The Oxidative Stress Hypothesis of
Congestive Heart Failure*
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There is extensive experimental evidence from in vitro and animal experiments that congestive
heart failure (CHF) is a state of oxidative stress. Moreover, in animal models, the development of
CHF is accompanied by changes in the antioxidant defense mechanisms of the myocardium as
well as evidence of oxidative myocardial injury. This has led to the hypothesis that oxidative stress
may be a mechanism of disease progression in CHF. Indeed, many patients consume antioxidant
supplements making the assumption that no harm will result and, possibly, that this therapy will
yield some clinical benefits. The focus of this review is to examine the oxidative stress hypothesis
of CHF as it pertains to humans. To date, human studies that have sought evidence for a role of
oxidative stress in patients with CHF have fallen short of providing strong support for this
hypothesis. Studies that have demonstrated an association between oxidant stress and CHF are
small and are hindered by methodologic limitations that diminish the impact of their conclusions.
Randomized trials of antioxidant supplementation for CHF are scarce, and to our knowledge no
study yet convincingly demonstrates any benefit from consuming antioxidant supplements.
Therefore, the available evidence is insufficient to support or negate the oxidative stress
hypothesis of CHF and the use of antioxidants cannot be recommended as a specific therapy for
this condition.
(CHEST 2001; 120:2035–2046)
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n recent years, many disease states have been
I associated
with excess free-radical activity, and

antioxidants have received much attention as a potential therapy for conditions ranging from aging to
cancer and coronary heart disease.1 A free radical is
any molecule possessing an unpaired electron. The
most important free radicals in biological systems
result from the addition of electrons to molecular
O2.2 The complete reduction of O2 to water requires
four electrons and occurs predominantly (95%) in
mitochondria via the cellular respiratory chain without the production of reactive intermediates. However, O2 reduction also occurs one electron at a time
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(univalent reduction) in a variety of physiologic as
well as potentially pathologic processes. This produces partially reduced intermediates, including the
free-radical superoxide anion, the nonradical hydrogen peroxide, and the highly reactive hydroxyl radical. These species are generally highly reactive and
are referred to collectively as reactive oxygen species
(ROS). Examples of ROS reactions with other biological molecules include the removal of electrons
(oxidation) that can result in bond scission as well as
the abstraction of hydrogen atoms. The resultant
modification of organic molecules by ROS can be
referred to as oxidative injury. Because of the reactivity of ROS, several enzymatic and nonenzymatic
defenses such as superoxide dismutase (SOD), catalase, glutathione peroxidase (GPX), vitamin E, and
vitamin C exist to protect against oxidative damage to
other organic molecules.3 Oxidative stress, which
may result in oxidative tissue damage, occurs when
there is an imbalance between ROS production and
antioxidant defenses, such that either ROS producCHEST / 120 / 6 / DECEMBER, 2001
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tion is increased and/or defense mechanisms are
impaired. The purpose of this review is to explore
the evidence that oxidative stress exists and contributes to disease progression in patients with congestive heart failure (CHF).

derived from in vitro and in vivo animal experiments
is beyond the scope of this review, and the reader is
referred to recent reviews on these topics.27,28
Oxidative Stress and CHF in Humans

The Oxidative Stress Hypothesis of CHF
CHF is a syndrome characterized by chronic and
progressive left ventricular (LV) systolic dysfunction.
Despite the success of current therapies, including
angiotensin-converting enzyme inhibitors,4 ␤-blockers,5 and aldosterone antagonists,6 morbidity and
mortality from CHF remain high and research into
other disease-modifying factors continues. Recently,
the role of oxidative stress has been explored as such
a mechanism of disease progression. In the setting of
CHF, excess free-radical generation may arise from
many sources, including vascular nicotinamide adenine dinucleotide oxidases,7 xanthine oxidases, autooxidation of catecholamines,8 nitric oxide synthase
activation,9,10 or mitochondrial leakage.11 Besides
excess ROS generation, animal models of CHF have
suggested that myocardial antioxidant defenses are
also impaired.12,13 These observations have
prompted the formulation of an oxidative stress
hypothesis of CHF. This hypothesis states that CHF
is characterized by generalized and cardiac-specific
oxidative stress, and that chronic oxidant injury
contributes to impairment of myocardial function
and ultimately clinical progression of the heart failure state.
Extensive evidence in support of this hypothesis
comes from in vitro research and from experimental
in vivo animal models of CHF. In vitro experiments
have demonstrated that excess free-radical generation or impaired antioxidant function adversely affects several myocyte functions,14 –17 depresses myocardial contractility,18,19 causes myocardial tissue
injury,20 and may also induce myocyte apoptosis.21 In
vivo animal models have also demonstrated the
significance of oxidative injury to cardiac function;
the best-studied example is that of myocardial stunning and injury due to reperfusion after a period of
ischemia.22,23 Several animal models of chronic CHF
have also confirmed a role for oxidative stress.12,13
Anthracycline-mediated cardiomyopathy in animals
has been shown24,25 to result primarily from oxidative
injury and antioxidant therapy attenuated myocardial
injury in this model. The administration of an antioxidant acutely improved cardiac function in a dog
model of tachycardia-induced cardiomyopathy26 providing evidence that, besides oxidant injury, oxidative
stress may also reversibly depress cardiac function in
this setting. A detailed examination of the evidence
2036
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Based on extensive nonhuman evidence, the biological plausibility of the oxidative stress hypothesis is
well established. However, in humans there are only
a few specific disorders in which a clear link between
oxidative stress and chronic ventricular dysfunction
has been established: anthracycline-mediated cardiomyopathy,29 –31 alcoholic cardiomyopathy,32 and prolonged selenium deficiency or Keshan disease, although the causal role of oxidative stress is less
certain in this situation.33 In these examples, there
are clear mechanisms that account for oxidative
stress, either due to increased ROS generation, or
impaired antioxidant defenses, as likely occurs in
Keshan disease.33 However, whether free-radical
processes have a pathophysiologic role in the vast
majority of patients with CHF due to ischemic,
hypertensive, valvular, or idiopathic causes is unclear. Evidence that oxidative stress exists and/or has
a role in humans with either idiopathic or ischemic
cardiomyopathy has not been overwhelming. Studies
that have explored oxidative stress end points in
patients with CHF will be the focus of the remainder
of this review.
Studies Demonstrating an Association
Between Oxidative Stress and CHF in
Humans
Thus far, large observational epidemiologic studies
and prospective longitudinal cohort studies linking
free-radical activity to CHF in humans are lacking.
The evidence is limited to small observational casecontrol studies34 – 41 that have demonstrated an association between markers of oxidative stress and
clinical CHF. Although widely referenced, interpretation of these data requires caution, as these studies
share some significant limitations that are discussed
below.
Study Populations
Previously reported studies34 –38,40,41 for which appropriate control data are available are small and
overall include ⬍ 200 patients with CHF. Aside from
small sample size, a major limitation of many of these
studies were confounding factors within the patient
population. In some reports,34,35,37,40,41 evidence of
oxidative stress was likely not specific to the heart
failure state because of the presence of other condiReviews

tions in the study population associated with oxidative stress, such as coronary artery disease or risk
factors for atherosclerosis. In other studies,38,39 risk
factors for atherosclerosis were not well characterized. Interestingly, Diaz-Velez et al37 compared patients with CHF to patients with cardiovascular risk
factors and normal LV function as well as to healthy
control subjects. These investigators found no difference in markers of oxidative stress between the two
patient groups. Because aging may be associated
with increased oxidative stress,42 the results of two
studies37,38 were also confounded by the use of
healthy control subjects who were significantly
younger than the patients with CHF. To address
some of these issues, McMurray et al36 stratified
patients with CHF by the presence or absence of
coronary artery disease and found that, regardless of
etiology, CHF was associated with markers of oxidative stress when compared to age-matched control
subjects. We also compared CHF patients to agematched control subjects with normal LV function
and found increased markers of oxidative stress in
CHF despite the presence of atherosclerosis in both
groups.41 Overall, the available evidence that oxidative stress is specific to the clinical syndrome of CHF
in humans is not robust. A larger study comparing
CHF patients with normal coronary arteries, free of
any other conditions associated with oxidative stress,
to a healthy age-matched control population would
still prove valuable.
Biochemical Measures of Oxidative Stress
Free-radical species are highly reactive, shortlived and, as such, cannot be practically measured in
human in vivo studies.43 In the absence of a direct
measure of free radicals, human studies have quantified the consequences of free-radical reactions
employing methods that have significant limitations.
Measuring Lipid Peroxidation: Polyunsaturated lipids are very susceptible to free-radical attack. This
process, referred to as lipid peroxidation, eventually
yields several relatively stable decomposition products, including aldehyde compounds that can then
be measured in plasma as an indirect index of
free-radical activity.43 Malondialdehyde, likely the
most commonly measured index of oxidative stress in
human studies, is only one of many aldehyde compounds produced by lipid peroxidation. Malondialdehyde is frequently measured in plasma by the
thiobarbituric acid-reactive substances (TBARS) assay. Thiobarbituric acid reacts with malondialdehyde
to produce a stable adduct that can be quantified
using either spectrophotometry or high-performance
liquid chromatography (HPLC). Although HPLC
measures the thiobarbituric acid-malondialdehyde

adduct more specifically that spectrophotometry,
several other lipid-peroxide decomposition products
and a variety of nonlipid-related materials are also
detected.44 Furthermore, malondialdehyde arises
from the degradation of a variety of nonlipid molecules, including proteins, carbohydrates, DNA, and
bile pigments.45 Therefore, although the TBARS
assay is accepted as an index of oxidative stress, this
method quantitates malondialdehyde-like material
and does not specifically measure malondialdehyde
or lipid peroxidation. Other indexes that reflect lipid
peroxidation include conjugated dienes, lipid hydroperoxides, and exhaled-breath hydrocarbons.
These end points are also relatively nonspecific and
do not appear to offer any advantage over the
TBARS assay.46
Several small studies34 –39 have been published
demonstrating elevated plasma concentrations of
malondialdehyde-like material in patients with CHF
(Table 1). The lack of specificity inherent in the
TBARS assay is apparent on review of these studies.
By spectrophotometry, the measured plasma concentrations of malondialdehyde-like material were
approximately fivefold to 50-fold higher than when
an HPLC method was employed.34 –39 More recently, malondialdehyde has been measured with
greater accuracy using gas chromatography mass
spectrometry (GCMS). Using this method, malondialdehyde is detected in human plasma in concentrations up to 100-fold smaller than when malondialdehyde-like material is measured by the TBARS
assay,47,48 and no longer differentiates CHF patients
from control subjects.41 Recently, a method has been
developed that employs GCMS for the measurement
of multiple aldehydes, including malondialdehyde,
simultaneously from a single sample. Besides improved sensitivity and specificity for the measurement of malondialdehyde, this method may better
reflect the extent of lipid peroxidation as a broader
array of lipid peroxidation products is quantified.49
These products include both saturated aldehydes,
such as malondialdehyde, and unsaturated aldehydes, such as 4-hydroxy-nonenal. The unsaturated
aldehydes have a well-documented toxicity to organic molecules and their detection may be of
greater biological importance than that of malondialdehyde.50,51 Using this method, we studied patients
with CHF and age-matched control subjects with
normal LV function.41 Many aldehyde products of
lipid peroxidation in plasma were significantly elevated in the CHF patients (Fig 1). Interestingly, the
concentrations of unsaturated aldehydes in plasma
were specifically elevated in the CHF group compared to the control group, while saturated species
were either not different or decreased. Given the
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Table 1—Studies of Oxidative Stress in CHF Patients That Reported Malondialdehyde*
Source
McMurray et al34
Belch et al35

Study Groups
(Participants, No.)
CHF, CAD (29)
Control subjects (15)
CHF, CAD (45)

Diaz-Velez et al37

Control subjects (45)
CHF, CAD (15)
CHF, IDCM (15)
Control subjects (15)
CHF (30)

Keith et al39

CAD with or without
risk factors (26)
Control subjects (16)
CHF (58)

McMurray et al36

Nishiyama et al38
Mak et al41

CHF, IDCM (12)
Control subjects (7)
CHF (8)

Lipid Peroxidation End Point,
mol/L†
MDA (Sp)
MDA (Sp)

MDA (Sp)

MDA (HPLC)

⬃15‡
⬃8
9.0 (7.9 to 10.2)
7.7 (6.9 to 9.2)
10.0‡
9.3‡
7.6
2.65 ⫾ 1.0‡

Antioxidant End Point

Comments
Control subjects did not have CAD

In CHF: plasma thiols 2

Control subjects matched for
smoking

In CHF: plasma thiols 2
eSOD activity 2
GSH, ceruloplasmin 1
CAD with or without risk factors
group had normal LV function

2.10 ⫾ 0.7‡

MDA (HPLC)
MDA (Sp)
Total aldehydes
(GCMS)

Control subjects (8)

1.45 ⫾ 0.77
⬃0.3 to 0.6
3.7 ⫾ 1.3‡
1.9 ⫾ 0.6
9.3 ⫾ 0.8‡
6.6 ⫾ 0.3

Plasma GPX activity 2
Vitamin E 7, vitamin C 2
eSOD 7

Lipid peroxides 1 in CHF
CHF patients mean age 52 yr
Control subjects mean age 23 yr
Malondialdehyde (GCMS)
CHF: 0.101 ⫾ 0.003 mol/L
Control: 0.096 ⫾ 0.003 mol/L

*CAD ⫽ coronary artery disease; IDCM ⫽ idiopathic dilated cardiomyopathy; Sp ⫽ spectrophotometric method; MDA ⫽ malondialdehyde.
†Data are presented as mean, mean (range), or mean ⫾ SD.
‡p ⬍ 0.05 vs control group.

known biological toxicity of unsaturated aldehydes,
further exploration of the significance of these findings is underway.
Attention has recently focused on the measurement of F2-isoprostanes as a sensitive and specific
index of oxidative stress.52 F2-isoprostanes are relatively stable products arising from the free-radical–
catalyzed peroxidation of arachidonic acid on phospholipids. Therefore, these compounds represent
another index of membrane peroxidation. The utility
of F2-isoprostanes, measured in both plasma and in
24-h urine samples by GCMS, as indicators of
oxidative injury in humans has been demonstrated in
smokers53 and after coronary reperfusion.54 Moreover, this index is sufficiently sensitive to detect
changes in oxidative stress; it was possible to demonstrate a decrease in F2-isoprostanes with either the
cessation of smoking or the administration of vitamin
C to smokers who were otherwise healthy.53,55
In an intriguing report, 8-iso-prostaglandin F2␣
was measured in the pericardial fluid of 51 consecutive patients at the time of cardiac surgery for either
valvular or ischemic heart disease.40 These investigators40 demonstrated a strong correlation between the
concentration of pericardial 8-iso-prostaglandin F2␣
and LV dimensions measured echocardiographically.
A relationship between pericardial 8-iso-prostaglandin F2␣ and functional class was also observed. The
investigators40 hypothesized that oxidant stress in the
heart may play a role in ventricular remodeling based
on the relationship between pericardial 8-iso-prosta2038
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glandin F2␣ and LV dimensions. However, as the
authors40 point out, it is not possible to identify the
cell type of origin for 8-iso-prostaglandin F2␣. As
well, there is little information concerning the accumulation of markers of CHF in pericardial fluid,
their relationship to pathophysiologic processes in
the heart, or how such compounds are cleared. A
relatively large human study of oxidative stress and
CHF has been reported recently by Reilly et al56 in
abstract form. They measured urinary 8,12 isoprostane F2␣-VI in 91 patients with CHF and 30 agematched control subjects using GCMS. No differences in urinary 8,12 isoprostane F2␣-VI, or in any of
the four classes of F2-isoprostanes, were detected
between the two groups. Furthermore, levels of 8,12
isoprostane F2␣-VI did not fall after transplantation
or after successful implantation of a ventricular assist
device.
In summary, despite methodologic limitations,
several studies34 –39,41 have demonstrated an association between human CHF and elevated plasma
aldehydes, the most commonly used marker of generalized oxidative stress. However, in one of the
largest human studies56 completed to date, the measurement of F2-isoprostanes failed to demonstrate
evidence of increased oxidant stress. These discordant findings highlight certain limitations that must
be addressed in future investigations. Currently,
there are no accepted “gold standards” for either the
direct measurement of ROS generation or for the
measurement of free-radical–mediated injury in huReviews

Figure 1. Arterial plasma concentration of selected aldehydes in subjects with normal LV function
(open triangles) and patients with CHF (closed triangles). Octanal and nonanal are examples of
saturated aldehydes. t-2-heptenal, t-2-octenal, t-2,t-4-heptadienal, t-2,t-4-nonadienal, 4-OH-hexenal,
and 4-OH-nonenal are examples of unsaturated aldehydes. * ⫽ p ⬍ 0.05 vs normal LV function group.
Modified and reprinted with permission from the Journal of Cardiac Failure.41

mans in vivo. Available methods for the direct
measurement of ROS utilize agents that trap radical
species ex vivo.57,58 Based on the short-lived nature
of free-radical species, such measurements reflect
free-radical generation in close proximity to the site
of collection and possibly ex vivo. The best available
methods for the measurement of lipid peroxidation
are expensive and not widely accessible; therefore,
they may not be suitable for use in large-scale clinical
trials.
Measuring Antioxidant Defenses: Recognizing the
limitations of the methods for measuring products of
lipid peroxidation, most investigators35,36,38,39,59 have
attempted to quantify antioxidant defenses as another means of detecting oxidative stress in humans.
In patients with CHF, decreased thiol groups in
plasma35,36 as well as those associated with erythrocyte membranes59 have been consistently demonstrated. The depletion of thiol groups may reflect
increased interaction between free radicals and
membrane-associated proteins. However, the activities of various antioxidant enzymes have been mea-

sured in plasma with less consistent results. Reduced
glutathione (GSH) functions as an important part of
the antioxidant defense system by scavenging free
radicals and regenerating other antioxidants. In
CHF, both significant increases of plasma GSH36
and decreases of whole-blood reduced GSH59 have
been demonstrated. The activity of erythrocyte SOD
(eSOD) has been generally found to be depressed,
although a single report38 demonstrated no difference in eSOD activity compared to control. The
activity or serum concentrations of a variety of other
antioxidants published in small reports include
plasma ceruloplasmin (increased in CHF36), GPX
(decreased in CHF39), vitamin E (not different from
control in CHF39), and vitamin C (decreased39 and
not different from control in CHF60). Thus, there is
apparently little consensus regarding which plasma
index of antioxidant status is most useful, and the
data available have been inconsistent.
Free radicals are generated as a part of normal
cellular activity, and thus the intracellular enzymatic
antioxidant defenses are paramount to the protection
of organ function. Since free radicals are extremely
CHEST / 120 / 6 / DECEMBER, 2001
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short lived and participate in reactions close to the
site of their generation, the assessment of antioxidant
enzymes in tissue is likely more meaningful than
their measurement in plasma. These enzymes include the copper zinc SOD (CuZnSOD), manganese
SOD (MnSOD), catalase, and GPX. In animal models of cardiomyopathy, a decrease in myocardial
antioxidant activity has been observed13,61 and may
contribute to cardiac oxidative stress either as a cause
or as a result.62 Recently, two studies63,64 have
examined myocardial gene expression, protein levels,
and enzymatic activity of CuZnSOD, MnSOD, catalase, and GPX from the explanted hearts of patients
with end-stage CHF as well as nonfailing donor
hearts. In both studies,63,64 expression and activity of
CuZnSOD, MnSOD, and GPX were not different in
CHF patients compared to control subjects, suggesting intact myocardial superoxide scavenging capability. One study demonstrated significant increases in
catalase messenger RNA, protein levels, and activity,63
while, in contrast, the other study64 demonstrated
significantly depressed catalase activity despite preserved messenger RNA and protein expression. Although both findings can be reconciled independently
with increased oxidant stress, together these studies do
not clarify whether a change in myocardial antioxidant
status is a pathophysiologic mechanism in the progression of CHF in humans. To date, there is minimal
information on the status of antioxidant protection by
extracellular SOD in humans with CHF.

Relationships Between Oxidative Stress and
Indexes of Disease Severity
Many investigators35,37– 41 have attempted to relate
biochemical end points of oxidative stress to indexes
of disease severity (Table 2). Evidence of a relationship between markers of lipid peroxidation and
ejection fraction or LV dimensions may support a
link between oxidative stress and ventricular dysfunction; however, the data available are from relatively small studies35,37,39,40 and have yielded conflicting results. A more consistent relationship has
been demonstrated between markers of oxidative
stress and functional indexes, including New York
Heart Association (NYHA) class and peak exercise
oxygen consumption.38 – 40 Interestingly, these findings may support the concept that oxidative stress
may relate to impairment in peripheral blood flow or
skeletal muscle function.
We have demonstrated41 a relationship between
plasma aldehydes and ventricular contractility in a
small number of patients (Fig 2). However, we did
not administer an antioxidant intervention, and it is
plausible that circulating aldehydes, rather than cardiac free-radical activity, may have had a negative
inotropic effect. A more compelling demonstration
of a functional role of oxidative stress in CHF was
reported by Hornig and coworkers.65 These investigators65 demonstrated that endothelial dysfunction,
which has been observed consistently in patients
with CHF, can be reversed by the administration of

Table 2—Studies of Oxidative Stress in CHF Patients That Reported Associations With Disease Severity*
Source
Belch et al35

Study Groups
(Participants, No.)

Oxidative Stress End Point

CHF, CAD (45)
Control subjects (45)
CHF (30)
CAD with or without risk
factors (26)
Control subjects (16)
CHF, IDCM (12)
Control subjects (7)
CHF NYHA II–III (41)
NYHA I (10)

MDA (Sp)

Keith et al39

CHF (58)

Lipid peroxides (Sp) and
malondialdehyde (HPLC)

Mak et al41

CHF (8)
Control subjects (8)

Total aldehydes
(GCMS)

Diaz-Velez et al37

Nishiyama et al38
Mallat et al40

MDA (HPLC)

MDA (Sp)
Pericardial fluid 8-iso-prostaglandin F2␣
(GCMS)

Indexes of Disease Severity

Correlation

LV ejection fraction (radionuclide
angiography)
LV ejection fraction (radionuclide
angiography)

Yes (negative)

Peak exercise oxygen
consumption
NYHA functional class
LV diastolic and systolic diameter
(echocardiography)
LV fractional shortening
(echocardiography)
NYHA functional class
LV ejection fraction
(echocardiography)
LV dimensions
(echocardiography)
LV contractility (LV ⫹ dP/dt)

Yes (negative)

No

Yes (positive)
Yes (positive)
No

Yes (positive)
No
No

Yes (negative)

*LV ⫹dP/dt ⫽ maximum rate of isovolumic LV pressure rise. See Table 1 for expansion of abbreviations.
2040
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Figure 2. The relationship between plasma aldehyde concentration and  (Tau; left, A) and isovolumic
contractility (LV ⫹dP/dt; right, B) in subjects with normal LV function (open triangles) and patients
with CHF (closed triangles). The regression lines shown are for the relationship between plasma
aldehyde concentration and  (r ⫽ 0.79, p ⬍ 0.05) and LV ⫹dP/dt; r ⫽ ⫺ 0.76, p ⬍ 0.05) in the CHF
group. Reprinted with permission from the Journal of Cardiac Failure.41

high-dose intravascular vitamin C, a powerful antioxidant. This effect of vitamin C in CHF patients was
consistent with that found in other patient populations where oxidative stress is thought to contribute
to endothelial dysfunction.66,67 The postulated
mechanism for endothelial dysfunction relates to the
consumption of the endothelium-derived relaxing
factor, nitric oxide, by superoxide anion; endothelial
function is thus restored by the administration of
vitamin C, which quenches excess superoxide. However, the effect of vitamin C in CHF patients was not
confirmed in a subsequent report,60 in which vitamin
C had no effect on impaired endothelial function in
patients with idiopathic dilated cardiomyopathy.
Therefore, the evidence that oxidative stress in patients with CHF contributes to endothelial dysfunction remains uncertain.

The Promise of Antioxidant Therapy?
Despite methodologic issues, an association between oxidative stress and CHF has been generally
accepted. Whether free-radical activity has a causal
or propagating role in CHF remains unresolved.
Evidence of causality such as a “temporal” or “doseresponse” relationship may be obscured by the heterogeneous etiology of CHF and the numerous factors
involved in disease progression. Indeed, as noted,
attempts to relate markers of oxidative stress to ventricular function have not identified a clear relationship. As
in the case of the neurohumoral hypothesis, “reversibil-

ity” or the success of antioxidant therapy in preventing
or retarding disease progression would likely provide
the best evidence in support of the oxidative stress
hypothesis of CHF. However, to date there is a distinct
scarcity of randomized clinical trials investigating the
therapeutic potential of antioxidant therapy in patients
with CHF.
Antioxidant Vitamins
Vitamin E, vitamin C, and beta carotene remain the
most widely studied antioxidants in the setting of large,
randomized controlled trials. The largest of these studies68,69 has investigated the efficacy of antioxidant therapy in the primary prevention of cancer in ⬎ 20,000
subjects. In contrast, to our knowledge only two small
trials70,71 of vitamin E therapy in patients with CHF are
available. A nonrandomized, uncontrolled, and unblinded study70 of vitamin E supplementation for 4
weeks in 20 patients with CHF demonstrated improvement in markers of oxidative stress (malondialdehyde
measured by TBARS). The focus of the study70 was on
biochemical rather than clinical end points; among
other important limitations, the study cohort was
comprised of patients requiring acute admission to
the hospital and who received active treatment for
decompensated CHF during the study period. Keith
et al71 performed a double-blind, randomized, placebo-controlled trial of vitamin E in 56 CHF patients
in which the primary end points were again biochemical. Although plasma vitamin E levels increased, 12 weeks of treatment did not have any
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impact on markers of oxidative stress, including
malondialdehyde and F2-isoprostanes.71 No effect
on quality of life was observed.
Without positive evidence from clinical trials, encouraging the use of antioxidants based on the
rationale that they are likely to be of no harm may be
inappropriate. Large-scale trials of vitamin C, vitamin E, and beta carotene for the primary prevention
of cancer68,69,72,73 and vitamin E in secondary prevention of acute ischemic coronary events74 –77 have
raised important questions concerning the utility of
antioxidant therapy. Although evidence for the role
of oxidative stress in the genesis of both these
conditions is more clearly established than it is for
CHF, supplementation resulted in minimal or no
clinical benefit. This may have related to the inability
of available oral supplements to provide adequate
antioxidant protection in vivo rather than an invalidation of the oxidative stress hypothesis. It may not
be possible to attain physiologically effective concentrations in plasma with conventional oral regimens,
especially in the case of vitamin C.78 For malignant
disease, it may be necessary to intervene earlier and
for a longer period of time. Of importance, the use of
beta carotene was not benign and associated with a
significant increase in malignant disease.73 These
issues highlight the necessity of accumulating adequate clinical evidence prior to recommending the
use of antioxidant vitamins for CHF.
Coenzyme Q10
The therapeutic potential of coenzyme Q10
(CoQ10) for CHF has received much attention and is
consumed by many patients without a physician’s
directive. CoQ10 is a vital part of the mitochondrial
electron transport chain and can function as a potent
lipid-soluble antioxidant. It is synthesized endogenously, and deficiency is not an issue in health,

although some data79 suggest a myocardial deficit of
CoQ10 may exist in CHF. Because of the prominent
role of CoQ10 in myocardial energetics as well as its
antioxidant potential, it has been hypothesized that
supplementing the relative deficiency of CoQ10 may
have therapeutic benefits in patients with CHF.
Several CHF trials of CoQ10 have demonstrated
benefits with respect to subjective clinical end points
but are only available as published reports from
international symposia.79 Such trials include a multicenter study,80 which is the largest, double-blind,
randomized controlled trial to date (and to our
knowledge). These investigators80 randomized 641
patients with NYHA class III and IV symptoms to
therapy with CoQ10 or placebo for at least 12
months. Mortality, a prespecified end point, was
surprisingly low overall (approximately 6%) and not
different between the two study groups. Objective
measures of ejection fraction were not obtained;
however, hospitalization for worsening CHF was
lower in the treatment group. There are a few
randomized controlled trials of CoQ10 for CHF
published in peer-reviewed journals (Table 3).81– 85
In general, no improvement in ejection fraction
measured by radionuclide ventriculography,82,83,85 or
echocardiography84 has been observed with CoQ10
supplementation; a single study81 demonstrated improved ejection fraction using obsolete methods. A
treatment benefit of CoQ10 with respect to maximal
exercise capacity has not been consistently observed
and no benefit has been detected with respect to
peak oxygen consumption during exercise or quality
of life as measured by the Minnesota “Living with
Heart Failure” Questionnaire. To our knowledge no
studies have demonstrated a benefit of CoQ10 with
respect to mortality. Thus, the existing evidence does
not warrant the recommendation of CoQ10 as a
therapy for patients with CHF.

Table 3—Studies of CoQ10 in Patients With CHF*
Study Design
(Participants, No.)

Dose, mg/d

Langsjoen et al81

Crossover (19)

100

Permanetter et al82

Crossover (25)

100

Hofman-Bang et al83

Crossover (79)

100

Watson et al84

Parallel (30)

100

Khatta et al85

Parallel (55)

200

Source

LVEF (Method of
Measurement)
Increased (systolic time
intervals)
Unchanged (radionuclide
angiography)
Unchanged (radionuclide
angiography)
Unchanged
(echocardiography
Simpsons rule)
Unchanged (radionuclide
angiography)

Other Results
Stroke volume increased
Cardiac output unchanged
LV dimensions unchanged
Exercise capacity unchanged
Exercise capacity increased
Quality of life increased
Cardiac output unchanged
PCWP unchanged
Quality of life unchanged
Peak oxygen consumption unchanged
Exercise capacity unchanged

*PCWP ⫽ pulmonary capillary wedge pressure; LVEF ⫽ LV ejection traction.
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Carvedilol
The utility of both selective and nonselective
␤-blockers for the treatment of CHF has been
definitively established in large clinical trials.5,86
Carvedilol is a nonselective ␤-blocker that has generated additional interest because of its purported
antioxidant properties in vitro.87 To date, however, it
has not been demonstrated that treatment with
carvedilol has any benefits with respect to long-term
clinical outcomes compared to ␤-blockers such as
metoprolol that are not considered significant antioxidants.88 –90 Carvedilol may reduce cardiac sympathetic activation more than metoprolol, an effect that
is attributed to greater adrenergic blockade than to
any antioxidant effect.91 A direct comparison90 of
carvedilol to metoprolol in the treatment of CHF has
demonstrated no difference in their effects on malondialdehyde (measured in plasma by the TBARS
assay). Both drugs were associated with a similar
improvement in ejection fraction and similar decreases in plasma malondialdehyde after 6 months of
treatment. These results draw attention to the fact
that TBARS may simply be elevated in heart failure
because of impaired clearance, and decreased because of the hemodynamic improvement observed
with both drugs, rather than any antioxidant effect of
carvedilol.
Conclusion
The existing evidence for a role of oxidative stress
in the pathophysiology of CHF in humans is not
compelling. Measurement of free-radical activity in
vivo in humans is not straightforward. Studies relating markers of oxidative stress to CHF have been
small and have demonstrated an association at best.
Attempts to demonstrate a relationship between
these markers and the severity of heart failure have
been conflicting. Attempts to elucidate the status of
antioxidant defenses have also been inconsistent.
Finally, clinical trials of antioxidant therapy for CHF
are few in number and, thus far, have failed to
demonstrate convincing benefits.
In vitro and in vivo experiments in animal models
consistently provide support for the role of oxidative
stress in promulgating LV dysfunction. This extensive body of literature continues to suggest that there
is great potential benefit in therapies that can decrease oxidative stress in humans with CHF. However, several issues must be addressed in order for
clinical studies in humans to move forward. The
absence of a means to reliably measure free-radical
activity in humans in vivo remains a great limitation.
Such information is necessary to evaluate whether

specific treatments provide adequate antioxidant
protection. Such a tool would also be important to
identify subsets of the CHF population that may
exhibit particularly elevated levels of oxidative stress
and who may reap greater clinical benefit with
antioxidant therapy. Without such information, interpretation of clinical trials may yield incorrect
conclusions because of inadequate antioxidant
agents or because of inclusion of patients less likely
to benefit.92 To date, for a variety of disease states,
studies of the commonly available oral antioxidant
vitamins have demonstrated marginal therapeutic
efficacy. Further study is required to identify treatments, either individually or in combination, that
may have more potent antioxidant properties in vivo.
Besides examining the effects of long-term administration of antioxidant treatment, experiments that
explore the effects of acute manipulation of redox
environment on cardiac function in vivo are also
important and ongoing.26,93
Although much of the experimental evidence of
oxidative stress in humans with CHF remains preliminary, the use of vitamins and other nutraceuticals
that purport antioxidant properties receives much
publicity in the popular press. Many patients continue to consume vitamin supplements, often without informing their physicians. Unfortunately, the
evidence thus far is insufficient to support or negate
the oxidative stress hypothesis of CHF and, at
present, the use of antioxidants cannot be recommended as a specific therapy for this condition.
References
1 Cross CE, Halliwell B, Borish ET, et al. Oxygen radicals and
human disease. Ann Intern Med 1987; 107:526 –545
2 Fridovich I. The biology of oxygen radicals: the superoxide
radical is an agent of oxygen toxicity; superoxide dismutases
provide an important defense. Science 1978; 201:875– 880
3 Halliwell B. Free radicals and antioxidants: a personal view.
Nutr Rev 1994; 1:253–265
4 The SOLVD Investigators. Effect of enalapril on survival in
patients with reduced left ventricular ejection fraction and
congestive heart failure. N Engl J Med 1991; 325:293–302
5 Effect of metoprolol CR/XL in chronic heart failure: Metoprolol CR/XL Randomised Intervention Trial in Congestive
Heart Failure (MERIT-HF). Lancet 1999; 353:2001–2007
6 Pitt B, Zannad F, Remme WJ, et al. The effect of spironolactone on morbidity and mortality in patients with severe
heart failure: Randomized Aldactone Evaluation Study Investigators. N Engl J Med 1999; 341:709 –717
7 Rajagopalan S, Kurz S, Munzel T, et al. Angiotensin IImediated hypertension in the rat increases vascular superoxide production via membrane NADH/NADPH oxidase activation. J Clin Invest 1996; 97:1916 –1923
8 Singal PK, Beamish RE, Dhalla NS. Potential oxidative
pathways of catecholamines in the formation of catecholamines in the formation of lipid peroxidation. Adv Exp
Med Biol 1983; 161:391– 401

CHEST / 120 / 6 / DECEMBER, 2001

Downloaded From: http://publications.chestnet.org/ on 03/26/2014

2043

9 Habib FM, Springall DR, Davies GJ, et al. Tumour necrosis
factor and inducible nitric oxide synthase in dilated cardiomyopathy. Lancet 1996; 347:1151–1155
10 Oyama J, Shimokawa H, Momii H, et al. Role of nitric oxide
and peroxynitrite in the cytokine-induced sustained myocardial dysfunction in dogs in vivo. J Clin Invest 1998; 101:2207–
2214
11 Ozawa T, Tanaka M, Sugiyama S, et al. Multiple mitochondrial DNA deletions exist in cardiomyocytes of patients with
hypertrophic or dilated cardiomyopathy. Biochem Biophys
Res Commun 1990; 170:830 – 836
12 Dhalla AK, Hill MF, Singal PK. Role of oxidative stress in
transition of hypertrophy to heart failure. J Am Coll Cardiol
1996; 28:506 –514
13 Hill MF, Singal PK. Right and left myocardial antioxidant
responses during heart failure subsequent to myocardial
infarction. Circulation 1997; 96:2414 –2420
14 Goldhaber JI, Ji S, Lamp ST, et al. Effects of exogenous free
radicals on electromechanical function and metabolism in
isolated rabbit and guinea pig ventricle. J Clin Invest 1989;
83:1800 –1809
15 Kim M, Akera T. O2 free radicals: cause of ischemiareperfusion injury to cardiac Na⫹-K⫹-ATP’ase. Am J Physiol
1987; 252:H252–H257
16 Kaneko M, Beamish RE, Dhalla NS. Depression of heart
sarcolemmal Ca2⫹-pump activity by oxygen free radicals.
Am J Physiol 1989; 256:H368 –H374
17 Rowe GT, Manson NH, Caplan M, et al. Hydrogen peroxide
and hydroxyl radical mediate leukocyte depression of cardiac
sarcoplasmic reticulum: participation of the cyclooxygenase
pathway. Circ Res 1983; 53:584 –591
18 Blaustein AS, Schine L, Brooks WW, et al. Influence of
exogenously generated oxidant species on myocardial function. Am J Physiol 1986; 250:H595–H599
19 Schrier GM, Hess ML. Quantitative identification of superoxide anion as a negative inotropic species. Am J Physiol 1988;
255:H138 –H143
20 Burton KP, McCord JM, Ghai G. Myocardial alterations due
to free-radical generation. Am J Physiol 1984; 246:H776 –
H783
21 Gottlieb RA, Burleson KO, Kloner RA, et al. Reperfusion
injury induces apoptosis in rabbit cardiomyocytes. J Clin
Invest 1998; 94:1621–1628
22 Bolli R, Zhu WX, Hartley CJ, et al. Attenuation of dysfunction
in the postischemic “stunned” myocardium by dimethylthiourea. Circulation 1987; 76:458 – 468
23 Bolli R, Zughaib M, Li XY, et al. Recurrent ischemia in the
canine heart causes recurrent bursts of free radical production that have a cumulative effect on contractile function: a
pathophysiological basis for chronic myocardial “stunning.”
J Clin Invest 1995; 96:1066 –1084
24 Doroshow JH. Effect of anthracycline antibiotics on oxygen
radical formation in rat heart. Cancer Res 1983; 43:460 – 472
25 Siveski-Iliskovic N, Kaul N, Singal PK. Probucol promotes
endogenous antioxidants and provides protection against adriamycin-induced cardiomyopathy in rats. Circulation 1994;
89:2829 –2835
26 Ukai T, Cheng CP, Tachibana H, et al. Allopurinol enhances
the contractile response to dobutamine and exercise in dogs
with pacing-induced heart failure. Circulation 2001; 103:750 –
755
27 Dhalla NS, Temsah RM, Netticadan T. Role of oxidative
stress in cardiovascular diseases. J Hypertens 2000; 18:655–
673
28 Ball AMM, Sole MJ. Oxidative stress and the pathogenesis of
heart failure. Cardiol Clin 1998; 16:665– 675
29 Myers CE, McGuire WP, Liss RH, et al. Adriamycin: the role
2044

Downloaded From: http://publications.chestnet.org/ on 03/26/2014

30

31

32

33

34

35
36

37

38

39

40

41

42

43
44
45
46
47
48
49

of lipid peroxidation in cardiac toxicity and tumor response.
Science 1977; 197:165–167
Singal PK, Deally CMR, Weinberg LE. Subcellular effects of
adriamycin in the heart: a concise review. J Mol Cell Cardiol
1987; 19:817– 828
Wiseman LR, Spencer CM. Dexrazoxane: a review of its use
as a cardioprotective agent in patients receiving anthracycline-based chemotherapy. Drugs 1998; 56:385– 403
Edes I, Toszegi A, Csanady M, et al. Myocardial lipid
peroxidation in rats after chronic alcohol ingestion and the
effects of different antioxidants. Cardiovasc Res 1986; 20:
542–548
Xu GL, Wang SC, Gu BQ, et al. Further investigation on the
role of selenium deficiency in the etiology and pathogenesis
of Keshan disease. Biomed Environ Sci 1997; 10:316 –326
McMurray J, McLay J, Chopra M, et al. Evidence for
enhanced free radical activity in chronic congestive heart
failure secondary to coronary artery disease. Am J Cardiol
1990; 65:1261–1262
Belch JJF, Bridges A, Scott N, et al. Oxygen free radical and
congestive heart failure. Br Heart J 1991; 65:245–248
McMurray J, Chopra M, Abdullah I, et al. Evidence of
oxidative stress in chronic heart failure in humans. Eur
Heart J 1993; 14:1493–1498
Diaz-Velez DR, Garcia-Castineiras G, Mendoza-Ramos E, et
al. Increased malondialdehyde in peripheral blood of patients
with congestive heart failure. Am Heart J 1996; 131:146 –152
Nishiyama Y, Ikeda H, Haramaki N, et al. Oxidative stress is
related to exercise intolerance in patients with heart failure.
Am Heart J 1997; 135:115–120
Keith M, Geranmayegan A, Sole MJ, et al. Increased oxidative stress in patients with congestive heart failure. J Am Coll
Cardiol 1998; 31:1352–1356
Mallat Z, Philip I, Lebret M, et al. Elevated levels of
8-iso-prostaglandin F2␣ in pericardial fluid of patients with
heart failure: a potential role for in vivo oxidant stress in
ventricular dilatation and progression to heart failure. Circulation 1998; 97:1536 –1539
Mak S, Lehotay DC, Yazdanpanah M, et al. Unsaturated
aldehydes including 4-OH-nonenal are elevated in patients
with congestive heart failure. J Card Fail 2000; 6:108 –114
Stadtman EF, Berlett BS. Reactive oxygen-mediated protein
oxidation in aging and disease. Drug Metab Rev 1998;
30:225–243
Gutteridge JMC, Halliwell B. The measurement and mechanism of lipid peroxidation in biological systems. Trends
Biochem Sci 1990; 15:129 –135
Janero DR. Malondialdehyde and thiobarbituric acid-reactivity as diagnostic indices of lipid peroxidation and peroxidative
tissue injury. Free Radic Biol Med 1990; 9:515–540
Gutteridge JMC. Thiobarbituric acid-reactivity following iron
dependent free radical damage to amino acids and carbohydrates. FEBS Lett 1981; 128:343–346
Holley AC, Cheesman KH. Measuring free radical reactions
in vivo. Br Med Bull 1993; 49:494 –505
Esterbauer H, Zollner H. Methods for determination of
aldehydic lipid peroxidation products. Free Radic Biol Med
1989; 7:197–203
Yeo HC, Helbock HJ, Chyu DW, et al. Assay of malondialdehyde in biological fluids by gas chromatography-mass
spectrometry. Anal Biochem 1994; 220:391–396
Luo XP, Yazdanpanah M, Bhooi N, et al. Determination of
aldehydes and other lipid peroxidation products in biological
samples by gas chromatography-mass spectrometry. Anal
Biochem 1995; 228:294 –298
Reviews

50 Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of 4-hydroxynonenal, malondialdehyde and related
aldehydes. Free Radic Biol Med 1991; 11:81–128
51 Witz G. Biological interactions of ␣,␤-unsaturated aldehydes.
Free Radic Biol Med 1988; 7:333–349
52 Morrow JD, Harris TM, Roberts LJI. Noncyclooxygenase
oxidative formation of a series of novel prostaglandins: analytical ramifications for measurement of eicosanoids. Anal
Biochem 1990; 184:1–10
53 Morrow JD, Frei B, Longmire AW, et al. Increase in
circulating products of lipid peroxidation (F2-isoprostanes) in
smokers: smoking as a cause of oxidative damage. N Engl
J Med 1995; 332:1198 –1203
54 Delanty N, Reilly MP, Pratico D, et al. 8-epi PFG2␣ generation during coronary reperfusion: a potential quantitative
marker of oxidant stress in vivo. Circulation 1997; 95:2482–
2499
55 Reilly MP, Delanty N, Lawson JA, et al. Modulation of
oxidant stress in vivo in chronic cigarette smokers. Circulation
1996; 94:19 –25
56 Reilly MP, Lankford EB, Tigges J, et al. Isoprostane generation is not increased in chronic heart failure in man [abstract]. Circulation 1999; 100:I–261
57 Ashton T, Young IS, Peters JR, et al. Electron spin resonance
spectroscopy, exercise, and oxidative stress: an ascorbic acid
intervention study. J Appl Physiol 1999; 87:2032–2036
58 Narkowicz CK, Vial JH, McCartney PW. Hyperbaric oxygen
therapy increases free radical levels in the blood of humans.
Free Radic Res Commun 1993; 19:71– 80
59 Yucel D, Aydogdu S, Cehreli S, et al. Increased oxidative
stress in dilated cardiomyopathic heart failure. Clin Chem
1998; 44:148 –154
60 Ito K, Akita H, Kanazawa K, et al. Comparison of effects of
ascorbic acid on endothelium-dependent vasodilation in patients with chronic congestive heart failure secondary to
idiopathic dilated cardiomyopathy versus patients with effort
angina pectoris secondary to coronary artery disease. Am J
Cardiol 1998; 82:762–767
61 Hill MF, Singal PK. Antioxidant and oxidative stress changes
during heart failure subsequent to myocardial infarction in
rats. Am J Pathol 1996; 148:291–300
62 Singal PK, Kirshenbaum LA. A relative deficit in antioxidant
reserve may contribute in cardiac failure. Can J Cardiol 1990;
6:47– 49
63 Dieterich S, Bieligk U, Beulich K, et al. Gene expression of
antioxidative enzymes in the human heart: increased expression of catalase in the end-stage failing heart. Circulation
2000; 101:33–39
64 Baumer AT, Flesch M, Wang X, et al. Antioxidative enzymes
in human hearts with idiopathic dilated cardiomyopathy. J
Mol Cell Cardiol 2000; 32:121–130
65 Hornig B, Arakawa N, Kohler C, et al. Vitamin C improves
endothelial function of conduit arteries in patients with
chronic heart failure. Circulation 1998; 97:363–368
66 Ting H, Timimi FK, Boles KS, et al. Vitamin C improves
endothelium-dependent vasodilation in patients with noninsulin-dependent diabetes mellitus. J Clin Invest 1996;
97:22–28
67 Ting HH, Timimi FK, Haley EA, et al. Vitamin C improved
endothelium-dependent vasodilation in forearm resistance
vessels of humans with hypercholesterolemia. Circulation
1997; 95:2617–2622
68 Blot WJ, Li JY, Taylor PR, et al. Nutrition intervention trials
in Linxian, China: supplementation with specific vitamin/
mineral combinations, cancer incidence and disease-specific
mortality in the general population. J Natl Cancer Inst 1993;
85:1483–1492

69 The Alpha-Tocopherol BCCPSG: the effect of vitamin E and
beta carotene on the incidence of lung cancer and other
cancers in male smokers. N Engl J Med 1994; 330:1029 –1035
70 Ghatak A, Brar MJS, Agarwal A, et al. Oxy free radical system
in heart failure and therapeutic role of oral vitamin E. Int
J Cardiol 1996; 57:119 –127
71 Keith ME, Jeejeebhoy KN, Langer A, et al. A controlled
clinical trial of vitamin E supplementation in patients with
congestive heart failure. Am J Clin Nutr 2001; 73:219 –224
72 Hennekens CH, Buring JE, Manson JE. Lack of effect of long
term supplementation with beta carotene on the incidence of
malignant neoplasms and cardiovascular disease. N Engl
J Med 1998; 334:1145–1149
73 Omenn GS, Goodman GE, Thornquist MD, et al. Effects of
a combination of beta carotene and vitamin A on lung cancer
and cardiovascular disease. N Engl J Med 1996; 334:1150 –
1155
74 Stephens NG, Parsons A, Schofield AM, et al. Randomised
controlled trial of vitamin E in patients with coronary disease:
Cambridge Heart Antioxidant Study (CHAOS). Lancet 1996;
347:781–786
75 Rapola JM, Virtamo J, Ripatti S, et al. Effects of ␣ tocopherol
and ␤ carotene supplements on symptoms, progression, and
prognosis of angina pectoris. Heart 1998; 79:454 – 458
76 The Heart Outcomes Prevention Evaluation Study Investigators. Vitamin E supplementation and cardiovascular events in
high-risk patients. N Engl J Med 2000; 342:154 –160
77 GISSI-Prevenzione Investigators. Dietary supplementation
with n-3 polyunsaturated fatty acids and vitamin E after
myocardial infarction: results of the GISSI-Prevenzione trial.
Lancet 1999; 354:447– 455
78 Padayatty SJ, Levine M. New insights into the physiology and
pharmacology of vitamin C. Can Med Assoc J 2001; 164:353–
355
79 Overvad K, Diamant B, Holm L, et al. Coenzyme Q10 in
health and disease. Eur J Clin Nut 1999; 53:764 –770
80 Morisco C, Trimarco B, Condorelli M. Effect of coenzyme
Q10 therapy in patients with congestive heart failure: a
long-term multicenter randomized study. Clin Invest 1993;
71:S134 –S136
81 Langsjoen PH, Vadhanavikit S, Folkers K. Response of
patients in classes III and IV of cardiomyopathy to therapy in
a blind and crossover trial with coenzyme Q10. Proc Natl Acad
Sci U S A 1985; 82:4240 – 4244
82 Permanetter B, Rossy W, Klein G, et al. Ubiquinone (coenzyme Q10) in the long-term treatment of idiopathic dilated
cardiomyopathy. Eur Heart J 1992; 13:1528 –1533
83 Hofman-Bang C, Rehnquist N, Swedberg K, et al. Coenzyme
Q10 as an adjunctive in the treatment of chronic congestive
heart failure. J Card Fail 1995; 1:101–107
84 Watson PS, Scalia GM, Galbraith A, et al. Lack of effect of
coenzyme Q on left ventricular function in patients with
congestive heart failure. J Am Coll Cardiol 1999; 33:1549 –
1552
85 Khatta M, Alexander BS, Krichten CM, et al. The effect of
coenzyme Q10 in patients with congestive heart failure. Ann
Intern Med 2000; 132:636 – 640
86 Packer M, Bristow MR, Cohn JN, et al. The effect of
carvedilol on morbidity and mortality in patients with chronic
heart failure. N Engl J Med 1996; 334:1349 –1355
87 Rabasseda X. Carvedilol: an effective antihypertensive drug
with antiischemic/antioxidant cardioprotective properties.
Drugs Today 1998; 34:905–926
88 Metra M, Giubbini R, Nodari S, et al. Differential effects of
␤-blockers in patients with heart failure: a prospective,
randomized, double-blind comparison of the long-term efCHEST / 120 / 6 / DECEMBER, 2001

Downloaded From: http://publications.chestnet.org/ on 03/26/2014

2045

fects of metoprolol versus carvedilol. Circulation 2000; 102:
546 –551
89 Sanderson JE, Chan SKW, Yip G, et al. ␤-Blockade in heart
failure: a comparison of carvedilol with metoprolol. J Am Coll
Cardiol 1999; 34:1522–1528
90 Kukin ML, Kalman J, Charney RH, et al. Prospective,
randomized comparison of effect of long-term treatment with
metoprolol or carvedilol on symptoms, exercise, ejection
fraction, and oxidative stress in heart failure. Circulation
1999; 99:2645–2651

2046

Downloaded From: http://publications.chestnet.org/ on 03/26/2014

91 Gilbert EM, Abraham WT, Olsen S, et al. Comparative
hemodynamic, left ventricular functional, and antiadrenergic effects of chronic treatment with metoprolol versus
carvedilol in the failing heart. Circulation 1996; 94:2817–
2825
92 Witztum JL. To E or not to E: how do we tell? Circulation
1998; 50:2785–2787
93 Mak S, Newton GE. Vitamin C augments the inotropic
response to dobutamine in humans with normal left ventricular function. Circulation 2001; 103:826 – 830

Reviews

