in human
atherectomy specimens (Azumi and Inoue 2002). Particular catalytic subunits of
NADPH oxidase isoforms (i.e., Nox2 or gp91”"**, Nox1, and Nox4) participate in
a cell-specific manner in the increased oxidative stress that is found in human
coronary atherosclerosis (Sorescu et al. 2002). ROS formation can be detected
throughout the intima, media, and adventitia of segments of nonatherosclerotic
coronary arteries from explanted human hearts. In atherosclerotic arteries, ROS
generation is particularly increased in the plaque shoulder, which is a region rich in
macrophages and a-actin-positive smooth muscle cells. Whereas the p227*
subunit of NADPH oxidase colocalizes with gp91”"** mainly in macrophages,
Nox4 is found in nonphagocytic vascular (o-actin-positive) smooth muscle cells
(Sorescu et al. 2002). Levels of measurable mRNAs of gp917"°*- and p22°"~
correlate with the severity of atherosclerosis.

As in the case of hypertension, NADPH oxidase is not the only source of ROS
that exerts an influence on atherosclerosis progression. Xanthine oxidase,
myeloperoxidase, and eNOS also play a role (McMillen et al. 2005). Mitochondrial
dysfunction, which can be triggered by Angll, is important in the development of
endothelial dysfunction and atherosclerosis. Mitochondria generate ROS and
participate in the formation of vascular lesions (Puddu et al. 2009).

In contrast to mechanisms of ROS formation, protection from atherosclerosis
depends on enzymes involved in quenching ROS such as superoxide dismutase
and catalase. Aldose reductase is an enzyme present in macrophage-rich regions of
atherosclerotic lesions of apoE-null mice proportionately to lesion progression
(Srivastava et al. 2009). It exerts antioxidant actions as demonstrated by inhibition
or gene deletion of the enzyme, which promotes lesion progression. Heme
oxygenase (HO)-1, the rate-limiting enzyme in the catabolism of heme, also
appears to exert anti-atherosclerotic and anti-inflammatory actions via generation
of the antioxidant biliverdin, iron, and carbon monoxide. HO-1-deficient macro-
phages have higher levels of ROS and pro-inflammatory cytokines such as MCP-1
and IL-6 (Orozco et al. 2007) and exhibit enhanced foam cell formation when after
exposure to oxidized LDL.

The lectin-like LOX-1 receptor binds oxidized LDL and mediates its
uptake by endothelial cells. It is increased in diabetes, hypertension, and
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dyslipidemia, all conditions contributing to progression of atherosclerosis.
Aortic atherosclerosis can be blunted if LOX-1 activity is knocked down in LDL
receptor-deficient mice, which leads to upregulation of anti-inflammatory signals
(Mehta et al. 2007).

The proteasome contributes to cell protection against oxidative stress, and
chronic proteasome inhibition exacerbates coronary artery oxidative stress
and early atherosclerosis in pigs (Herrmann et al. 2007). Senescence-associated
a-galactosidase (SAaG) and pl6 and p21 cyclin-dependent kinase inhibitors
(CDKIs) are not found in healthy vessels (Matthews et al. 2006). Plaques and
fibrous cap smooth muscle cells have shorter telomeres, which correlates with the
severity and extension of atherosclerosis. Vascular senescence results from changes
in cyclins D/E, p16, p21, and retinoblastoma protein (pRB) in the presence of low
telomerase activity. Overexpressing telomerase will rescue plaque vascular
cell senescence, despite telomere shortening, with normalization of CDKI and
pRB. Oxidants induce premature senescence in vitro, with accelerated telomere
shortening and reduced telomerase activity. Thus aging, telomerase deficiency,
short telomeres, and ROS contribute to progression of atherosclerosis via oxidative
stress-induced DNA damage.

Antioxidant Therapy and Cardiovascular Disease

Based on the data referred to above, there has been interest in targeting oxidative
stress to prevent cardiovascular disease, including atherosclerosis and hyperten-
sion. Increasing antioxidant bioavailability (with diet or supplements) and reducing
ROS generation (by inhibiting superoxide-generating enzymes) are two strategies
that have been used to achieve this objective. Experimental, observational, and
epidemiological studies in humans provide support for the idea that antioxidants
have the ability to prevent or treat conditions associated with oxidative stress
(Rimm et al. 1993; Stampfer et al. 1993; Stephens et al. 1996; Duffy et al. 1999;
GISSI-Prevenzione Investigators 1999; Fotheby et al. 2000; Yusuf et al. 2000a;
Brown and Hu 2001; Khaw et al. 2001; Boshtam et al. 2002; Chen et al. 2002; Heart
Protection Study Collaborative Group 2002; Mullan et al. 2002; Shihabi et al. 2002;
Salvemini and Cuzzocrea 2003; Vivekananthan et al. 2003; Roberts et al. 2010).
However, there has been significant inconsistency between different studies.
In fact, most large trials of antioxidants have been negative in relation to
cardiovascular outcomes. For example, a recent study investigating the effects
of vitamins C and E on the development of hypertension in pregnancy failed to
show any benefit of antioxidant vitamins in hypertension (Roberts et al. 2010), in
contrast to previous well-controlled smaller clinical studies (Duffy et al. 1999;
Fotheby et al. 2000; Boshtam et al. 2002; Mullan et al. 2002). The current state of
knowledge only allows us to recommend that the general population should
consume a balanced diet (e.g., the DASH diet) with emphasis on antioxidant-rich
fruits, vegetables, and whole grains (Carr and Frei 2000; Sacks et al. 2001;
John et al. 2002).
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Vitamin E

Two prospective studies evaluated effects of vitamin E: Nurses’ Health Study
which recruited 87,245 female nurses for 8 years (Stampfer et al. 1993) and the
Male Health Professionals’ Study with 39,910 male health professionals for 4 years
(Rimm et al. 1993). Intake of more than 100 IU of vitamin E per day for more than
2 years was associated in both studies with reduced CAD risk. A Finnish study of
5,000 men and women demonstrated significant cardiovascular benefits with
vitamin E supplementation for women but not for men (Knekt et al. 1994). In the
Women’s Health Study (Lee et al. 2005), 39,876 apparently healthy US women
over 45 years of age randomly assigned to receive natural-source vitamin E at a dose
of 600 IU on alternate days or placebo and aspirin or placebo were followed for an
average of 10 years. However, there was no benefit for major cardiovascular events
or cancer and no effect on total mortality, but there was a decrease in cardiovascular
mortality in healthy women.

Beta-Carotene

The Nurses’ Health Study could not demonstrate any benefit from intake of
beta-carotene after taking into account intake of vitamins C and E (Stampfer
et al. 1993). The follow-up Male Health Professionals’ Study reported in smokers
beneficial effects of beta-carotene after adjusting for intake of vitamins C and E.
However, nonsmokers experienced no benefit from beta-carotene (Virtamo
et al. 1998). The Finnish study mentioned earlier did not find any reduction in
cardiovascular risk that could be attributed to beta-carotene (Knekt et al. 1994).

Primary Prevention Randomized Clinical Trials

In the Cambridge Heart Antioxidant Study (CHAOS), a randomized, placebo-
controlled, double-blind trial of 2,002 patients with CAD (proven by coronary
angiography) who received up to 800 IU of vitamin E versus placebo for less
than 3 years (Stephens et al. 1996), there was a highly significant reduction in fatal
myocardial infarction, raising hopes for antioxidant therapy for prevention of
cardiovascular events. However, there were problems of design and randomization,
and many patients died in the vitamin E group. In another double-blind, placebo-
controlled, randomized clinical trial of primary prevention, in this case directed to
lung and other cancers and carried out in Finland on male smokers for up to 8 years,
the Alpha-Tocopherol, Beta-Carotene Cancer (ATBC) Prevention Study (Knekt et al.
1994), there was no effect on cancer and slight benefits on incident angina, but no
reduction of cardiovascular deaths and, in fact, an increase in hemorrhagic stroke.
The dose of vitamin E given was 50 mg per day, which may have been too small.
A meta-analysis of interventional trials that suggests low doses of vitamin E may be
ineffective, whereas higher doses could actually be harmful (Miller et al. 2005).
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Increases in mortality in the subjects taking beta-carotene were the result of the
ATBC trial, with trends to increased lung cancer and ischemic heart disease
(Knekt et al. 1994). In the beta-Carotene and Retinol Efficacy Trial (CARET),
18,314 smokers, former smokers, and asbestos workers were treated with
beta-carotene and retinol or placebo for up to 4 years (Omenn et al. 1994). The trial
had to be stopped early because of increased incident of lung cancer in the beta-
carotene and retinol group. The Physicians’ Health Study I (PHS 1) included 22,071
male physicians for a mean of 12 years (Hennekens et al. 1996). It was unable to
find either a beneficial or negative effect of 50 mg per day of beta-carotene on
cancer incidence, CAD, or mortality. The Physicians’ Health Study II, performed
on 7,641 volunteers (41 %) from the PHS I who continued on the original beta-
carotene treatment and 7,000 new physicians randomized ina 2 x 2 X 2 X 2
factorial design with mean follow-up of 8 years (Sesso et al. 2008), again showed
no benefit on major cardiovascular events, total myocardial infarction, total stroke,
and cardiovascular mortality.

Secondary Prevention Randomized Clinical Trials

The Heart Protection Trial in the UK (20,536 subjects) was a secondary prevention
trial in which subjects received vitamin E (600 mg), vitamin C (250 mg), and beta-
carotene (20 mg). It was unable to demonstrate any cardiovascular benefit (Heart
Protection Study Collaborative Group 2002). In HOPE-TOO (The HOPE and
HOPE-TOO Trial Investigators 2005), 4,732 of the initial HOPE participants
agreed to extended observation and were evaluated every 6 months, and of these,
3,994 (i.e., 65.3 % of those surviving) were followed for a median of 7 years.
Vitamin E supplementation for this long period did not prevent cancer or major
cardiovascular events and paradoxically may have increased the risk of heart
failure. The Women’s Antioxidant Cardiovascular Study (WACS) in the US
recruited 8,171 female health professionals who were 40 years or older with
a prior history of cardiovascular disease or three or more cardiovascular risk factors
(Cook et al. 2007). The trial had a 2 x 2 x 2 factorial design, and participants were
followed for an average of 9.4 years. No beneficial cardiovascular effect was found.

Why Negative Results in Antioxidant Trials?

The dose of antioxidants and duration of treatment may have been insufficient.
Antioxidants may not reach the right cell compartments or targets. Vitamin
E concentrates in lipoproteins and may not reach cytoplasmic ROS.
Vitamins E and C may become prooxidant in tissues. Some of the trials, particularly
vitamin E and beta-carotene studies, were observational, and thus the evidence that
they provide is less compelling. Patients recruited to these trials may have had
advanced cardiovascular disease, whether or not resulting from oxidant damage,
and may not have been amenable to the antioxidant effects of the vitamins.
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Trial subjects in these studies were never proven to have increased oxidative stress
in the cardiovascular system, however likely this may be. In none of the trials
discussed here was BP a primary endpoint. Finally, patients were often taking
aspirin, which has antioxidant properties (El Midaoui et al. 2002), and thus no
further benefit from antioxidant therapy could be obtained.

Strategies to Reduce ROS Generation

New agents may have to be developed, such as ones that target the mitochondrion
(e.g., mitoTEMPO), an important source of ROS, which may thus buffer mitochon-
drial superoxide generation (Dikalova et al. 2010). Beneficial effects of antihyper-
tensive agents, such as some B-adrenergic blockers like carvedilol, which
has antioxidant properties, ACEIs, ARBs, mineralocorticoid receptor blockers,
and some Ca”* channel blockers like nifedipine, may be partially mediated by
decreasing vascular oxidative stress (Oliveira et al. 2005; Cifuentes and Pagano
2006; Berk 2007; Chen et al. 2008; Sugiura et al. 2008) either via direct inhibition
of NADPH oxidase activity or intrinsic antioxidant properties. HMG-CoA
reductase inhibitors (statins), allopurinol, PPAR gamma activators, and aspirin
are some other drugs that have antioxidant effects. Lifestyle modification
approaches including diet (Mediterranean, DASH) and regular exercise play
important roles. In experimental models of hypertension and in humans with
CAD, exercise indeed reduced vascular NADPH oxidase activity and ROS produc-
tion, ameliorated vascular injury, and reduced blood pressure (Adams et al. 2005).

Agents that reduce oxidant formation could be more efficacious than antioxidant
vitamin ROS scavengers based on the demonstration that inhibition of NADPH
oxidase-mediated superoxide generation achieved either through pharmacological
or gene-deletion approaches leads to regression of vascular remodeling, improved
endothelial function, lowering of blood pressure, and prevention of atherosclerosis.
Increasing antioxidant capacity could also be achieved by using drugs that selec-
tively inhibit MRP1 to prevent cell glutathione loss, protecting from oxidative
damage, endothelial dysfunction, and hypertension (Widder et al. 2007). Another
possible approach is to target glucose-6-phosphate dehydrogenase (G6PD),
source of NADPH, the substrate for Noxes (Gupte 2008). Inhibition of G6PD can
improve pulmonary hypertension, possibly through decreased oxidative stress.
Only investigational G6PD inhibitors are available to date.

Resveratrol and Other Polyphenols

Evidence from epidemiological studies suggests that polyphenols from green and
black tea, vegetables, fruits, and some wines can decrease cardiovascular risk. Green
tea polyphenols, for example, improve endothelial function and insulin sensitivity,
reduce blood pressure, and protect against myocardial ischemia/reperfusion injury
(Potenza et al. 2007). Interesting polyphenols include resveratrol, naringenin,
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quercetin, and catechins. Resveratrol is probably the best known. It exerts its effects
in part by stimulating endothelial SIRT1, which regulates endothelium-dependent
vasodilation (Mattagajasingh et al. 2007), although it may also modulate the activity
of nuclear factor-E2-related factor-2 (Nrf2) (Ungvari et al. 2010).

Dark Chocolate

Flavonoid-rich dark chocolate appears to have advantages over flavonoid-free
white chocolate with respect to blood pressure and insulin sensitivity in hyperten-
sive patients (Grassi et al. 2008). A population-based prospective study of middle-
aged and elderly women reported that regular and moderate consumption of
chocolate (i.e., less than one serving per day) was associated with a lower incidence
of heart failure, hospitalization, and death (Mostofsky et al. 2010).

Conclusions

Oxidative stress contributes to vascular injury in hypertension and other
cardiovascular conditions by promoting inflammation, increased vascular tone,
matrix metalloproteinase activation, vascular smooth muscle cell growth, and
endothelial dysfunction. These processes lead to enhanced vascular contractility
and remodeling as found in blood vessels in hypertension. Dark chocolate, flavo-
noids in red wine and vegetables and fruits, as well as inhibitors of the renin-
angiotensin-aldosterone system suggest that although major trials of vitamins have
failed to prove it, antioxidant treatments may protect the cardiovascular system.
Novel concepts on mechanisms involved in generation of oxidative stress in
cardiovascular tissues, as well as better understanding of the fate of antioxidants
after their administration may allow progress in the field, refined therapies and
improved outcomes for hypertension and other forms of cardiovascular disease
with the use of new antioxidant therapies.
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