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Heart and Metabolism is a quarterly
journal focusing on the management
of myocardial ischemia. Its aim is to
inform cardiologists and other spe-
cialists about the newest findings of
the role of metabolism in cardiac
disease and to create awareness of
its potential clinical implications.
The management of patients with
angina, as well as those with heart
failure and hypertrophic or dilated
cardiomyopathy, will also be dis-
cussed. Moreover, the effects of
metabolic diseases such as diabetes
mellitus on the heart will be high-
lighted. Each issue will include an
editorial, followed by articles on a
key topic. Experts in the field will
explain the metabolic consequences
of cardiac disease and the multiple
potential targets for pharmacothera-
py in ischemic and nonischemic
heart disease.

Editor-in-Chief

Editorial Board

Aims and Scope

The figure on the cover show PET images of a
human heart in short-axis views obtained in cor-
responding midventricular levels before and after
coronary artery bypass surgery (CABG). 
See page 19.
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Editorial

The idiosyncrasies of nature are such that
molecular oxygen, which is essential for main-
taining cell viability, may also act as a trigger
for tissue injury. This was originally highlighted
by the observation of David Hearse and col-
leagues of an “oxygen paradox.” The paradox
was that, upon abrupt reoxygenation of an
anoxic heart, myocardial injury was suddenly
and markedly enhanced [1]. Since this initial
observation, a large number of basic and clini-
cal investigations have aimed at understanding
the mechanisms involved and the functional
consequences associated with oxidative stress.
It has in particular become apparent that
residual molecular oxygen in the ischemic
myocardium, and more clearly the reintroduc-
tion of oxygen into the ischemic myocardium,
results in the formation of oxygen-derived free
radicals. Oxidative stress, which is usually
associated with an increase in the formation
of reactive oxygen species, modifies phospho-
lipids and proteins, leading to lipid peroxida-
tion and oxidation of thiol groups. These
changes are thought to alter cell membrane
permeability and configuration, in addition to
producing functional modifications in various
cellular proteins. This is summarized in two
articles in this issue. Joël de Leiris provides a
concise review of the biochemistry of free
radicals, how they are produced or overpro-
duced, and how they can be counteracted. It
is the purpose of Sandeep Raha and Brian
Robinson to focus mainly on how the mito-

chondria, a major source of cellular free radi-
cals, contributes to the regulation of free radi-
cal metabolism.

Basic research is continually discovering
new effects of excessive production of reac-
tive oxygen species in the different aspects of
cardiovascular disease. It is known that dam-
age to mitochondria enhances the production
of reactive oxygen species; and an increase in
the formation of reactive oxygen species dur-
ing ischemia-reperfusion has been reported
using the electron paramagnetic resonance
technique in both humans and animals [2, 3].
In addition, since investigations have reported
a depletion of endogenous antioxidants in the
ischemic heart upon reperfusion [4], it
appears especially important to focus on
antioxidant systems. Direct evidence, using
genetically engineered animal models, has
recently been presented to show the impor-
tance of several naturally occurring scavenging
enzyme systems, such as catalase, superoxide
dismutase, and glutathione peroxidase, in pro-
tecting the myocardium against ischemia-
reperfusion injury [5–7]. During normal respi-
ration, extensive oxidative damage is prevent-
ed by mitochondrial antioxidant enzyme sys-
tems [8]. Thus, manganese-containing mito-
chondrial superoxide dismutase, located in
the mitochondrial matrix, eliminates superox-
ide radical °O2

− by catalyzing dismutation to
hydrogen peroxide H2O2. H2O2 is then inacti-
vated by either catalase or by the glutathione
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redox system consisting of reduced glu-
tathione as the cofactor for glutathione perox-
idase and glutathione reductase. Although the
relative contributions of catalase and glu-
tathione peroxidase in H2O2 degradation
remain unclear, these enzymes serve to mini-
mize the accumulation of °O2

− and H2O2,
which in the presence of the redox-active
transition metals, copper and iron, form the
very reactive and damaging hydroxyl radical
°OH, for which no antioxidant enzyme system
exists [8]. Finally, when oxidative damage has
occurred, mitochondria also possess enzyme
systems that can repair. Phospholipid
hydroperoxide glutathione peroxidase is a
selenium-containing enzyme that directly
reduces peroxidized acyl groups in phospho-
lipids. Repair of oxidized protein sulfhydryl
groups may also occur via thioredoxin and thi-
oltransferase enzymes. However, these repair-
ing enzyme systems are likely to be damaged
or ineffective in most conditions of oxidative
stress unless their reserve can be boosted by
antioxidant enzyme mimics.

Another fascinating aspect of the conse-
quences of oxidative stress has emerged from
very recent studies. It has been suggested that
oxidative stress may trigger apoptosis (ie, pro-
grammed cell death) during ischemia-reperfu-
sion. However, reactive oxygen species gener-
ated during ischemic preconditioning can
upregulate the anti-death gene Bcl-2 by acti-
vating a specific nuclear transcription factor
(NFκB), which in turn reduces apoptosis [9,
10]. These results indicate an additional
antioxidant pathway for the protection of
myocardium by ischemic preconditioning.
Hopefully, this should lead to exciting devel-
opments for new antioxidant therapy, taking
into account important intracellular signaling
pathways for treating oxidative stress-associat-
ed injury. ■
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Introduction

Free radicals and the damage they effect have
come to take a central role in a very large
number of diseases and biochemical process-
es. The damaging effects of both oxygen- and
nitrogen-derived free radicals with relation to
aging and disease propagation have become a
very active area of biomedical research [1, 2].
Free radical damage has been implicated in a
range of diseases including atherosclerosis,
diabetes mellitus, neurodegenerative disor-
ders, hypertension, rheumatoid arthritis [3],
and amyotrophic lateral sclerosis [4]. In the
majority of these cases, the most destructive
species of free radicals are thought to be
hydroxyl and peroxynitrite radicals. The for-
mer arises as a result of the combination of 

superoxide and hydrogen peroxide and the
latter is formed from the reaction of superox-
ide with nitric oxide [5]. The primary source
of superoxide radical formation is believed to
be the mitochondrial electron transport chain.
Approximately 1% to 2% of the electrons are
lost to oxygen and result in the formation of
superoxide [6, 7]. Superoxide formation also
causes an accumulation of damage to DNA
resulting in a shortening in the telomeres of
nuclear DNA [7, 8]. This is hypothesized to be
one of the major consequences of cumulative
free radical damage during the aging process.
This review will focus primarily on the mito-
chondria as the site of free radical formation,
and the organelle where the majority of the
“balancing act” associated with the regulation
of radicals must occur.

Metabolic actions of free radicals: 
walking the tightrope
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Abstract

Free radicals and the consequences of their actions have become a primary focus of biomedical
research. The damage evoked by both reactive oxygen species and reactive nitrogen species con-
tributes to a number of clinical phenotypes. Free radicals have been shown to play a major
causative role in a number of disorders ranging from neurodegenerative diseases such as amy-
otrophic lateral sclerosis to cardiovascular diseases such as atherosclerosis. An understanding of
the processes that underlie their formation and removal will contribute to an appreciation of the
mechanisms of their regulation. However, it is equally important to view a more fundamental role
for these so-called “agents of death.” Free radicals not only serve to trigger the apoptotic process-
es but are also involved in the activation of transcription factors as well as second messenger sig-
naling pathways. This review attempts to summarize some of the observations that demonstrate
the regulation of free radical metabolism via a sum of pathways that involve the formation,
removal, and utilization of these radicals as second messengers. The focus will be on how the
mitochondria, a major source of cellular free radicals, contributes to this overall process. ■ Heart
Metab. 2003;19:4–10.

Keywords: Mitochondria, cellular signaling, oxidative stress
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It is estimated that well over 60 million
North Americans suffer from cardiovascular
diseases. Cardiovascular tissues, because they
contain higher numbers of mitochondria and
increased levels of respiratory chain compo-
nents per milligram of mitochondrial protein,
are subject to extensive damage resulting from
elevated levels of superoxide. Diseases that
affect mitochondrial function also impact
severely on cardiomyocytes as well as on the
surrounding vascular tissues [9, 10]. These
include the development of atherosclerosis,
hypertension [9], and arterial thrombosis [11].
Under normal conditions the vascular
endothelium plays a pivotal role in inhibiting
intravascular thrombus formation. Vascular
endothelial cells play a crucial role in this
pathway by synthesizing various substances
such as thrombomodulin, tissue factor-path-
way inhibitor, prostacyclin, and tissue plas-
minogen activator. Disruption of the pathways

involved in the release of these substances
can affect the antithrombotic properties of the
endothelium.

Much of this damage within the cardiovas-
cular system results as a consequence of the
activation of a number of apoptotic pathways
[12]. Free radicals contribute to the apoptotic
process in one of two ways: direct damage of
proteins, or the activation of transcription fac-
tors culminating in a change in gene expres-
sion patterns [13]. Direct damage occurs as a
result of oxidative damage to proteins and
lipids. Oxidative damage of crucial redox-sen-
sitive proteins can lead to an increase in the
production of free radicals and an elevation in
the level of damage incurred [14]. Triggering
of key transcription factors such as hypoxia-
inducible factor (HIF)-1α [15] or nuclear fac-
tor kappaB (NFκB) can result in the activation
of genes related to the progression of the
apoptotic pathway [13]. In addition to these
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Figure 1. Schematic illustration of the interaction between production, removal, and utilization of cellular free
radicals. Some representative systems that are known to produce free radicals are listed on one side of the
“balance.” If there is an increase in the production of free radicals, combined with an inability to mitigate the
resulting destructive species, then the scale will favor tipping towards cellular damage. However, under nor-
mal cellular conditions, the free radicals produced within the cell are utilized for a variety of regulating func-
tions. In a “balanced” scenario, there is minimal cell damage as a majority of the free radicals are used for the
purpose of signaling. NO, Nitric oxide; NADPH, reduced nicotinamide adenine dinucleotide phosphate;
MnSOD, manganese superoxide dismutase; Cu/ZnSOD, copper-zinc superoxide dismutase.



roles, recent observations have demonstrated
that free radicals can behave like conventional
second messengers that can activate Ca2+ flux
from IP3-sensitive and/or ryanodine-sensitive
stores directly [16]. This review will focus on
the balance between the production of free
radicals and the pathways for their removal
(Figure 1). More importantly, the basal level of
free radical production that occurs during nor-
mal cellular metabolism constitutes an impor-
tant mechanism of cellular communication
(Figure 2). Significant changes beyond these
basal levels can result in severe cellular dam-
age leading to cell death. Networks of cellular
systems help to maintain this delicate balance.
Clearly the cell must “walk a tightrope”
between an excess of free radicals, which may
cause damage, and a sufficiency of free radi-
cals in order to maintain the ability to evoke

gene regulatory function necessary for the
induction of protective mechanisms.

Formation of reactive oxygen and
nitrogen species

A number of reviews have addressed the con-
tribution of increased oxidative stress towards
the progression of cardiovascular disease [17].
In order to better understand this problem, an
appreciation of the sources of free radical pro-
duction within the cardiovascular system is
required. Mitochondria are a major source of
cellular free radicals and their contribution to
oxidative injury in the cardiovascular system
becomes important for two reasons. Firstly,
cardiomyocytes are enriched in mitochondria
because of their metabolic demands. Second-

6 Heart Metab. 2003; 19:4–10
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Figure 2. Putative second messenger roles for mitochondrially derived superoxides. The production of super-
oxide from the mitochondrial electron chain can go towards signaling a number events. Superoxide radicals
can be utilized to trigger a number of well-established signaling pathways. Activation of protein kinase C
(PKC) directly, activation of Ca2+ release, and activation of transcription factors are just samples of the intra-
cellular signaling roles attributed to superoxide. Cu/ZnSOD, Copper-zinc superoxide dismutase; MnSOD,
manganese superoxide dismutase; GSH, glutathione.



ly, ischemic conditions can occur during
myocardial infarction. Subsequent reperfusion
can result in a dramatic elevation of free radi-
cal production [18] and lead to the activation
of a host of other regulatory pathways.

Both reactive oxygen and reactive nitrogen
species are responsible for damage to cardio-
vascular tissues. Endothelium-derived relaxing
factor, or nitric oxide, is an important signaling
molecule produced in a variety of tissues by
nitric oxide synthase enzymes of which there
are several isoforms [19]. Several groups have
reported a mitochondrial form of the enzyme
[20, 21].

The superoxide radical has also been shown
to be particularly reactive. Aside from mito-
chondrial sources, a number of other enzyme
systems are known to produce reactive oxy-
gen species. These include xanthine oxidase,
cytochrome P-450 mono-oxygenases, lipoxy-
genase, nitric oxide synthase, and reduced
nicotinamide adenine dinucleotide phosphate
oxidase [9]. Superoxides can react with H2O2
or nitric oxide to form either hydroxyl radicals
or peroxynitrite radicals. The hydroxyl radical
is extremely reactive, with an estimated life-
time of 10−9 seconds, and is widely known to
cause lipid peroxidation and DNA damage
[22]. Within the mitochondria, superoxides
are thought to originate primarily from nicoti-
namide adenine dinucleotide-coenzyme Q-
oxidoreductase complex (complex I) and
ubiquinol-cytochrome c reductase (complex
III) [23–25]. It should be borne in mind that
there is a basal level of superoxide produc-
tion, and management of these free radicals
dictates the fate of the cells. This constant
level of free radical insult is what contributes
to the age-dependent damage to cellular ele-
ments.

Removal of free radicals

Recent attempts to identify enzymes involved
in the regulation of the mitochondrial antioxi-
dant defense system using a proteomics
approach resulted in the identification of
manganese superoxide dismutase (SOD), per-
oxiredoxin III, and mitochondrial thioredoxin

as proteins regulated by oxidative stress [26].
There exist a number of SOD [27] including
copper-zinc SOD, to dissipate superoxides
within the cytosol, and manganese SOD that
regulate superoxide homeostasis within the
mitochondria. It has been demonstrated that
removal of manganese SOD (sod2) from rat
heart mitochondria results in a significantly
greater level of basal superoxide production
[20]. The neonatal lethality of the sod2−

mouse resulting from the inactivation of iron-
sulfur centers within the electron transport
chain and citric acid cycle enzymes under-
scores the importance of manganese SOD
[28].

The product of superoxide dismutation is
hydrogen peroxide, which can react via the
Fenton reaction to form extremely toxic
hydroxyl radicals. An extensive network of
enzymes exists to facilitate the removal of
H2O2. Catalase, thioredoxin reductase, and
glutathione peroxidase are primarily responsi-
ble for the removal of peroxide. However,
there are also specific isoforms of these
enzyme systems within the mitochondria for
this purpose. Inactivating Gpx1, an isoform
expressed in heart and muscle [29], increased
mitochondrial H2O2 production and resulted
in greater levels of lipid oxidation and
decreased mitochondrial energy output.

Thioredoxin peroxidase (peroxiredoxin) also
catalyzes the removal of H2O2 generated from
cellular metabolism or during the cellular sig-
naling processes. This enzyme relies on thiore-
doxin as a source for reducing equivalents.
There are at least 12 varieties of peroxiredox-
in in mammals and these can be subdivided
into three distinct subclasses [30]. Peroxire-
doxin III is localized to the mitochondria.

The thioredoxin, thioredoxin reductase, and
peroxiredoxin system is one that is also
involved in maintaining the free radical detox-
ification in several compartments inside and
outside cells. Inhibition of thioredoxin-2, a
mitochondrial-specific member of the thiore-
doxin superfamily, results in a marked
increase in intracellular reactive oxygen
species [31]. Conversely, overexpression of
peroxiredoxin decreases levels of H2O2 which
result from tumor necrosis factor-α activation
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in NIH 3T3 fibroblasts. Moreover, the activa-
tion of NFκB by exogenously added H2O2
was attenuated following overexpression of
peroxiredoxin II [32].

Free radicals and cellular signaling

There are a number of diseases that are char-
acterized by elevated levels of basal superox-
ide production. Conventionally, the increased
level of free radical production was attributed
to cellular dysfunction. However, recent evi-
dence suggests that this shift in the equilibri-
um level of free radicals may serve to activate
other second messenger pathways. The
importance of understanding the signaling role
of free radicals is underscored in the specula-
tion by Toyokuni et al [33] that the consistent-
ly high levels of free radicals produced by
cancerous cells have a role in promoting
ongoing proliferation. The universality of these
signaling molecules is demonstrated in the
observation that they are capable of interact-
ing with and regulating the function of mem-
brane receptors, enzymes, or transcription fac-
tors.

The reactivity of oxygen and its intermedi-
ates towards the activation of a peripheral
benzodiazepine receptor (PBR) suggests that it
may function as a “superoxide receptor” [34].
These observations were made primarily on
the basis of structural homologies between the
mitochondrial PBR and the bacterial TspO
protein, which is responsible for regulating
oxygen sensitivity. It has also been demon-
strated that transfection of Jurkat cells with
human PBR cDNA exhibited an increased
resistance to high levels of H2O2 [35].

Superoxides have also been linked with the
activation of manganese SOD via a direct acti-
vation of protein kinase C [36]. This was
demonstrated by measuring the activity of
protein kinase C in the presence of a xan-
thine/xanthine oxidase-based system to gener-
ate superoxides [37]. The activation was pos-
tulated to be the result of a free radical-based
thiol oxidation and the release of Zn2+ from a
cysteine-rich zinc finger domain. This is sup-
ported by the observation that the addition of

dithioreitol, a reducing agent, prevented the
observed increased in protein kinase C activity
in the presence of the superoxide-generating
system. This highlights recent evidence that
the redox regulation of cellular proteins
occurs primarily through sulfhydryl (RSH)
groups. In most cases these groups are oxi-
dized to form disulfide bonds (RSSR), sulfenic
acid (RSOH), sulfinic acid (RSO2H) or sulfonic
acid (RSO3H) [38].

Much of the gene transcription that results
from exposure of cells to hypoxic conditions,
especially in cardiovascular tissues, is likely
due to activation by pathways involving free
radical-mediated mechanisms. The regulatory
effect of both reactive oxygen species and
reactive nitrogen species on transcription fac-
tors and ultimately on gene expression is an
indication as to the importance of their sec-
ond messenger roles [5]. In general, the
effects of gene expression can be divided into
a number of different categories including ion
transport, apoptosis, transcription, hormone
action or neuromodulation. These effects have
been well summarized in a number of reviews
including that of Allen and Tresini [13]. Reac-
tive oxygen species have been demonstrated
to regulate both HIF-1α [39] and NFκB [40].
The interaction of oxygen and/or oxygen
intermediates is postulated to affect HIF-1α
stability via modulation of the von Hippel-Lin-
dau protein [41]. The regulation of HIF-1α has
been shown to be modulated as a function of
the changes in reactive oxygen species such as
H2O2 [39, 41].

Superoxides may directly regulate a number
of very important cardiovascular control
points (Figure 2). Protein kinase C activity and
the release of Ca2+ from internal stores are
important control points for signal transduc-
tion for any type of vascular muscle tissue.
Superoxides increase both the release of Ca2+

and the activity of protein kinase C. In the
case of protein kinase C [37], it was reported
that the oxidation of cysteine and the release
of Zn2+ was a prerequisite for the activation
of the enzyme. In the case of intracellular
Ca2+ release [42], the mechanism of action of
superoxides was observed to be in a calmod-
ulin-dependent fashion. Other studies have
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also suggested that reactive nitrogen species,
such as nitric oxide, can activate intracellular
Ca2+ release by S-nitrosylating a single cys-
teine residue [43].

The dosage level is the distinguishing factor
as whether these radicals are utilized for sig-
naling events or evoke cellular damage.

To date, there are no clear-cut values on the
“normal” dosages of free radicals within a cell.
Therefore it is difficult to estimate the per-
centage of the total amount of cellular free
radicals required for normal cellular commu-
nication. For this reason, constant administra-
tion of antioxidant drugs may actually be
detrimental to the cell and interfere with its
ability to actively recover from situations of
oxidative stress.

Clearly, the exact mechanisms for the activa-
tion of second messenger pathways by reac-
tive oxygen and nitrogen species will be diffi-
cult to elucidate because of the transient
nature of these entities. Further detailed
research towards the elucidation of the mech-
anisms of oxygen and nitrogen free radicals in
intra and intercellular signaling events will
help to more clearly define their role in cellu-
lar communication. ■
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Introduction

In the 20 years since Brown and Goldsteins’s
observation that oxidative modification of
low-density lipoprotein (LDL) leads to foam
cell formation, there has been intense interest
in the relationship between oxygen-derived
free radical formation and atherosclerosis. In
vitro and animal model studies provided a
growing body of evidence that reactive oxy-
gen species not only promote lipid peroxida-
tion but also stimulate smooth muscle cell
growth and initiate expression of proinflam-
matory responses, all of which contribute to
the development and progression of athero-
sclerosis [1]. The most persuasive data came 
from animal models of atherosclerosis in 

which studies with antioxidants, such as vita-
min C, vitamin E, probucol, and coenzyme Q,
showed a significant decrease in the degree of
LDL oxidation and the extent of atherosclerot-
ic lesions [2]. However, clinical studies investi-
gating the effect of antioxidant supplementa-
tion on cardiovascular risk have produced
mixed results.

Antioxidants and cardiovascular risk

Epidemiological studies have suggested that
increased intake of dietary antioxidants lowers
the risk of atherosclerosis. High-dose vitamin
E intake has been associated with a significant
reduction in cardiovascular diseases (Table I)
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Abstract

Increased production of free radicals has been implicated in key processes of atherosclerosis,
including oxidative modification of low-density lipoprotein and endothelial dysfunction, thereby
promoting a vascular inflammatory response. Recent negative results of large clinical trials using
“antioxidant” supplementation have raised questions about the effect of vitamin E and the source
of free radical production in vivo. Free radicals, such as superoxide, rapidly react with nitric
oxide, leading to endothelial dysfunction, a well-known cardiovascular risk factor and feature of
atherosclerosis. Recent studies have shown that endothelial dysfunction can serve as a prognostic
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known to improve endothelial function and to reduce vascular oxidative stress, these mechanisms
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tive and specific methods to assess the oxidative burden in vivo and to identify patients at risk. 
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[3–5]. Similarly, an inverse relation between
vitamin C intake and major coronary events
was found when subjects reporting an intake
of 50 mg or more of vitamin C per day were
shown to have a lower death rate from all car-
diovascular diseases [12]. However, a major
limitation of such nonrandomized studies is
the possibility that confounding factors may
account for the decreased risk, because the
effects of other aspects of diet or lifestyle on
disease rates cannot be ruled out.

Several randomized, double-blind, placebo-
controlled trials have been conducted in recent

years (Table I). The Finnish Alpha-Tocopherol,
Beta-Carotene Cancer Prevention (ATBC) study
failed to show any effect on coronary heart dis-
ease in male smokers [6]. The results of the
Cambridge Heart Antioxidant Study (CHAOS)
were encouraging: cardiovascular death and
nonfatal myocardial infarction declined by 47%
when patients with established coronary artery
disease were treated with 400 to 800 IU vita-
min E per day [8]. Three large, randomized,
double-blind intervention trials using antioxi-
dant vitamin supplementation have been
reported and all three were negative [9–11].
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Table I. Observational and randomized trials of antioxidant vitamins.

Study name Participants Follow- Agents used Outcome Relative risk
up reduction

Prognostic observational studies with vitamin E

Nurses’ Health Study [3] 87,245 Female 8 Years Vitamin E 437 Nonfatal MI 31% (3% to 51%) 
nurses supplement vs 115 deaths from

no supplement CHD

Health Professionals’ 39,910 Mal 4 Years Upper and lower 360 CABG or 40% (19% to 56%) 
Follow-up Study [4] health quintiles of PTCA, 201 nonfatal

professionals intake MI, 106 deaths  
from CHD

Iowa Women’s Health 34,486 Post- 7 Years Upper vs lower 242 Deaths from Dietary intake 65%
Study [5] menopausal quintiles of CHD supplement (P = NS)

women vitamin E intake

Randomized, placebo-controlled, double-blind studies with vitamin E

ATBC [6] 29,133 Male 6.1 Years Vitamin E 50 mg Total mortality −2%
smokers in
Finland

Chinese study [7] 29,584 Subjects 5.2 Years Vitamin E 30 mg + Total mortality −9% 
in Linxian β-carotene 15 mg 
province + selenium 50 µg

CHAOS [8] 2002 Patients 510 Days Vitamin E 400 or Total mortality −29% (significant)
with CHD 800 IU
in the UK

HOPE [9] 9541 Subjects 4.5 Years Vitamin E 400 IU MI, death from No effect of
at high risk and/or ramipril CVD, stroke vitamin E

GISSI [10] 11,324 Patients  3.5 Years Vitamin E 300 mg Total mortality + −4.7% (NS) 
with CHD nonfatal MI +
in Italy cerebrovascular 

events

Heart Protection 20,536 Subjects 5 Years Vitamin E 600 mg Mortality, deaths No effect of vitamin
Study [11] at high risk + vitamin C 250 mg from CVD and MI supplementation

+ β-carotene 20 mg

MI, Myocardial infarction; CHD, coronary heart disease; CABG, coronary artery bypass graft; 
PTCA, percutaneous transluminal coronary angioplasty; CVD, cardiovascular disease.



The Heart Outcomes Prevention Evaluation
(HOPE) trial in patients at high risk for cardio-
vascular events used 400 IU vitamin E daily
together with ramipril in a 2 × 2 factorial
design. Vitamin E had no effect, but ramipril
conferred significant protection [9]. In patients
after myocardial infarction, the Gruppo Italiano
per lo Studio della Sopravvivenza nell’Infarto
Miocardico (GISSI) trial compared synthetic vit-
amin E (300 mg daily) and omega-3 polyunsat-
urated fatty acids (1 g daily) in a 2 × 2 factorial
design [10]. Over a 3.5-year follow-up, vitamin
E had no effect on the composite end point of
death, nonfatal myocardial infarction, and
stroke. The Heart Protection Study in 20,536
patients with atherosclerotic disease found no
significant benefits on major coronary events
using antioxidant vitamin supplementation [11].

The negative results of these trials raise
important questions about the role of reactive
oxygen species in atherosclerotic vascular
disease.

Why has vitamin E supplementation
failed?

The above studies seem to cast doubt on the
oxidative modification theory of atherosclero-
sis, but there are several reasons to believe
that this is not justified. (1) Although vitamin E
effectively scavenges lipid peroxyl radicals, it
has limited activity against other oxidants,
such as superoxide, peroxynitrite, and
hypochlorous acid, which have been implicat-
ed in atherosclerosis. The rate constant for the
reaction of vitamin E with O2

− is five orders of
magnitude slower than the rate of reaction of
O2

− with endogenous antioxidant enzymes
and molecules such as superoxide dismutase
and nitric oxide [13]. (2) Oral intake of vita-
min E only modestly increases its plasma and
tissue levels. Given the slow rate constants for
vitamin E’s reaction with O2

− and other radi-
cals, these modest increases in its concentra-
tion are unlikely to affect biological processes.
(3) Many of the oxidative reactions that con-
tribute to atherosclerosis occur in the cyto-
plasm, nucleus, and interstitial space. Vitamin
E is concentrated in lipid layers and in the

LDL particle and is therefore unlikely to affect
these events. (4) Vitamin E may have adverse,
pro-oxidant effects. The tocopheroxyl radical
generated when vitamin E reacts with a radi-
cal can promote lipid peroxidation by attack-
ing polyunsaturated fatty acids [14].

Given these considerations, it is quite possi-
ble that the use of vitamin E or other antioxi-
dant vitamins will not be the best approach to
limit vascular oxidative stress.

What are the sources of pathogenic
oxygen radicals in atherosclerosis?

Preventing free radical production may repre-
sent a much more efficient way to inhibit the
detrimental effects of vascular oxidant stress
than trying to scavenge free radicals using vit-
amins. This requires a better understanding of
the enzyme systems involved in their produc-
tion. There are several potential enzymatic
sources of reactive oxygen species including
xanthine oxidase, (reduced) nicotinamide
adenine dinucleotide phosphate [NAD(P)H]
oxidases, nitric oxide synthase, the mitochon-
drial electron transport chain, arachidonic
acid pathway enzymes lipoxygenase and
cyclo-oxygenase, cytochrome P-450, peroxi-
dase, and other hemoproteins [15]. In addi-
tion, infiltrating phagocytic cells, which con-
tain the high-capacity O2

−-generating flavoen-
zyme NADPH oxidase, may be another
important source of reactive oxygen species in
atherosclerotic blood vessels. The nonphago-
cytic NAD(P)H oxidase seems to be a major
source of reactive oxygen species in endothe-
lial cells, vascular smooth muscle cells, and
adventitial fibroblasts. Its activity is regulated
by cytokines (tumor necrosis factor-α) and
hormones (angiotensin II), and has been
shown to be upregulated in experimental
models of atherosclerosis, hyperlipidemia, dia-
betes, hypertension, and balloon denudation
[16]. In addition, segments of human vessels
obtained from patients undergoing routine
coronary artery bypass surgery have shown
increased NAD(P)H oxidase-dependent vascu-
lar O2

− production [17].
Increased free radical production not only
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leads to LDL peroxidation but also to
endothelial dysfunction by inactivating nitric
oxide, a well-known feature of atherosclerosis.

Oxidative stress induces endothelial
dysfunction

The endothelium plays an integral role in
maintaining vascular tone and function, in
part by synthesis and release of vasoactive
substances such as nitric oxide. Nitric oxide
not only produces vasodilatation but also has
potent antiatherogenic properties, including
inhibiting adhesion molecule expression, pre-
venting smooth muscle cell proliferation,
reducing lipid peroxidation, and inhibiting
platelet aggregation. Over the past decade,
numerous experimental and clinical studies
have demonstrated that oxidant stress is a
major cause of endothelial dysfunction [18].
In particular, nitric oxide reacts rapidly with
O2

−, resulting in the formation of the perox-

ynitrite anion and loss of nitric oxide bioactivi-
ty (Figure 1). Accordingly, treatment with
strong reducing agents such as vitamin C has
consistently demonstrated beneficial effects
on endothelial function in the coronary and
peripheral circulation of patients [19]. Of
note, because of the low rate constant of the
reaction between vitamin C and superoxide,
vitamin C must be given intra-arterially in suf-
ficiently high concentrations (plasma concen-
tration ≈10 mmol/L) to compete effectively
with nitric oxide for superoxide [20]. Oral vit-
amin C has been shown to be rather unsuc-
cessful. These findings are consistent with the
notion that excessive production of superox-
ide contributes to endothelial dysfunction and
decreased nitric oxide bioavailability.

Endothelial dysfunction, oxidative
stress, and cardiovascular risk

Several groups have studied the prognostic
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Figure 1. Mechanisms for oxidative stress-induced endothelial dysfunction leading to acceleration of athero-
sclerotic processes. O2

–, superoxide; NO, nitric oxide.



value of endothelial dysfunction by obtaining
long-term follow-up of patients with and with-
out significant coronary artery disease
[21–23]. These studies demonstrated that
patients with endothelial dysfunction are at
increased risk for cardiovascular events,
including death from cardiovascular causes,
myocardial infarction, ischemic stroke, coro-
nary angioplasty, and coronary bypass graft.
Although the precise mechanisms underlying
the association between endothelial dysfunc-
tion and cardiovascular risk are unknown, vas-
cular oxidative stress may not only contribute
to endothelial dysfunction but also to coro-
nary artery disease activity. This suggestion is
supported by a recent 5-year follow-up study,
finding that the beneficial effects of intra-arte-
rial administration of vitamin C on endothelial
function are much more pronounced in
patients with subsequent cardiovascular
events compared with patients without
adverse events (Figure 2) [23]. The degree of
improvement by vitamin C may indicate the
amount of vascular oxidative stress in these
patients. This strongly supports the concept
that increased oxidative stress contributes to
the progression of atherosclerotic disease and
may therefore be an important determinant of
clinical events.

“Antioxidant” effects of angiotensin-
converting enzyme (ACE) inhibitors
and statins

Angiotensin II potently stimulates vascular free
radical production from sources such as
NAD(P)H oxidase, leading to endothelial dys-
function and promoting a vascular inflamma-
tory response. Angiotensin II type 1 (AT1)
receptor antagonists or angiotensin-converting
enzyme (ACE) inhibitors have been shown to
normalize vascular oxidative stress and to
reduce the progression of atherosclerosis [24,
25]. ACE inhibitors are known to improve
endothelial dysfunction and reduce the rate of
death from cardiovascular causes. Thus, ACE
inhibitors and AT1 receptor antagonists are
believed to be potent antiatherosclerotic drugs
likely due to their antioxidative properties.

The beneficial effects of HMG-CoA reduc-
tase inhibitors appear to extend beyond their
effects on serum cholesterol levels. Indeed,
recent experimental and clinical evidence
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indicates that some of the “pleiotropic” effects
of statins involve improving endothelial func-
tion, enhancing the stability of atherosclerotic
plaques, and decreasing oxidative stress and
vascular inflammation [26]. Indeed, statins
dramatically decrease superoxide production
and increase bioavailability of nitric oxide by
stimulating and upregulating endothelial nitric
oxide synthase.

Search for markers of oxidative stress

Despite convincing evidence that free radicals
play a central role in vascular disease, there
are few methods of direct measurement of
oxidative stress in patients. Assessment of
plasma concentrations of antioxidants such as
vitamin C, vitamin E, carotenoids, ubiquinol-
10, and glutathione can be used [27]. Estima-
tion of in vivo LDL oxidation has been pro-
posed by measuring malondialdehyde, conju-
gated dienes in circulating LDL, or plasma
titers of autoantibodies to oxidized LDL [28].
F2-isoprostanes have recently begun to
emerge as a new class of free radical cat-
alyzed products of arachidonic acid metabo-
lism supposed to be far more specific than the
conventional methods of malondialdehyde
[29]. However, none of these markers has
been accepted as a satisfactory candidate to
identify patients at high risk due to oxidative
stress. Biomarkers are urgently needed to
identify such high-risk populations and to
assess whether therapy effectively lowers the
oxidative burden.

Conclusion

The recent disappointing trials of antioxidant
therapy raise doubts about the ability of vita-
mins to augment antioxidant defence mecha-
nisms in vivo. Despite ample experimental
evidence that free radicals play a pivotal role
in atherosclerotic disease, the methods cur-
rently available to assess the degree of oxida-
tive stress and the efficacy of antioxidant ther-
apy in vivo are quite limited. Quantitatively
accurate indices of the oxidative burden of

patients at risk would substantially support
clinical research in this area. ■
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Introduction

Myocardial stunning refers to a reversible state
of regional contractile dysfunction that can
occur after restoration of coronary blood flow
following a brief episode of ischemia despite
the absence of necrosis [1]. It is considered a
form of reperfusion injury, whereby reintro-
duction of oxygen after a period of ischemia
induces a transient calcium overload that 

damages the contractile apparatus. The postis-
chemic contractile abnormality is fully
reversible provided that recurrent ischemia
(followed by stunning) does not occur and suf-
ficient time is allowed for the myocardium to
recover. Stunned myocardium has been
described in animals [2] and subsequently
documented in humans [1], where it is con-
sidered to play a role in the prolonged con-
tractile dysfunction seen in patients undergo-
ing reperfusion therapy for acute myocardial
infarction, following attacks of unstable angi-
na, and in some patients with exercise-
induced ischemia. Although commonly

Metabolic imaging of 
myocardial stunning
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Abstract

Myocardial stunning refers to a reversible state of regional contractile dysfunction that can occur
after restoration of coronary blood flow following a brief episode of ischemia despite the absence
of necrosis. Stunned myocardium can also result from repeated ischemic episodes caused by
increases in oxygen demand in the setting of chronic coronary artery disease. During acute
myocardial ischemia, there is a sharp decline in free fatty acid oxidation that is followed by a
markedly increased rate of glucose utilization. However, soon after reperfusion, glucose utiliza-
tion in stunned myocardium is reduced compared with that in normal regions. This relative
reduction in glucose uptake in stunned regions is usually restored to control levels within a week
after reperfusion, depending on the severity and duration of the initial flow deficit. These abnor-
malities in glucose metabolism can be assessed noninvasively with the glucose analog 18F-
deoxyglucose and SPECT or PET imaging. These metabolic alterations present in stunning appear
different from those typically associated with hibernation. Thus, this different metabolic adapta-
tion may prove useful for the noninvasive characterization of infarcted and viable (stunned and/or
hibernating) myocardium in patients with severe left ventricular dysfunction who are being con-
sidered for potential myocardial revascularization. ■ Heart Metab. 2003;19:18–22.

Keywords: Myocardial stunning, metabolic imaging, glucose utilization, free fatty acid oxidation, 
18 F-deoxyglucose, PET, myocardial hibernation.
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regarded as an acute phenomenon, stunned
myocardium may also occur in patients with
chronic coronary stenoses who experience
recurrent episodes of ischemia (symptomatic
or asymptomatic) in the same territory (so-
called repetitive stunning) [3]. The latter
mechanism is probably the most common
form of stunning in patients with chronic left
ventricular dysfunction due to coronary artery
disease and will be the focus of this review.

Metabolic abnormalities during
ischemia-reperfusion

Metabolic alterations during myocardial 
ischemia

A reduction in oxygen supply or an inade-
quate blood flow response to increased
demand is associated with an almost instanta-
neous decline or loss of contractile function.
The inadequate oxygen supply or supply-
demand imbalance causes profound metabol-
ic alterations. There is a sharp decline in free
fatty acid oxidation, which is followed by an
increased flux of glucose through the glycolyt-
ic pathway [4]. The increased glycolytic flux
during ischemia appears to involve a specific
stimulation of membrane transport of glucose
through the rapid translocation of glucose
transporters (GLUT4 and GLUT1 isoforms) and
an increased activity of key glycolytic enzymes
[5, 6]. Such increases in glucose uptake during
acute ischemia have been demonstrated in
experimental animals and in patients with
chronic coronary artery disease [4, 7].

Metabolic changes post reperfusion

Several metabolic abnormalities have been
described in stunned myocardium, including
alterations in glucose as well as in fatty acid
kinetics. In experimental models, myocardial
stunning induced by a single or multiple brief
episodes of low-flow ischemia has been consis-
tently associated with a reduction in myocardial
glucose utilization (approximately 30% com-
pared with controls), at least early after reperfu-

sion [8–12]. Although in some studies glucose
utilization was shown to increase after 24 hours
of reperfusion, such changes have not been uni-
versally observed. For example, Buxton et al
[13] showed regional increases in fluo-
rodeoxyglucose uptake in stunned myocardium
24 hours after reperfusion. In contrast, we have
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Figure 1. PET images of a dog heart in short-axis
views obtained at corresponding midventricular 
levels obtained post reperfusion after four, 5-minute
LAD coronary occlusions, each followed by 5 
minutes of reperfusion. The images are oriented
with the anterior wall at the top, the inferior wall at
the bottom, the interventricular septum to the left,
and the lateral wall to the right. Each image is
scaled to its own maximum. Images of blood flow
(left column) were obtained with 13N-ammonia and
images of glucose metabolism (middle column) with
18F-deoxyglucose. Images of oxidative metabolism
(MVO2) (right column) were obtained with 
11C-acetate; the early phase denotes delivery of the
tracer to the myocardium while the late phase 
represents regional washout of the tracer through
the tricarboxylic acid cycle (oxidation). (Top panel):
Depicts corresponding midventricular short-axis 
sections of regional blood flow, glucose and MVO2
4 hours post reperfusion. The flow images (left)
demonstrate near-normal perfusion in the stunned
regions (ie, anterior and anteroseptum). However,
stunned regions demonstrated reduced glucose 
utilization (arrow) and slow clearance of 11C-acetate
(impaired oxidation) relative to normal myocardium
(lateral wall). (Middle panel): One day post reperfu-
sion. Myocardial perfusion in stunned myocardium
is near-normal, glucose uptake (arrow) remains
depressed and the MVO2 is still lower (arrow) than
in normal myocardium. (Bottom panel): One week
after reperfusion. Blood flow, glucose uptake, and
MVO2 are largely homogenous. Wall motion and
metabolism demonstrated a parallel recovery with
time. (Reproduced from Di Carli et al [12] with 
permission from the Society of Nuclear Medicine.)
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shown a prolonged reduction of glucose utiliza-
tion in stunned myocardium subjected to multi-
ple cycles of ischemia and reperfusion (Figure
1). These apparently contradictory results
appear to be more related to differences in
experimental design than to physiologic dis-
crepancies. Indeed, when studies are per-
formed under fasting conditions, which reduces
glucose utilization by normal myocardium,
stunned regions show a relative increase in glu-
cose uptake. However, when such changes are
evaluated during standardized substrate avail-
ability (as assessed by the hyperinsulinemic-eug-
lycemic clamp) to reduce the normal physiolog-
ic inhomogeneity in glucose uptake in normal
myocardium during fasting conditions [9, 13],
relative glucose uptake appears reduced in
stunned myocardium. The acute reduction in
glucose utilization appears to improve gradually
to control levels between 48 hours and 1 week
after reperfusion. The relative reduction in glu-
cose uptake in postischemic stunning appears
to relate to the severity and duration of the pre-
ceding flow deficit. Thus, stunned myocardium
can demonstrate normal or a relative reduction
in glucose uptake.

Human studies also suggest that similar
metabolic alterations can be seen in some
patients with ischemic left ventricular dysfunc-
tion. Perrone-Filardi et al [14] observed
decreased glucose utilization in dysfunctional
myocardial regions with normal resting blood
flow. Interestingly, they also reported that 63%
of those regions had reversible perfusion
defects on stress thallium imaging, suggesting
that stunning (caused by transient but repeti-
tive ischemic episodes) was the underlying
mechanism. We have shown similar findings
in 15 patients with coronary artery disease
and severe left ventricular dysfunction, in
whom we evaluated the clinical, functional,
and arteriographic correlates of myocardial
regions showing decreased glucose utilization
and normal blood flow (so-called reversed
mismatch) on PET imaging [15]. All these
regions showed severe wall motion abnormal-
ities despite relatively normal resting blood
flow. Consistent with the results of Perrone-
Filardi et al, these dysfunctional regions
showed a consistent reduction in glucose

uptake (∼30% lower than normal) and oxida-
tive metabolism (∼15% lower than normal)
(Figure 2). Coronary angiography demonstrat-
ed highly significant stenoses in the coronary
arteries supplying these segments. Thus, this
perfusion-contraction “uncoupling” with
decreased metabolism agrees with our experi-
mental observations post reperfusion and sug-
gests that it probably reflects the metabolic
correlate of “repetitive” stunning.

Potential mechanisms of metabolic 
alterations

Oxidation of all major substrates, including
glucose, is depressed post reperfusion, and-
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Figure 2. PET images of a human heart in short-axis
views obtained in corresponding midventricular 
levels before and after coronary artery bypass
surgery (CABG). The images have the same orienta-
tion as those of Figure 1. Images of blood flow (left
column) were obtained with 13N-ammonia and
images of glucose metabolism (right column) with
18F-deoxyglucose. (Top panel): A patient with 
three-vessel coronary artery disease and a severe
wall motion abnormality in the anterior and septal
walls. The resting flow images (left) demonstrate a
small perfusion defect in the anterior wall and near-
normal perfusion in the interventricular septum. 
A 99mTc sestamibi perfusion scan (not shown)
demonstrated exercise-induced ischemia in these
regions. Glucose metabolism in the anterior and
septal walls is markedly reduced compared with
normal myocardium (lateral wall). (Bottom panel):
Same patient 4 weeks after CABG. Blood flow and
glucose metabolism are largely homogenous. 
A 2-D echocardiogram post CABG demonstrated
improvement in systolic wall motion in the anterior
and septal regions.
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nonglucose substrates are the preferred sub-
strate for oxidative metabolism [16, 17].
Indeed, previous studies have demonstrated
that reperfused myocardium has a strong pref-
erence for and aerobic use of fatty acids dur-
ing reflow [16, 17]. Further, carbohydrate uti-
lization for oxidative metabolism during
reflow is significantly reduced [8, 18]. One
possible mechanism for the reduced glucose
uptake in reperfused tissue may be that shift-
ing levels of metabolites following ischemia
and reperfusion may have decreased the
activity of key regulatory enzymes of the gly-
colytic pathway [19]. Another possibility may
be that multiple cycling of ischemia and
reperfusion or their metabolic byproducts
could have decreased glucose uptake by
decreasing the number of insulin receptors or
their sensitivity to insulin [20], or by altering
the process in which insulin signals GLUT4
translocation [21, 22], or both.

Clinical implications

The experimental and clinical data presented
above suggest that the metabolic alterations
present in stunning are different from those
typically associated with hibernation. Hiber-
nating myocardium appears to show increased
glucose uptake in areas with reduced blood
flow at rest, so-called perfusion-metabolism
mismatch on PET imaging. In contrast,
stunned myocardium caused by multiple
cycles of ischemia-reperfusion (as it may occur
in patients with chronic coronary artery dis-
ease) may show normal or reduced glucose
uptake in areas with preserved blood flow at
rest, so-called reverse mismatch on PET 
imaging. 

This different metabolic adaptation may
prove useful for the noninvasive characteriza-
tion of infarcted and viable (stunned and/or
hibernating) myocardium in patients with
severe left ventricular dysfunction who are
being considered for potential myocardial
revascularization. ■
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Oxidative stress

Oxidative stress, the consequence of a pro-
oxidant imbalance between pro-oxidants and
antioxidants in the human body, has been
increasingly implicated during the last decade
in the pathogenesis of chronic diseases and
aging. Since antioxidants reduce oxidative
stress, they could control the damage caused
by reactive oxygen or nitrogen species and
decrease the risk and consequences of chron-
ic diseases. Diet composition influences both 

oxidative damage and antioxidant mecha-
nisms, thus explaining, at least in part, the
relationship between diet and chronic dis-
eases such as atherosclerosis and cancer [1–3].

Mediterranean diet

The Mediterranean population has a low mor-
tality rate, a fact attributed in part to the
dietary habits of the region. Indeed, the
Mediterranean diet has been proposed as a
prototype for a healthy diet. The Mediter-

Modifying oxidative stress by 
nutritional intervention
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New therapeutic approaches

Abstract

Oxidative stress is the consequence of oxidative metabolism and of some spontaneous oxidative
reactions in the organism. Its magnitude is reduced by endogenous antioxidant enzymatic
processes and specific molecules, as well as by exogenous antioxidants, mostly of plant origin. 
In chronic diseases inflammation causes oxidative stress, thus contributing to cell and tissue
injury. In addition, specific oxidative processes appear as the main pathogenic mechanism in
some 
conditions like atherosclerosis, Parkinson’s disease, or ischemia-reperfusion tissue damage. 
The magnitude of an oxidative stress condition can be estimated from measurement of ongoing
oxidative processes or the magnitude and quality of antioxidant mechanisms. A more accurate
estimation comes from the measurement of oxidative stress markers like 8-OH-deoxyguanosine
in DNA, covalent protein modifications, lipid oxidation products, and oxidative stress sensitive
processes like endothelial function. Food components other than antioxidant vitamins, mainly
plant phenolic antioxidants with flavonoids among them, have been recognized in recent years as
key components of a healthy diet. Moreover, the beginning of a systematic collection of data is
allowing a better characterization of the dietary antioxidant supply, yet their bioavailability and
overall effectiveness require more investigation. Part of the information will come from dietary
intervention studies through antioxidant capacity, antioxidant levels and oxidative stress marker
measurements, in normal and disease conditions. ■ Heart Metab. 2003;19:23–29.

Keywords: Antioxidants; oxidative stress; 8-OHdG; endothelial function; diet; wine; 
mediterranean diet.



ranean diet is high in monounsaturated fatty
acids, fiber, and antioxidants, balanced in
omega-6/omega-3 polyunsaturated fatty acids,
and low in saturated fat. People from the
Mediterranean regions of southern Europe eat
more fish, white meat, olive oil, legumes, veg-
etables, and fruit; less red meat and animal
fat; and consume a moderate quantity of red
wine with meals [4–7]. Conversely, people
from the USA and some other continental and
northern European populations eat more red
meat, animal fat, dairy products, and sugar;
and fewer legumes, vegetables and fruit, and,
in many populations, sea food. This diet,
known as the occidental diet, is high in satu-
rated fats and omega-6 polyunsaturated fatty
acids, in refined or simple carbohydrates, and
low in antioxidants and fiber [8–12].

Epidemiological studies have shown that the
occidental diet is associated with a high inci-
dence of cardiovascular disease and other
chronic diseases, in contrast with diets rich in
fruit and vegetables [13–15]. Wine, a rich
source of antioxidants, has been associated
with a low risk of cardiovascular disease [16,
17].

Biomarkers of oxidative stress

Lipid peroxidation and oxidative DNA dam-
age constitute good biomarkers of oxidative
damage [18]. Furthermore, oxidative DNA
damage is mechanistically involved in cancer
and aging, and lipid peroxidation plays a key
role in cardiovascular disease. The oxidative
hypothesis of atherogenesis postulates that
oxidized LDL is the main agent of damage,
and the endothelial cell the main target
[19–21]. Recently, Natella et al [22] reported
that supplementing a meal with grape seed
proanthocyanidins, which are present in red
wine, markedly reduces postprandial lipid
peroxides. Oxidative DNA damage can be
measured as 8-OH-deoxyguanosine (8-
OHdG) in leukocytes and also shows good
correlation with atherosclerosis status [23, 24].
In rabbits, dietary lipid lowering reduces
oxidative DNA damage [25].

Endothelial dysfunction

The loss of endothelial function can be con-
sidered as evidence of oxidative stress. Nitric
oxide, essential for normal vasodilatation, has
antiatherogenic properties and its concentra-
tion decreases in the presence of the radical
superoxide. Endothelial dysfunction or
reduced endothelial function measured as
flow-dependent vascular reactivity is present
in early atherosclerosis families, hypercholes-
terolemia, hypertension, diabetes, hyperho-
mocysteinemia, and in smokers. Antioxidant
administration restores endothelial function, at
least in part through prevention of nitric oxide
interaction with superoxide [25–28].

Intervention studies

The use of 8-OHdG as a marker in dietary
antioxidant intervention studies has recently
been questioned [29]. However, we have accu-
mulated experimental evidence that peripheral
leukocyte 8-OHdG content is a reliable marker
of oxidative damage [30, 31]. We have per-
formed intervention studies using controlled
diets, a Mediterranean and an occidental diet,
with and without wine, to evaluate the changes
on antioxidants and oxidative stress in volun-
teers. Among other parameters, we measured
8-OHdG in leukocyte DNA as a marker of sys-
temic oxidative stress [32]; thiobarbituric acid-
reacting substances (TBARS) and 7β-hydroxy-
cholesterol as markers of lipid peroxidation
[32]; plasma antioxidant levels [33], total
antioxidant reactivity (TAR), and total radical
antioxidant potential (TRAP) [34] as markers of
antioxidant status; and endothelial function
[35] as a marker of atherogenic risk. The results
show close correlation between plasma antioxi-
dants and oxidative damage and favor the
hypothesis that diet effectively regulates oxida-
tive stress in humans.

Total plasma antioxidant capacity

In an intervention study we measured the
total plasma antioxidant capacity as TAR; the
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results are shown in Figure 1. In this study we
compared a Mediterranean diet with an occi-
dental diet, and the effect of wine supple-
mentation, administered as shown in Figure 2.
TAR detects hydrosoluble antioxidants, with
urate and ascorbate as the major known con-
tributors. Volunteers were given either a

Mediterranean diet or an occidental diet for 3
months. During the second month they addi-
tionally received 240 mL/day red wine of the
Cabernet Sauvignon variety.

With the Mediterranean diet the TAR values
increased above basal levels: 28% at day 30
and a further 56% increase after the addition
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of wine. The changes after commencing the
Mediterranean diet and again after the addi-
tion of wine were statistically significant. By
contrast, with the occidental diet the TAR 
values were unmodified, but a significant 23%
increase above day 0 or basal level was
observed with the addition of wine. Thus in
the occidental diet only wine increased plas-
ma TAR values above those corresponding to
the volunteers’ usual diet.

When Mediterranean and occidental diet
values were compared for the same time
intervals, the former were all significantly
higher than the latter: 29%, 37% and 31% at
days 30, 60, and 90, respectively. Clearly the
Mediterranean diet per se induces a higher
antioxidant capacity, just as wine does when
added to a Mediterranean or occidental diet.

Oxidative DNA damage

To evaluate the oxidative damage in DNA, the
content of 8-OHdG was measured in DNA

from peripheral blood leukocytes. The levels
of 8-OHdG in both the Mediterranean and
occidental groups, at different times of the
study, are shown in Figure 3. The level of 8-
OHdG detected in the Mediterranean group
was lower than that in the occidental group at
day 30 (P < 0.05), suggesting that the
Mediterranean diet is able to decrease the
level of DNA oxidative damage. Conversely,
an occidental diet low in fruit and vegetables
and rich in fat induces oxidative DNA dam-
age.

During the period when wine was added, a
substantially reduced level of oxidative DNA
damage was observed equally in both diets. In
fact, in the occidental group, which showed a
diet-induced increase in the level of 8-OHdG
at day 30, wine consumption led to a sharp
decrease in the level of 8-OHdG to a value
even lower than the basal level. These results
show that the high oxidative DNA damage
induced by an occidental diet can apparently
be prevented with moderate wine consump-
tion.
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In the Mediterranean group, no statistically
significant differences were seen between basal
values and those after diet at day 90. Never-
theless, values after 30 days of diet were lower.
When wine was added to the Mediterranean
diet, the level of 8-OHdG was significantly low-
ered (day 60). These results suggest that, in
contrast with an occidental diet, a Mediter-
ranean diet leads to a decrease in oxidative
DNA damage and that moderate wine supple-
mentation confers additional protection.

Endothelial function

Endothelial function was assessed noninva-
sively as flow-mediated vasodilatation of the
brachial artery. The measurements, expressed
as percentages of arterial diameter change
compared with the basal recording, were
made 1 minute after releasing the blood flow
arrest imposed by forearm arterial occlusion.
Individual measurements are shown in Figure
4, and mean values and statistical analysis in
Table I. [26].

Endothelial function was significantly
reduced in the occidental diet compared with
the Mediterranean diet (P = 0.014). After the
period with wine this difference disappeared.
In fact, in the occidental group a complete
loss of vascular reactivity was observed, which
reappeared with the addition of wine to the
diet. Remarkably, after the addition of wine,
both groups showed the same, normal
endothelial function values.

The limited number of analyses and the 
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Occidental diet –2.9 ± 2.1a 6.6 ± 2.2b

Mediterranean diet 3.1 ± 3.9c 5.8 ± 4.6d

Results are mean ± SD.
a vs c, P = 0.014; b vs d, P = NS; a vs b, P = 0.001; c vs 
d, P = NS.

Table I. Effects of an occidental diet, Mediterranean
diet, and wine supplementation on endothelial 
function. (Reproduced from Cuevas et al [26].)
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variability of the detection procedure do not
allow a definitive conclusion on the effect of
wine on endothelial function in volunteers fol-
lowing a Mediterranean diet. Nevertheless,
the results suggest that both a Mediterranean
diet and wine preserve or increase endothelial
function, while they clearly show that an occi-
dental diet suppresses flow-mediated vascular
reactivity, in a process fully reversed by wine
supplementation.

Correlations between oxidative damage
and plasma antioxidants

As stated above, oxidative damage is the con-
sequence of an imbalance between pro-oxi-
dant reactions, mediated by reactive oxygen
and nitrogen species, and antioxidants or
antioxidant activity present in the body. In
several intervention studies, we evaluated
oxidative damage using biomarkers such as 
8-OHdG in human DNA leukocytes, plasma
TBARS, and 7β-hydroxycholesterol and corre-
lated the results with various plasma antioxi-
dants [31]. The results shown in Table II illus-
trate that the three biomarkers for oxidative 

damage behave in a similar fashion: 8-OHdG
content in leukocyte DNA correlates signifi-
cantly with plasma TBARS and plasma 
7β-hydroxycholesterol (0.215, P < 0.002, and
0.152, P < 0.012, respectively). Also shown
in Table II is the negative correlation between
8-OHdG in leukocytes and each of the plas-
ma antioxidants measured. The Pearson corre-
lation coefficients between the level of 
8-OHdG in leukocytes and plasma polyphe-
nol antioxidants was −0.448 (P < 0.001), the
highest value; followed by β-carotene, −0.425 
(P < 0.001); lycopene, −0.362 (P < 0.001);
ubiquinol, −0.336 (P < 0.001); vitamin C, 
−0.236 (P < 0.001); and vitamin E, −0.158 
(P < 0.003). 

The plasma polyphenol antioxidants corre-
spond to the sum of catechin, protocatechuic
acid, and gallic acid, and appear to be at least
as effective as the other antioxidants. Interest-
ingly, urine total polyphenol content is also a
good indicator of antioxidant capacity. Vegeta-
bles, fruit, and red wine supplied most of the
polyphenols measured in plasma. In urine,
polyphenols originate both from endogenous
and exogenous sources. The total plasma
antioxidant capacity values measured as TAR
and TRAP also have a significant negative cor-
relation with leukocyte 8-OHdG, a result that
validates their use as indicators of antioxidant
capacity. These results also support the validity
of the biomarkers employed to assess oxida-
tive damage in humans; yet in our hands, 
8-OHdG was the most reliable. ■
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Cardiomyocytes suppress contraction and oxy-
gen consumption during hypoxia. Oxidative
stress increases the generation of reactive oxy-
gen species by altering mitochondrial reac-
tions. During postischemic reperfusion, for
example, reactive oxygen species are formed
at an accelerated rate and the defense mecha-
nisms against oxygen free radicals are also
altered.

Exposure of myocardial cellular components
to exogenous reactive oxygen species could
lead to cellular dysfunction and necrosis.
There is strong evidence that reactive oxygen
species are mediators of the reversible ventric-
ular dysfunction (stunning) that often accom-
panies reperfusion [1]. The widespread intro-
duction of fibrinolysis and PTCA in the treat-
ment of myocardial infarction has changed
the outlook of modern cardiology, but it also
raises new problems. One is the occurrence
of extensive tissue injury caused by reperfu-
sion, with the generation of oxygen free radi-
cals.

Trimetazidine (Vastarel 20 mg) is a well-
established anti-ischemic drug belonging to a
new class of metabolic agents known as 3-
ketoacyl-CoA-thiolase inhibitors. It has been
used for the treatment of conditions related to
the generation of reactive oxygen species. The
ability of trimetazidine to protect low-density
lipoproteins from oxidation, and cultured cells
from H2O2-induced DNA damage, has been
investigated and the results indicate that this
agent can modulate the action of oxidants in
different systems [2]. In one study performed
in patients with ischemic heart disease who
underwent coronary angiography, it was found
that this intervention provokes oxidative stress
and membrane-destructive processes.
Trimetazidine given 10 days before the proce-
dure was shown to produce a cytoprotective
effect [3].

Evidence that trimetazidine has antioxidant
effects is suggested by reduced accumulation
of free radicals in experimental conditions of
high oxidative stress. Clinical trial data con-
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Abstract

Oxidative stress, during postischemic reperfusion for example, increases the generation of reac-
tive oxygen species and alters the defense mechanisms against free radicals. Reactive oxygen
species appear to be the mediators of myocardial stunning that accompanies reperfusion and are
involved in heart failure progression. Clinical and experimental data suggest that trimetazidine, a
metabolic agent with anti-ischemic properties, is able to reduce the accumulation of free radicals
in patients with ischemic heart disease and heart failure. It has proven cytoprotective effects
when administered before coronary angiography due to an indirect antioxidative effect. 
■ Heart Metab. 2003;19:30–31
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cluded that 1 month’s therapy with trimetazi-
dine significantly decreased the content of
free radical oxidation products in patients
with ischemic heart disease. These data sug-
gest that trimetazidine’s antioxidant effect is
indirectly mediated via activation of antioxi-
dant enzymes, which diminishes the tissue
damage caused by ischemia [4].

Interestingly, chronic release of reactive oxy-
gen species has recently been limited to heart
failure progression [5]. The release of reactive
oxygen species appears to derive from the
nonphagocytic (reduced) nicotinamide ade-
nine dinucleotide phosphate oxidase and
mitochondria. Fibrosis, collagen deposition
and metalloprotease activation involved in the
progression of heart failure are dependent on
the release of reactive oxygen species. A study
conducted by Belardinelli et al [6] aimed to
assess the antioxidant effects of trimetazidine
in patients with documented coronary artery
disease and left ventricular systolic dysfunc-
tion. Lipid peroxidation product malonyl-
dialdehyde (MDA) and lipid hydroperoxides
(LOOH) were measured, and endothelium-
dependent and -independent vasodilatation of

radical artery was determined on study entry
and after 4 weeks’ treatment with trimetazi-
dine or placebo. The findings of the study
suggest that trimetazidine reduces both plas-
ma MDA and LOOH levels (Figure 1) along
with endothelial dysfunction and improves
functional capacity in patients with chronic
heart failure. These benefits are likely to be
linked to the antioxidant properties of
trimetazidine.

The therapeutic potential of free radical-
directed drugs in heart disease has not been
fully investigated. Due to its specific metabolic
mode of action free of any hemodynamic
impact and its excellent tolerance, trimetazi-
dine appears to be an interesting therapeutic
option to protect tissues from ischemia-
induced oxidative stress. ■
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Figure 1. Reduction in lipid peroxidation products
after 8 weeks’ treatment with trimetazidine.



Significance of  the xanthine oxidase
metabolic pathway in chronic heart
failure (CHF)

In humans, uric acid forms the metabolic end-
point of purine degradation. The last metabol-
ic steps in this process (from hypoxanthine to 

xanthine and from xanthine to uric acid) are
promoted by the enzyme xanthine oxidore-
ductase (EC1.1.3.22). This enzyme is a flavo-
protein that contains both iron and molybde-
num and uses NAD+ as electron acceptor. It
exists in two interconvertible forms, xanthine
dehydrogenase and xanthine oxidase. In its
oxidase form, the enzyme transfers the reduc-
ing equivalent generated by oxidation of sub-
strates to molecular oxygen with the resultant
production of superoxide anion and hydrogen
peroxide (Figure 1). Hydrogen peroxide can 

Effects of xanthine oxidase 
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chronic heart failure
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Abstract

Patients with chronic heart failure (CHF) are characterized by impaired peripheral blood flow and
reduced vasodilator capacity. These features are closely related to prominent clinical symptoms
such as reduced exercise capacity and early muscle fatigue. Indeed, the symptoms relate more
closely to peripheral than to central hemodynamic abnormalities. An important role of the
endothelium has been recognized in the regulation of vascular tone and tissue perfusion, and,
accordingly, endothelial function and vasodilator reactivity to exercise have been shown to be
significantly impaired in patients with CHF. One major factor responsible for the impaired regula-
tion of vascular tone in CHF is the reduced bioavailability of nitric oxide resulting from accelerat-
ed degradation of nitric oxide by free oxygen radicals. An important source of increased free oxy-
gen radical load in CHF has been recognized in the enzyme xanthine oxidase. Abnormalities of
the xanthine oxidase metabolic pathway may be viewed in the context of derangements within a
complex metabolic web. This review will focus on the role of xanthine oxidase as an oxygen radi-
cal-generating enzyme and the final step of purine degradation resulting in the formation of uric
acid. First results indicating a potential benefit of therapeutically targeting xanthine oxidase in
CHF (with allopurinol) will be discussed. ■ Heart Metab. 2003;19:32–39.
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be converted to free hydroxyl radicals.
The generation of free oxygen radicals by

xanthine oxidase may have an important
pathophysiological role in tissues and in vas-
cular regulation in the setting of chronic heart
failure (CHF). It is of interest that in 1968 the
cytosolic xanthine oxidase was the first docu-
mented putative biological generator of oxy-
gen-derived free radicals [1]. Since then it has
been established that xanthine oxidase is a
major source of free oxygen radical produc-
tion in the human body [2–4]. This metabolic
pathway is of particular significance in condi-
tions of tissue hypoxia and ischemia-reperfu-
sion [5], as increased degradation of adeno-
sine triphosphate via adenosine leads to an
increased substrate load for xanthine oxidase
[6]. Accordingly, elevation of serum uric acid
has been observed in hypoxic states, such as
obstructive pulmonary disease [7], neonatal
hypoxia [8, 9], cyanotic heart disease [10, 11],
and acute heart failure [12]. Uric acid levels
have been shown to increase also in the coro-
nary sinus following consecutive balloon infla-
tions during angioplasty [13, 14] and during
coronary bypass operations [15]. Simultane-
ously, in ischemia-hypoxia, xanthine dehydro-
genase is increasingly converted to xanthine
oxidase, which further adds to accelerated
radical production [2, 16]. In CHF, elevated
uric acid levels might therefore be expected,

since patients with CHF have impaired uptake
of oxygen at rest and during exercise. 

In CHF, hyperuricemia is a consistent finding
reflecting impaired oxidative metabolism [17,
18]. High serum uric acid levels indicate the
degree of xanthine oxidase activation in CHF
[19] and occur independently of the effects of
diuretics and renal dysfunction [17]. Indirect
measurement of endothelium-bound xanthine
oxidase has shown increased xanthine oxidase
enzyme activity in CHF compared with
healthy control subjects [20]. We can there-
fore conclude that in patients with CHF there
is an increased free radical oxygen load
[21–23].

In CHF, endothelial dysfunction and
reduced vasodilator capacity are consistent
findings that relate closely to prominent clini-
cal symptoms such as reduced exercise capac-
ity and early muscle fatigue [24, 25].
Decreased perfusion of skeletal muscle in
CHF is neither primarily related to central
hemodynamic abnormalities [26, 27] nor to
arterial hypotension [28] but, more important-
ly, to endothelial dysfunction [29] and inflam-
mation [30]. Increased oxidative stress is seen
as one major factor responsible for the
impaired regulation of vascular tone due to its
effect of diminishing vasoactive nitric oxide
[31, 32]. Xanthine oxidase-generated free oxy-
gen radicals interact with endothelium-
derived nitric oxide to form peroxynitrite (in
itself a highly active oxygen radical), starting a
cascade of detrimental oxygen radical effects
(Figure 2). Endothelial dysfunction has been
shown to be related to increased scavenging,
ie, degradation, of nitric oxide by free oxygen
radicals rather than impaired generation of
nitric oxide [3]. It should be noted that in
humans the tissue with the highest activity of
xanthine oxidase (beside the epithelium of the
mammary gland) is the capillary endothelium
and the endothelium of the small arteries [33,
34].

There is increasing evidence to suggest that
the xanthine oxidase metabolic pathway is not
merely the final step in purine degradation,
with the formation of uric acid as a metaboli-
cally inert waste product. In humans the
organs with the highest xanthine oxidase
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Hypoxanthine + H2O + O2  →  Xanthine + 2H+ + 2O2
–

Hypoxanthine + H2O + O2  →  Xanthine + H2O2

Xanthine + H2O + O2          →  Uric acid + 2H+ + 2O2
–

Xanthine + H2O + O2          →  Uric acid + H2O2

Hydrogen peroxide can be converted to free 
hydroxyl radicals:

Fe2+ + H2O2   →  Fe3+ + OH– + OH•

Figure 1. Free oxygen radical production in the 
xanthine oxidase-mediated reaction from hypoxan-
thine to xanthine and from xanthine to uric acid.



activity are the intestine and the liver, with
low or undetectable levels in the brain, kid-
ney, lung, and muscle [35]. The localization of
xanthine oxidase primarily in the endothelial
cells of the capillaries suggests that it is
involved in specific functions of the vascular
system [33]. Given the capacity to generate
free oxygen radicals, this enzyme might have
a role in bactericidal defence mechanisms
[36, 37], especially at the barrier between

intestinal lumen and body tissues. This physio-
logic mechanism may provide an acute adap-
tive response to environmental factors. One
could hypothesize, however, that long-term
stimulation of xanthine oxidase may result in
chronic activation of this mechanism leading
to maladaptive processes and eventually dam-
aging effects. The latter provides the patho-
physiologic link between uric acid generation
and a large variety of detrimental processes,

34 Heart Metab. 2003; 19:32–39

Case report
Wolfram Doehner and Stefan D. Anker

Xanthine    +    H2O + O2                                            Uric acid  + H2O2     
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Figure 2. Effects of xanthine oxidase-derived free oxygen radicals on endothelial function. The capillary
endothelium is one of the tissues with the highest activity of xanthine oxidase (XO). In CHF, several conditions
contribute to increased XO-derived free oxygen radical production. Hypoxia and insulin resistance result in
increased substrate supply for the enzyme XO. The balance of the XO/xanthine dehydrogenase (XDH) system
is shifted towards increased XO activity. Superoxide anions react with endothelium-derived nitric oxide (NO)
to form peroxynitrite (ONOO-) thus initiating a cascade of detrimental oxygen radical effects. Due to NO
scavenging, NO-mediated regulation of vascular tone is impaired.



including increased cytokine production, cell
apoptosis, and endothelial dysfunction, all of
which occur in CHF patients [38–40]. Indeed,
in a prospective series of studies of patients
with CHF, it has been shown that hyper-
uricemia is a marker of impaired oxidative
metabolism and hyperinsulinemia [17],
inflammatory cytokine activation [41], and
impaired vascular function [42].

The option to therapeutically target raised
xanthine oxidase activity in CHF might there-
fore be an intriguing concept in order to
counteract maladaptive chronic upregulation
of the xanthine oxidase metabolic pathway. In
fact, it has been shown that in CHF patients
with hyperuricemia, treatment with the xan-
thine oxidase inhibitor allopurinol improved
endothelial function and peripheral blood
flow [43, 44], while markers of free oxygen
radical generation were reduced [43]. In a
placebo-controlled, randomized, double-
blind, crossover study we demonstrated that
allopurinol (100 mg once daily), after just 1
week of treatment, reduced uric acid levels by
39% while vasodilator capacity improved in

the arm and leg vascular bed by 24% and
23%, respectively [43]. It was found that the
treatment-induced reduction of uric acid sig-
nificantly correlated with the improvement of
vasodilator capacity. This might raise the pos-
sibility that, independently of the oxygen radi-
cals, uric acid itself may have an adverse
effect on the regulation of peripheral vascular
tone. This is supported by the finding that
high uric acid levels in CHF predict impaired
peripheral blood flow and reduced vasodilator
capacity [45], independently of renal dysfunc-
tion, diuretic dose, and CHF etiology. It has
been shown that allopurinol treatment can
improve forearm blood flow and endothelial
dysfunction also in other conditions such as in
type 2 diabetes mellitus and mild hyperten-
sion [46]. In the context of reperfusion injury,
it is understood that xanthine oxidase-derived
free oxygen radicals are a major contributor to
impaired blood flow and tissue damage, and
that allopurinol may exert protective effects
against these reperfusion injuries [47].

Beside its role in affecting peripheral vascu-
lar tone, inhibition of xanthine oxidase
appears to exert direct myocardial effects in
CHF. In animal models, allopurinol reduces
myocardial oxygen consumption [48] and
improves systolic function [49, 50], resulting
in increased myocardial energetic efficiency.
Recently, this has been confirmed in human
CHF [51]. Although the underlying mecha-
nism is not yet fully uncovered, some authors
have suggested a specific effect of allopurinol
in sensitizing cardiac myofilaments to Ca2+

[52].

Hyperuricemia as a novel prognostic
marker

In addition to its involvement in the regulation
of vascular tone, there is increasing evidence
to suggest that the xanthine oxidase metabolic
pathway has prognostic significance. Recently,
it has been shown that in CHF patients high
uric acid levels are a predictor of impaired
survival, independently of and better than
other well-established parameters such as clin-
ical status, exercise capacity, parameters of
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kidney function, and diuretic therapy [53].
Data have indicated a stepwise increase of
mortality risk in parallel with rising uric acid
levels (Figure 3). 

This is in line with the findings of a recent
retrospective study that examined the effect of
allopurinol in CHF on mortality and hospital-
ization [54]. It was observed that in these
patients long-term high-dose allopurinol (≥300
mg/day) may be associated with better all-
cause mortality (adjusted relative risk 0.59,
95% CI 0.37–0.95, P < 0.05) than low-dose
allopurinol (<300 mg/day), assuming a dose-
related effect of allopurinol. Treatment with
allopurinol is, however, not free of problems.
It can induce gout attacks, kidney dysfunction,
or skin reactions, and further work is required
to confirm the potential benefit of this
treatment.

The xanthine oxidase metabolic 
pathway as part of a complex 
metabolic web

Abnormal regulation of the xanthine oxidase
pathway may be seen in the context of more
complex metabolic derangements. Epidemio-
logic studies have documented an increase in
serum uric acid as a characteristic finding in
patients with obesity and hypertension
[55–57], hypertriglyceridemia [58], and coro-
nary artery disease [59, 60]. The metabolic
syndrome is a constant etiologic factor in
these diseases and, indeed, recent studies
have identified a significant relation between
hyperuricemia and insulin resistance — the
widely accepted causative factor of the meta-
bolic syndrome [56, 61, 62]. The relationship
between hyperuricemia and insulin resistance
persisted when differences in age, sex, body
mass index, and waist-to-hip ratio were taken
into account, and were also seen in normal
healthy individuals [63, 64]. Based on these
data, an expanded definition of the insulin
resistance syndrome was suggested that added
hyperuricemia to the cluster of metabolic
abnormalities comprising the syndrome [65].

The pathophysiologic connection of hyper-
uricemia and the insulin resistance syndrome

has been hypothesized to result from the
accumulation and diversion of glycolytic inter-
mediates towards the pentose phosphate
pathway [66].

Its increased metabolic turnover results in
accumulation of phosphoribosylpyrophos-
phate [67], in itself a key precursor of the
purine de novo synthesis. Increased substrate
supply is followed by upregulated purine
metabolism and hence purine production.
One branch point for diversion of glycolytic
intermediates towards the pentose phosphate
pathway is controlled by the enzyme glycer-
aldehyde 3-phosphate dehydrogenase
(GA3PDH). This enzyme catalyzes the only
oxidative step in glycolysis and its activity is
regulated by insulin [68, 69]. Thus the link
between insulin resistance and uric acid pro-
duction could be mediated by impairment of
GA3PDH. Although further work is needed to
fully uncover the etiological relationship
between hyperuricemia and insulin resistance,
the significance of high uric acid levels as an
additional risk factor within the metabolic
syndrome has repeatedly been confirmed

[70–73].

Summary

The traditional view of CHF as a mere pump-
ing disorder has shifted to a more complex
approach including hormonal, immune, and
metabolic aspects, and secondary changes.
Increasing data suggest that the xanthine oxi-
dase metabolic pathway is a significant con-
tributor to the pathophysiology of CHF, with
both symptomatic and prognostic implica-
tions. 

Preliminary results suggest a beneficial effect
of lowering uric acid by xanthine oxidase 
inhibition. Whether one could also use urico-
suric treatments (to increase excretion of uric
acid) or newer, more selective xanthine 
oxidase inhibitors potentially with fewer side
effects in chronic or acute heart failure needs
to be established in further studies. ■
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Introduction

In the mid 1950s, a small number of scientists
first postulated the role of free radicals in the
pathophysiological mechanisms of various
types of human disease [3]. However, the
importance of free radicals in biological sys-
tems was not recognized until the early
1970s. Indeed these reactive chemical species
are short-lived species and their detection
requires the use of sophisticated 
techniques. Prior to 1975, owing to the tech-
nical difficulty of measuring free radical
amounts and of quantitating oxidative dam-

age, it was very difficult to prove that free rad-
icals could contribute to cell pathology. In the
early 80s, tools such as EPR spectroscopy or
fluorescent probes allowed to study free radi-
cal biochemistry and to get useful informa-
tions about the nature and consequences of
free radical-induced protein and lipid oxida-
tion in vitro as well as in vivo. 

Reactive oxygen, free radicals and
pathology

Today, it is widely accepted that molecular
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Abstract

Partial reduction of molecular oxygen can generate reactive oxygen species (ROS), including
hydrogen peroxide or singlet oxygen, and the free radicals superoxide and hydroxyl. ROS are
constantly formed in the human body and removed by endogenous antioxidants which contitute
a primary means of detoxifying ROS and preventing ROS-induced cellular damage. Most of the
ROS formed within cells are highly reactive and they are able to oxidise most of the biomolecules
within the cell, leading to tissue injury and cell death. Cells have developed an impressive array
of antioxidant defences to prevent free radical formation or limit their damaging effects. In partic-
ular, these include antioxidant enzymes (superoxide dismutase, catalase, glutathione peroxidase)
which scavenge ROS. When these mechanisms of defence fail or are overwhelmed by an exces-
sive production of ROS, oxidative stress occurs, leading to marked biochemical, metabolic, and
functional abnormalities. If it is now well recognized that oxidative stress and ROS overproduc-
tion may play a role in many disease states, the discovery of the physiological role of nitric oxide
°NO, a nitrogen-derived radical, in 1987, has led to new and very exciting developments in free
radical research. The role of ROS in cellular signal transduction pathways has exploded in recent
years suggesting that oxidants are major determinants in a variety of biological functions. ■ Heart
Metab. 2003;19:40–44.

Keywords: free radicals, oxidative stress, cellular injury



oxygen, although essential for maintaining cell
viability in living organisms, may also act as
one of the primary factors involved in the
pathogenesis of several forms of tissue injury,
for instance that occuring when ischemic 
tissues are reperfused (‘reperfusion injury’).
Nowadays, overproduction of free radicals is
considered as a common feature of a large
broad of diseases and oxidative stress is gener-
ally thought to make a significant contribution
to ischemic diseases, drug-induced cardiomy-
opathy, heart failure, hypertension, inflamma-
tory diseases, cancer, adult respiratory distress
syndrome, organ transplantation, neurologic
diseases, smoking-related diseases, and AIDS,
as well as many others [9]. Moreover oxidative
damage is considered to be a major factor in
the progressive decline of tissue functions
associated with aging [10].

However, in 1987, the discovery of nitric
oxide (a nitrogen-derived free radical) and its
identification as the endothelium-derived
relaxing factor led to the concept that, beyond
their toxic effects, free radicals may also play
a useful role as second messengers in cellular
signal transduction. As such, they are involved
in the maintenance of cellular homeostasis
and in the communication of the cell with its
external milieu [7].

In 1973, the pioneering work of David Hearse
and colleagues [4] clearly demonstrated that
the reintroduction of oxygen after a period of
severe hypoxia in an isolated, buffer-perfused
heart preparation, is associated with the
occurrence of ‘oxygen paradox’. Oxygen
paradox is characterized by the development
of a sudden alteration in the integrity of car-
diac cells and a definitive loss of myocardial
contractile function, associated with severe
and irreversible ultrastructural damage. The
demonstration that molecular oxygen is
involved in the development of such reoxy-
genation injury (or reperfusion injury) was
provided by the observation that if reperfusion
of the anoxic heart with an oxygenated buffer
enhanced cellular injury, anoxic reperfusion
did not produce any extent of tissue injury [5].
In clinical conditions of myocardial ischemia,

early reperfusion is imperative for salvage of
the remaining viable myocardial cells within
the jeopardized area. However, post-ischemic
reperfusion is often associated with some spe-
cific alterations brought about by oxidative
stress upon reflow, such as life-threatening
ventricular arrhythmias and persistent contrac-
tile dysfunction (myocardial stunning).

Biochemistry of free radicals

The way by which oxygen may exert such
deleterious effects is through its reactive forms
(reactive oxygen species: ROS, or reactive
oxygen metabolites: ROM), including oxygen-
derived free radicals as well as nonradical
reactive species. Chemically, a free radical is
any chemical species (atom, ion, or molecule)
containing a single, unpaired electron in its
outer orbitals. This single electron confers to
the radical a very high reactivity. Oxygen-
derived free radicals, including superoxide
radical (°O2

–) and hydroxyl radical (°OH), or
nonradical ROS (hydrogen peroxide H2O2,
singlet oxygen 1O2) are partially reduced
forms of molecular oxygen (Figure 1). They are
highly unstable and extremely reactive. 

All cellular components can be attacked by
free radicals. Thus, oxygen free radicals react
with membrane lipids, especially those con-
taining unsaturated double bonds, leading to
the formation of lipid peroxides or hydroper-
oxides, and aldehydes. Membrane proteins,
especially those containing sulfhydryl groups,
are also important targets for oxyradicals,
leading to marked alterations in cellular ionic
homeostasis. Finally, several enzymes are inac-
tivated by ROS, including catalase, glyceralde-
hyde-3-phosphate dehydrogenase, glutathione
peroxidase,adenylate cyclase, myofibrillar
ATPase, and creatine kinase [9].

The one-electron reduction product of molec-
ular oxygen is the superoxide radical (super-
oxide anion °O2

–), the half-life of which is 
10–9-10–11 sec (10–15 sec in presence of super-
oxide dismutase) (Table I). Superoxide radical
is a requirement for the production of hydrox-
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yl radical °OH. It can be dismutated into
hydrogen peroxide H2O2, a nonradical 
oxygen species (half-life : 10–3 sec ; 10–8 sec
in presence of catalase), either spontaneously,
or, at a much higher rate, under the catalyzing
effect of superoxide dismutases SOD (Figure
1). In mammalian cells, there are two different
SODs. These enzymes are metallo-proteins
and their metal center is essential for their
catalytic activity. Manganese-centered SOD
(Mn-SOD) is located in mitochondria, and
copper-zinc-centered SOD (Cu/Zn-SOD) in
the cytosol. 

Hydrogen peroxide is a strong oxidant which
is able to interact slowly with most organic
substrates. In presence of transition metals
such as iron or copper (Table I), hydrogen per-
oxide can oxidize superoxide radical at rapid
rates (Fenton reaction) to produce hydroxyl

radical °OH, the most highly reactive oxidant,
which, unlike superoxide radical or hydrogen
peroxide, is reactive with most biological sub-
strates.  Due to its high reactivity, hydroxyl
radical immediately reacts with surrounding
target molecules at the site where it is gener-
ated. The Fenton reaction is the major source
of hydroxyl radicals under physiological condi-
tions. Alternatively, °OH can be generated
through the Haber-Weiss reaction (Table I)
when a superoxide radical and a H2O2 mole-
cule spontaneously combine to form molecu-
lar oxygen and two hydroxyl radicals [2].
Moreover, °OH can be generated through a
metal-independent pathway involving the
interaction of superoxide radical and nitric
oxide.

Singlet oxygen (1O2) is formed if one of the
unpaired electrons of molecular oxygen
absorbs energy to undergo spin inversion and 
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Reduction of molecular oxygen to 
superoxide radical

O2 + e– → °O2–

Dismutation of superoxide radical

2 °O2
– + 2 H+ → H2O2 + O2

Transition metal catalyzed reaction 
(Fenton reaction)

°O2
– + Men+ → Me (n-1)+ + O2

Me (n-1)+ + H2O2 → Men+ + OH– + °OH

Haber-Weiss reaction

°O2– + H2O2 → O2 + OH– + °OH

Me = metal (e.g.Fe3+/Fe2+)

°O2
– = superoxide radical (superoxide anion)

°OH = hydroxyl radical
OH– = hydroxyl anion
H2O2= hydrogen peroxide

2°O–+2H+

SOD
2H2O

2H2O

2H2O

H2OH2O2

H2O2

H2O2

O2O2

O2

1
O2

°OH

OH–

°O2
–

°O2
–

H+

M2+

M3+

e-
+e-e-

2GSH GSH-Px

CAT

2H+

GS-SG

GSH = reduced glutathione. 
GS-SG = oxidised glutathione.

Figure 1. Univalent reduction of oxygen leading to
the formation of ROS. 

The reduction of superoxide anion (°O2–) can
occur spontaneously or can be catalysed by super-
oxide dismutase (SOD) or diverse organic SOD-like
compounds [1, 11]. 
The resulting hydrogen peroxide (H2O2) can be: i)
divalently reduced by catalase (CAT) or glutathione
peroxidase (GSH-Px), ii) divalently reduced by
diverse peroxidases producing singlet oxygen (1O2),
iii) monovalently reduced to produce hydroxyl rad-
ical (°OH) through the Fenton reaction catalysed
by transition metals (M) such as iron or copper, or
iv) monovalently reduced by reaction with °O2– to
produce 1O2. 

Table I. Formation of oxygen-derived free radicals
and reactive species.
(Production and dismutation of superoxide radical,
Fenton and Haber-Weiss reactions).



orbital transition. Its half-life is approximately
2.10–6 sec. Intracellular generation of 1O2 may
take place as a reaction product of hypochlo-
rite and H2O2, dismutation of °O2

–, or Haber-
Weiss reaction. Altough there is currently no
satisfying way to provide direct evidence of
1O2 formation in vivo, recent experimental
studies have suggested that singlet oxygen
might play an important role in myocardial
ischemia-reperfusion injury [13].     

Sources of oxygen radicals

In normal aerobic tissue, there is a continuous
generation of oxygen radicals, which are
detoxified by the endogenous antioxidants.
Approximately 2% to 5% of the electron flow
through the electron transport chain during
normal mitochondrial respiration is subjected
to partial univalent reduction of molecular
oxygen, producing ROS including superoxide
radical. In such conditions, Fenton reaction
appears to be the major source of hydroxyl
radical [2]. In various pathological conditions,
for instance upon reperfusion of the ischemic
myocardium, the activity of cellular antioxi-
dant enzymes is considerably reduced, where-
as the rate of oxyradical production is greatly 

increased, due to reintroduction of molecular 
oxygen [11]. Such an imbalance between pro-
duction of ROS and antioxidant defence can
result in oxidative stress. Under these condi-
tions, the most important sources of oxyradi-
cal generation are mitochondrial electron
transport system (univalent reduction of mole-
cular oxygen, NADH dehydrogenase complex)
(Figure 1), endothelial cells (xanthine oxidase
reaction), inflammatory cells (myeloperoxi-
dase, NADPH oxidase), catecholamine oxida-
tion, and metabolism of arachidonic acid
(Table II) [11].

Conclusion

During the last decade, the terms ‘free radi-
cals’, ‘oxidative stress’, and ‘antioxidants’ have
become commonly used to discuss the cellu-
lar mechanisms of an increasing number of
human diseases even though there are still
many gaps in our understanding of the role of
free radicals in the pathogenesis of such dis-
eases. Available evidence from animal and
human studies illustrate that antioxidant
reserve might well be an important factor in
promoting tissue protection against oxidative
stress-mediated injury. Antioxidant enzyme
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Xanthine oxidase (XO) reaction

Hypoxanthine + H2O + 2 O2 Xanthine + 2 °O2
– + 2 H+

Xanthine + H2O + 2 O2               Uric acid + 2 °O2
– + 2 H+

Neutrophil myeloperoxidase (MPO) reaction

H2O2 +  Cl– + H+ HOCl + H2O

Neutrophil NADPH oxidase reaction

NADPH + 2 O2 NADP+ + 2 °O2
– + 2 H+

Xanthine dehydrogenase/oxidase (capillary endothelial cells) 
Myeloperoxidase (neutrophil polymorphonuclear leucocytes)
NADPH (reduced nicotinamide adenine dinucleotide phosphate) oxidase 
(neutrophil polymorphonuclear leucocytes, macrophages)

Table II. Formation of oxygen-derived free radicals and reactive species  through reactions catalyzed by 
xanthine oxidase, myeloperoxidase, and NADPH oxidase.
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mimics (mostly SOD mimics) or catalytic drugs
hold much promise for treating conditions in
which the damaging oxidant molecule is con-
tinuously overproduced following an insult
such as myocardial ischemia followed by
reperfusion [1, 6, 12]. Recently, the research
in the area of SOD mimics has been particu-
larly fascinating because the discovery of these
new catalysts has evolved in parallel to greater
understanding of the biological role of ROS in
general and superoxide radical in particular. It
is clear that antioxidants are not a panacea for
treating or preventing aging and diseases, but
the importance of certain dietary  antioxidants
in preventing life-threatening diseases, such as
heart disease and certain types of cancer, is
still debated. Finally, if antioxidant therapy
may be of some interest for limiting the dam-
age caused by ROS, an important question
now arises regarding their physiological role in
biological signaling. 
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Inflammatory biomarkers, hormone
replacement therapy, and incident
coronary heart disease: prospective
analysis from the Women’s Health 
Initiative observational study
Pradhan A, Manson JE, Rossouw JE, et al. JAMA.
2002;288:980–987.

Postmenopausal hormone replacement thera-
py (HRT) has been shown to elevate C-reac-
tive protein (CRP) levels. Several inflammatory
biomarkers, including CRP, are associated with
increased cardiovascular risk. However,
whether the effect of HRT on CRP represents
a clinical hazard is unknown. The study objec-
tives were to assess the association between
baseline levels of CRP and interleukin 6 (IL-6)
and incident coronary heart disease (CHD),
and to examine the relationship between
baseline use of HRT, CRP, and IL-6 levels as
they relate to subsequent vascular risk. This
was a prospective, nested case-control study
of postmenopausal women, forming part of
the Women’s Health Initiative, a large, nation-
wide, observational study. Among 75,343
women with no history of cardiovascular dis-
ease or cancer, 304 women who developed
incident CHD were defined as cases and
matched by age, smoking status, ethnicity, and
follow-up time with 304 study participants
who remained event-free during a median
observation period of 2.9 years. The main
outcome measure was the incidence of first
myocardial infarction or death from CHD.
Median baseline levels of CRP (0.33 vs 0.25
mg/dL; interquartile range [IQR] 0.14–0.71 vs
0.10–0.47; P < 0.001) and IL-6 (1.81 vs 1.47
pg/mL; IQR 1.30–2.75 vs 1.05–2.15; P <
0.001) were significantly higher among cases
compared with controls. In matched analyses,
the odds ratio for incident CHD in the highest
vs lowest quartile was 2.3 for CRP (95% CI
1.4–3.7; P for trend = 0.002) and 3.3 for IL-6

(95% CI 2.0–5.5; P for trend < 0.001). After
additional adjustment for lipid and nonlipid
risk factors, both inflammatory markers were
significantly associated with a twofold increase
in odds for CHD events. As anticipated, cur-
rent use of HRT was associated with signifi-
cantly elevated median CRP levels. However,
there was no association between HRT and IL-
6. In analyses comparing individuals with
comparable baseline levels of either CRP or
IL-6, those taking or not taking HRT had simi-
lar CHD odds ratios. In analyses stratified by
HRT, we observed a positively graded rela-
tionship between plasma CRP levels and the
odds ratio for CHD among both users and
nonusers of HRT across the full spectrum of
baseline CRP. These prospective findings indi-
cate that CRP and IL-6 independently predict
vascular events among apparently healthy
postmenopausal women and that HRT
increases CRP. However, use or nonuse of
HRT had less importance as a predictor of
cardiovascular risk than did baseline levels of
either CRP or IL-6.

Commentary

The failure in randomized trials of HRT to
replicate the benefit seen in observational
studies has been an enormous disappoint-
ment. One of the mechanisms postulated is
the increase in markers of systemic inflamma-
tion following oral unopposed estrogen and
oral combination therapy. In this study (the
senior author is Paul Ridker, who has pub-
lished extensively on inflammatory biomark-
ers) an observational subset of a much larger
study (304 of 75,343 women) were evaluated
to assess the potential link between elevated
CRP and IL-6 and subsequent incidence of
first myocardial infarction or death from CHD.
The authors demonstrated that both CRP and
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IL-6 predict cardiovascular risk in healthy
postmenopausal women irrespective of
whether or not they use HRT. HRT was associ-
ated with elevated CRP but not IL-6, possibly
pointing to the absence of a generalized
inflammatory effect. Importantly, the risk for a
CAD event was the same for HRT users and
nonusers, suggesting that HRT was of less
importance than baseline levels of CRP or IL-
6. The reduction of cardiovascular risk should
therefore be focused on established therapies
(lifestyle, aspirin, statins) rather than HRT. It is
unlikely that HRT forms that do not impact on
inflammatory markers (eg, transdermal prepa-
rations) will reduce CHD risk in the context of
the information already available. In contrast,
the anti-inflammatory properties of the statins
suggest benefit beyond low-density lipopro-
tein cholesterol reduction.
(See link: Statins as potent anti-inflammatory
drugs. Circulation. 2002;106:2041–2042).

Graham Jackson

Effects of hyperglycemia and fatty acid
oxidation inhibition during aerobic
conditions and demand-induced
ischemia
Chavez PN, Stanley WC, McElfresh TA, Huang
H, Sterk JP, Chandler MP. Am J Physiol Heart Circ
Physiol. 2003.

Metabolic interventions improve performance
during demand-induced ischemia by reducing
myocardial lactate production and improving
regional systolic function. We tested the
hypotheses that: (1) stimulation of glycolysis
would increase lactate production and
improve ventricular wall motion; and (2) the
addition of fatty acid oxidation inhibition
would reduce lactate production and further
improve contractile function. Measurements
were made in anesthetized open-chest swine
hearts. Three groups, hyperglycemia (HG),
hyperglycemia + oxfenicine (HG + Oxf), and
control (CTRL), were treated under aerobic
conditions and during demand-induced

ischemia. During demand-induced ischemia,
HG resulted in greater lactate production and
tissue lactate content but had no significant
effect on glucose oxidation. HG + Oxf signifi-
cantly lowered lactate production and
increased glucose oxidation compared with
both CTRL and HG. Myocardial energy effi-
ciency was greater in HG and HG + Oxf
under aerobic conditions but did not change
during demand-induced ischemia. Thus,
enhanced glycolysis resulted in increased
energy efficiency under aerobic conditions,
but significantly enhanced lactate production,
with no further improvement in function dur-
ing demand-induced ischemia. Partial inhibi-
tion of free fatty acid oxidation in the pres-
ence of accelerated glycolysis increased ener-
gy efficiency under aerobic conditions and
significantly reduced lactate production and
enhanced glucose oxidation during demand-
induced ischemia.

Commentary

Although glycolysis is not a major contributor
to overall energy production in the normal
heart, it is thought to be a much more impor-
tant source of energy during myocardial
ischemia. However, accumulation within the
myocardium of glycolytic byproducts, namely
lactate and protons, during ischemia is a
potential adverse effect of high rates of glycol-
ysis. Lactate and protons accumulate when
glucose oxidation is inhibited while glycolytic
rates are either maintained or accelerated.
This problem is exacerbated if fatty acid oxi-
dation rates are high, since this further
decreases glucose oxidation rates. While the
accumulation of glycolytic byproducts can be
detrimental to the severely ischemic heart, it
is controversial whether this is a problem in
moderately ischemic hearts.

In the study by Chavez et al, demand-
induced ischemia was produced in pig hearts
exposed to high glucose levels. This increased
lactate production and decreased cardiac effi-
ciency during ischemia. However, inhibition
of fatty acid oxidation resulted in an increase
in glucose oxidation, a decrease in lactate
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production, and an increase in cardiac effi-
ciency in these ischemic hearts. This study
supports previous studies that show that inhi-
bition of fatty acid oxidation (such as with
trimetazidine) can improve cardiac efficiency
and benefit the ischemic heart.

Gary Lopaschuk

Association between hyperglycemia
and the no-reflow phenomenon in
patients with acute myocardial 
infarction
Iwakura K, Ito H, Ikushima M, et al. J Am Coll
Cardiol. 2003;41:1–7.

We investigated the association between
hyperglycemia and the no-reflow phenome-
non in patients with acute myocardial infarc-
tion (AMI). Hyperglycemia is associated with
increased risk of heart failure, cardiogenic
shock, and death after AMI, but its underlying
mechanism remains unknown. A total of 146
consecutive patients with a first AMI were
studied by intracoronary myocardial contrast
echocardiography after successful reperfusion
within 24 hours of symptom onset. Two-
dimensional echocardiography was recorded
on day 1 and again 3 months later to deter-
mine the change in wall motion score
(∆WMS; sum of 16 segmental scores: dyskine-
sia = 4 to normokinesia = 0). The no-reflow
phenomenon was found in 49 (33.6%) of 146
patients; their glucose levels on hospital
admission were significantly higher than those
of patients who did not exhibit this phenome-
non (209 ± 79 vs 159 ± 56 mg/dL; P <
0.0001). There was no difference in glycosy-
lated hemoglobin nor in the incidence of dia-
betes mellitus between the two subsets of
patients. The no-reflow phenomenon was
more often observed in the 75 patients with
hyperglycemia (≥160 mg/dL) than in those
without hyperglycemia (52.0% vs 14.1%; P <
0.0001). Patients with hyperglycemia had a
higher peak creatine kinase level (2497 ±
1603 vs 1804 ± 1300 IU/L; P = 0.005) and a
lower ∆WMS (3.7 ± 4.8 vs 5.7 ± 4.3; P =

0.01) than did those without hyperglycemia.
The blood glucose level was an independent
prognostic factor for no-reflow, along with
age, gender, absence of preinfarction angina,
complete occlusion of the culprit lesion, and
anterior AMI. Hyperglycemia might be associ-
ated with impaired microvascular function
after AMI, resulting in a larger infarct size and
poorer functional recovery.

Commentary

It has long been observed that there is an
association between admission glucose levels
and morbidity and mortality following
myocardial infarction. This holds true for
patients with and for those without known
diabetes mellitus. In a recent meta-analysis,
Capes et al [1] reported that patients without
diabetes who had glucose concentrations ≥6.1
to 8.0 mmol/L had a 3.9-fold higher risk of
death than patients without diabetes who had
lower glucose concentrations. Glucose con-
centrations >8.0 to 10.0 mmol/L on admis-
sion were associated with an increased risk of
congestive heart failure or cardiogenic shock
in patients without diabetes. In patients with
diabetes who had glucose concentrations
≥10.0 to 11.0 mmol/L the risk of death was
moderately increased (relative risk 1.7). The
relation between admission glucose levels vs
morbidity and mortality remains unchanged
despite modern infarction treatment with pri-
mary PTCA, thrombolysis, antithrombotics, β-
blockers, and ACE inhibitors [2].

The mechanisms underlying the unfavorable
relation between hyperglycemia and infarct
prognosis are unclear, but there are a number
of factors which may explain it. High cate-
cholamine levels are found during infarction,
which adversely affect glucose and fatty acid
metabolism. High fatty acid levels may be
toxic to the myocardium and may increase O2
demand and reduce contractility. Hyper-
glycemia induces capillary plugging by leuko-
cytes and diminishes endothelium-dependent
vasodilatation, increases thrombus formation,
reduces macrophage and lymphocyte func-
tion, results in less ischemic preconditioning,
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and reduces collateral flow. Hyperglycemia
may reduce circulating volume by osmotic
diuresis. Finally, stress hyperglycemia may be a
marker of more extensive myocardial damage
in acute infarction. More damage leads to a
greater rise in stress hormones, increasing
myocardial oxygen consumption, and more
congestive heart failure. However, the rela-
tionship between hyperglycemia and infarct
size has been questioned as some studies
have only found a weak relation or no rela-
tionship at all between infarct size and hyper-
glycemia.

In the present study the authors correlated
the absence of reflow (by contrast echocardio-
graphy) with hyperglycemia. They found that
no-reflow was more frequently observed in
patients with high glucose levels on admission
and that these patients had larger infarctions
and poorer recovery of ventricular function
during follow-up.

This study carries two important messages.
First, the data nicely confirm, in patients,
some of the mechanisms described above.

Second, despite modern treatment of infarc-
tion by thrombolysis or primary PTCA (which
have clearly reduced infarct size and progno-
sis), hyperglycemia plays an important role in
the ultimate damage caused by infarction.
Further studies are needed to demonstrate
that insulin intervention reduces infarct size
and improves prognosis in patients undergoing
thrombolysis or primary PTCA.
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Arachidonic acid pathway enzymes lipoxy-
genase
The lipoxygenase pathway is an important
group of enzymes involved in the metabolism
of arachidonic acid to leukotrienes.
Leukotrienes have diverse biological actions in
the body.

Calmodulin-dependent fashion
Calmodulin is an important molecule that binds
calcium and stimulates the activity of calmod-
ulin-dependent kinases. Calmodulin mediates
may important reactions in the cell, including
excitation-contraction coupling of muscle cells.

Carotenoids
Carotenoids are natural antioxidants that are
abundant in fruit and vegetables. It has been
proposed that the epidemiological association
between high fruit and vegetable consumption
and lower cancer rates may be related to an
increased consumption of carotenoids.

Catalase
Catalase is an important enzyme that converts
hydrogen peroxide to water and oxygen. This
prevents hydrogen peroxide from forming
hydroxyl radical, a highly reactive free radical.

Catechin
Catechin is a flavonoid, sometimes called fla-
vanol. Catechin has antioxidant properties
and can prevent free radical injury. It is pre-
sent in grapes and has been suggested to con-
tribute to the antioxidant properties of wine.

Conjugated dienes in circulating low-density
lipoproteins
Conjugated dienes are a product of free radi-
cal reaction with lipids. The presence of con-
jugated dienes in circulating low-density
lipoproteins is used as a marker of oxidant
stress by free radicals.

Cyclo-oxygenase
The cyclo-oxygenase enzymes are an impor-
tant group of enzymes involved in the metab-
olism of arachidonic acid to prostaglandins.
Prostaglandins have diverse biological actions
in the body.

Cytochrome P-450 mono-oxygenases
Cytochrome P-450 mono-oxygenases play an
important role in steroid metabolism and in
drug clearance in the liver.

Dismutase
Dismutase (usually called superoxide dismu-
tase) is an enzyme that converts superoxide
radicals to hydrogen peroxide.

Disulfide bonds (RSSR)
A disulfide bond is a bond in proteins
between two sulfur molecules. Disulfide
bonds are an important mechanism by which
proteins maintain their three-dimensional
configuration. If the disulfide bond is broken
(for instance due to a reaction with a free rad-
ical), the function of the protein can be com-
promised.

Dithiothreitol
Dithiothreitol is a strong thiol reductant. It pre-
vents sulfhydryl groups from being oxidized.

F2-isoprostanes
Free radical peroxidation of lipids can pro-
duce F2-isoprostanes. As a result, the produc-
tion of F2-isoprostanes has been used as a
measure of oxidant stress.

Free radicals
Free radicals are usually either oxygen or
hydroxyl groups that have an unpaired elec-
tron. These free radicals are unstable and
react with lipids, proteins, or DNA and RNA.
This can result in tissue damage.
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Gallic acid
Gallic acid is a tannin that is thought to exert
antioxidant activity. It has been proposed that
the presence of gallic acid in red wine has
beneficial antioxidant effects.

Glutathione
Glutathione is an amino acid that acts as a
substrate for glutathione peroxidase. Increas-
ing glutathione levels are thought to increase
the antioxidant actions of glutathione peroxi-
dase.

Glutathione peroxidase
Glutathione peroxidase is an antioxidant
enzyme that reacts with hydrogen peroxide
and decreases the levels of this source of free
radicals.

Glyceraldehyde 3-phosphate (GA3PDH)
Glyceraldehyde 3-phosphate (GA3PDH) is a
key enzyme of glycolysis. During myocardial
ischemia, GA3PDH can become rate-limiting
for glycolysis. GA3PDH mRNA expression lev-
els are often used as a control in many North-
ern blot experiments in order to ensure that
equal amounts of mRNA have been loaded on
the gel.

Gpx1
Gpx1 is an abbreviation for glutathione perox-
idase.

Hemoproteins
Hemoproteins are proteins that contain a
heme molecule, which is an iron-containing
protophorphyrin. Cytochrome P-450 and
hemoglobin are two examples of hemopro-
teins.

Human menopausal gonadotropin (hMG)-
coenzyme A reductase inhibitors
Human menopausal gonadotropin (hMG)-
coenzyme A reductase is important in the
production of gonadal steroid hormones.
There has been concern that the commonly
used hMG reductase inhibitors used to lower
cholesterol may also inhibit gonadotropin-
coenzyme A reductase, therefore altering
gonadal steroid hormone production.

Hydrogen peroxide
Hydrogen peroxide is an intermediate
between two free radicals. Superoxide radicals
can be acted upon by superoxide dismutase
to produce hydrogen peroxide. However, if
hydrogen peroxide is not subsequently
removed from the cell (usually by catalase), a
nonenzymatic reaction can occur in which
highly reactive hydroxyl radicals are pro-
duced.

7ββ-Hydroxycholesterol
7β-Hydroxycholesterol is a cholesterol ester.
Since free radicals can produce 7β-hydroxyc-
holesterol, the levels of plasma 7β-hydroxyc-
holesterol are sometimes used as a marker of
free radical injury.

Hydroxyl
A hydroxyl free radical is a hydroxyl group
with an unpaired electron. It is a highly reac-
tive free radical that can cause serious dam-
age to a cell by reacting with lipids, proteins,
or DNA.

Hyperinsulinemic-euglycemic clamp
During a hyperinsulinemic-euglycemic clamp,
high insulin levels are infused into a patient
(or animal) and glucose is subsequently
infused at a rate which maintains normal
blood glucose levels. This procedure is used to
determine the insulin sensitivity of the muscle.
The more glucose infused under conditions of
hyperinsulinemia the more insulin-sensitive is
the muscle.

Hypoxia-inducible factor-1αα(HIF-1αα)
Hypoxia-inducible factor-1α (HIF-1α) is a
transcriptional factor that is activated by
stresses such as hypoxia. HIF-1α then modifies
the transcription of a number of genes,
including glycolytic enzymes.

IP3-sensitive
IP3 is an important intracellular signaling mol-
ecule that is released from phosphatidylinosi-
tol present in the phospholipid cell mem-
brane. IP3-sensitive refers to any signaling
pathway that involves IP3.
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Lipid hydroperoxides (LOOH)
Lipid hydroperoxides (LOOH) are produced
when free radicals react with lipids. The levels
of LOOH are often used as a measure of the
amount of free radical production or injury.

Lipid peroxidation
Lipid peroxidation is the term used to
describe the reaction of free radicals with
lipids.

Lipid peroxyl radicals
Reaction of free radicals with lipids produces
lipid peroxyl radicals. This is an unstable inter-
mediate that then forms a more stable lipid
hydroperoxide.

Lipoxygenase
The lipoxygenase pathway comprises an
important group of enzymes involved in the
metabolism of arachidonic acid to
leukotrienes. Leukotrienes have diverse bio-
logical actions in the body.

Lycopene
Lycopenes are antioxidants that are abundant
in tomatoes and tomato juice. Clinical studies
are presently assessing whether lycopenes can
be used to prevent free radical injury.

Malonyldialdehyde (MDA)
Malonyldialdehydes (MDA) are produced
when free radicals react with lipids. The levels
of MDA in the blood are often used as a mea-
sure of the amount of free radical production.

Mitochondrial electron transport chain
The mitochondrial electron transport chain is
a number of mitochondrial proteins involved
in energy production. Nicotinamide adenine
dinucleotide (NADH) and reduced flavin ade-
nine dinucleotide (FADH2) are used as sub-
strates for the electron transport chain. In the
course of oxidizing NADH and FADH2, pro-
tons are pumped out of the mitochondria.
This sets up an electrochemical gradient in
which adenosine diphosphate is phosphorylat-
ed to adenosine triphosphate (ATP) (by an
ATP synthase) as protons flow back into the
mitochondria.

Mitochondrial thioredoxin
Thioredoxin is an antioxidant enzyme that
prevents the oxidation of thiol (sulfur) groups
of proteins.

Nicotinamide adenine dinucleotide
(NADH)-coenzyme Q-oxidoreductase com-
plex (complex I)
Nicotinamide adenine dinucleotide (NADH)-
coenzyme Q-oxidoreductase complex (com-
plex I) is the first complex of the electron
transport chain. It oxidizes NADH in the first
reaction of the electron transport chain.

NIH 3T3 fibroblasts
NIH 3T3 fibroblasts are a commonly used
fibroblast cell line that was produced by the
National Institutes of Health.

Nitric oxide synthase
Nitric oxide synthase is the enzyme responsi-
ble for the production of nitric oxide (NO).
NO is a very important molecule in many cel-
lular events and was identified as the mole-
cule released by endothelial cells that can
cause vascular relaxation.

Nuclear factor kappaB (NFκκB)
Nuclear factor kappaB (NFκB) is a nuclear
transcription factor that is important in the
control of cell growth.

8-OH-deoxyguanosine (8-OHdG)
8-OH-deoxyguanosine (8-OHdG) is produced
when DNA is subjected to free radical attack.
Leukocyte DNA 8-OHdG levels are sometimes
used as a measure of free radical injury to DNA.

Peroxiredoxin III
Peroxiredoxin III is specifically localized to
mitochondria and is believed to play an impor-
tant role in the regulation of cellular redox sta-
tus by serving as a primary line of defense
against H2O2 produced during respiration.

Peroxynitrite (ONOO–)
Peroxynitrite (ONOO−) is formed by the com-
bination of NO with O2

−. ONOO− then rapid-
ly decomposes to form highly reactive oxidant
species.
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Phosphoribosylpyrophosphate
Phosphoribosylpyrophosphate is an intermedi-
ate in the purine biosynthesis pathway.
Purines are an important component of DNA
and RNA.

Proanthocyanidins
Proanthocyanidins are components of grape
seeds and are the main phenolic antioxidant
of red wine. They are thought to have benefi-
cial antioxidant effects.

Prostacyclin
Prostacyclin is a prostaglandin that has a number
of important biological effects, one of which is a
potent vasodilatory action in blood vessels.

Protein kinase C (PKC)
Protein kinase C (PKC) is an important kinase
involved in cellular signaling. It is activated by
lipids (diacylglycerols) released from the phos-
pholipid membrane. There is a considerable
research interest in the role of PKC modifica-
tion in the ischemic heart.

Protocatechuic acid
Protocatechuic acid is a naturally occurring
antioxidant. It is a phenolic compound found
in various plants, including grapes.

Reduced nicotinamide adenine dinucleotide
phosphate oxidase
Reduced nicotinamide adenine dinucleotide
phosphate oxidase is an enzyme present in
phagocytes such as neutrophils and
macrophages. This enzyme is an important
source of free radicals.

Ryanodine
Ryanodine is an inhibitor of the calcium chan-
nel that releases calcium from the sarcoplasmic
reticulum. It was an important tool in first char-
acterizing this channel, which is often called
the ryanodine-sensitive calcium channel.

Superoxide
Superoxide is a free radical. It is an oxygen
molecule that has an unpaired electron. This
molecule can react with lipids, proteins, DNA,
and RNA, causing tissue damage.

Thiobarbituric acid-reacting substances
(TBARS)
Thiobarbituric acid-reacting substances
(TBARS) is a simple assay that is used to mea-
sure malonyldialdehyde, a product of free
radical lipid peroxidation.

Thioredoxin peroxidase
Thioredoxin peroxidase is a peroxiredoxin
that uses thiols as reductants. Since they use
hydrogen peroxide as a substrate, they are an
antioxidant enzyme.

Thioredoxin reductase
Thioredoxin reductase is a major cellular pro-
tein disulfide reductase. This enzyme has
antioxidant activity.

Thrombomodulin
Thrombomodulin is a key component of the
anticoagulant protein C pathway and is a
major contributor to vascular thromboresis-
tance. It inhibits blood coagulation.

Tissue factor pathway inhibitor
Tissue factor pathway inhibitor is a critical
inhibitor that modulates tissue factor-induced
coagulation.

Tissue plasminogen activator
Tissue plasminogen activator is a thrombolytic
agent that disrupts blood clots. It is widely
used to break up thrombus in patients with
acute myocardial infarction or strokes.

Tocopheroxyl radical
Tocopheroxyl radicals are formed from α-
tocopherol (vitamin E). Vitamin E is an antioxi-
dant, since it is an efficient scavenger of lipid
peroxyl radicals. Tocopheroxyl radicals are
formed during this process, which can then be
recycled back to α-tocopherol.

Tryptophan-rich sensory protein (TspO)
Tryptophan-rich sensory protein (TspO) is a
tryptophan-rich protein that negatively affects
the transcriptional expression of several genes.

Ubiquinol-10
Ubiquinol-10 is a reduced form of coenzyme Q.
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Ubiquinol-cytochrome c reductase 
(complex III)
Ubiquinol-cytochrome c reductase is the third
complex of the electron transport chain. It is
involved in mitochondrial respiration, which is
a major source of energy for cells.

von Hippel-Lindau protein
von Hippel-Lindau protein is a tumor-suppres-

sor protein. It targets proteins for ubiquitina-
tion and degradation. For instance, von Hip-
pel-Lindau protein targets HIF-1α for ubiquiti-
nation and proteasomal degradation.

Xanthine oxidase
Xanthine oxidase is an enzyme that oxidizes
xanthine. This reaction is also a source of free
radicals, as superoxide radicals are produced.
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