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Mitochondrial Oxidative Stress and Heart Failure

Hiroyuki Tsutsui '

Abstract

Recent experimental and clinical studies have suggested that oxidative stress is enhanced in heart failure.
Chronic increases in oxygen radical production in the mitochondria can lead to a catastrophic cycle of mito-
chondrial DNA (mtDNA) damage as well as functional decline, further oxygen radical generation, and cellu-
lar injury. Reactive oxygen species induce myocyte hypertrophy, apoptosis, and interstitial fibrosis by activat-
ing matrix metalloproteinases. These cellular events play an important role in the development and progres-
sion of maladaptive cardiac remodeling and failure. Overexpression of mitochondrial transcription factor A
(TFAM) could ameliorate the decline in mtDNA copy number and preserve it at a normal level in failing
hearts. Consistent with alterations in mtDNA, the decrease in oxidative capacities was also prevented. There-
fore, the activation of TFAM expression could ameliorate the pathophysiological processes seen in myocar-
dial failure. Inhibition of mitochondrial oxidative stress and DNA damage could be the most effective and

novel treatment strategies for heart failure.
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Introduction

Heart failure is a leading cause of morbidity and mortality
in industrialized countries (1). It is also a growing public
health problem, mainly because of aging of the population
and the increase in the prevalence of heart failure in the eld-
erly. Previous basic, clinical, and population sciences have
advanced the modern treatment of heart failure. Despite ex-
tensive studies, the fundamental mechanisms responsible for
the development and progression of left ventricular (LV)
failure have not yet been fully elucidated.

Reactive oxygen species (ROS) such as superoxide anions

(-:Oy) and hydroxy radicals (-OH) cause the oxidation of
membrane phospholipids, proteins, and DNAs (2) and have
been implicated in a wide range of pathological conditions
including ischemia-reperfusion injury, neurodegenerative dis-
eases, and aging. Under physiological conditions, their toxic
effects can be prevented by such scavenging enzymes as su-
peroxide dismutase (SOD), glutathione peroxidase (GSHPx),
and catalase as well as by other non-enzymatic antioxidants.
However, when the production of ROS becomes excessive,
oxidative stress might have a harmful effect on the func-
tional and structural integrity of biological tissue.

Recent experimental and clinical studies have suggested
the generation of ROS to increase in heart failure (3-6).
ROS cause contractile failure and structural damage in the
myocardium. The importance of oxidative stress is increas-
ingly emerging with respect to a pathophysiological mecha-
nism of LV remodeling responsible for heart failure progres-
sion.

By using electron spin resonance (ESR) spectroscopy
combined with the nitroxide radical, 4-hydroxy-2,2,6,6-
tetramethyl-piperidine-N-oxyl (hydroxy-TEMPO), a defini-
tive and direct demonstration of enhanced generation of
ROS was obtained in the failing myocardium (7). -O, is a
primary radical that could lead to the formation of other
ROS, such as H,O, and -OH, in the failing myocardium.
‘OH could arise from the electron exchange between -O,
and H,O, via the Harber-Weiss reaction. In addition, -OH is
also generated by the reduction of H.O, in the presence of
endogenous iron by means of the Fenton reaction. The gen-
eration of -OH implies a pathophysiological significance of
ROS in heart failure since -OH radicals are the predominant
oxidant species causing cellular injury.

The decreased antioxidant capacity could further aggra-
vate the ROS accumulation in heart failure. However, the
activities of SOD, catalase, and GSHPx were not decreased
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in the failing hearts (8), indicating that oxidative stress in
heart failure is primarily due to the enhancement of prooxi-
dant generation rather than to the decline in antioxidant de-
fense.

Mitochondria as a source of oxidative stress

The cellular sources of ROS generation within the heart
include cardiac myocytes, endothelial cells, and neutrophils.
Within cardiac myocytes, ROS can be produced by several
mechanisms including mitochondrial transport,
NADPH oxidase, and xanthine dehydrogenase/xanthine oxi-
dase.

By wusing ESR spectroscopy with 5,5’-dimethyl-1-
pyrroline-N-oxide (DMPO) as a spin trap, the inhibition of
electron transport at the sites of complex I and complex III
in the normal submitochondrial particles resulted in a sig-
nificant production of -O, (9). Mitochondria from heart fail-
ure produced more -O, than normal mitochondria in the
presence of NADH, indicating that mitochondrial electron
transport could be the predominant source of such -O. pro-
duction. Furthermore, heart failure mitochondria were asso-
ciated with a decrease in complex enzyme activity. There-
fore, mitochondria are the predominant source of ROS in
failing hearts, indicating a pathophysiological link between
mitochondrial dysfunction and oxidative stress (10) as has
been reported in other disease conditions including aging
and neurodegenerative diseases.

electron

Consequences of oxidative stress
in heart failure

Oxidative stress and mitochondrial DNA (mtDNA)
damage

ROS can damage mitochondrial macromolecules either at
or near the site of their formation. Therefore, in addition to
the role of mitochondria as a source of ROS, the mitochon-
dria themselves can be damaged by ROS. The mtDNA
could be a major target for ROS-mediated damage for sev-
eral reasons. First, mitochondria do not have a complex
chromatin organization consisting of histone proteins, which
may serve as a protective barrier against ROS. Second,
mtDNA has a limited repair activity against DNA damage.
Third, a large part of -O,, which is formed inside the mito-
chondria, can not pass through the membranes and, hence,
ROS damage may be contained largely within the mitochon-
dria. In fact, mtDNA accumulates significantly higher levels
of the DNA oxidation product, 8-hydroxydeoxyguanosine,
than nuclear DNA (11). As opposed to nuclear-encoded
genes, mitochondrial-encoded gene expression is largely
regulated by the copy number of mtDNA (12). Therefore,
mitochondrial injury is reflected by mtDNA damage as well
as by a decline in the mitochondrial RNA (mtRNA) tran-
scripts, protein synthesis, and mitochondrial function (13,
14). We have shown that the increased generation of ROS is

associated with mitochondrial damage and dysfunction in
the failing heart, which were characterized by an increased
lipid peroxidation in the mitochondria, a decreased mtDNA
copy number, a decrease in the number of mtRNA tran-
scripts, and a reduced oxidative capacity due to low com-
plex enzyme activities (15). Chronic increases in ROS pro-
duction are associated with mitochondrial damage and dys-
function which thus can lead to a catastrophic cycle of mito-
chondrial functional decline, further ROS generation, and
cellular injury. MtDNA defects may thus play an important
role in the development and progression of myocardial re-
modeling and failure.

Oxidative stress and myocardial damage

ROS have direct effects on cellular structure and function
and may be integral signaling molecules in myocardial re-
modeling and failure. ROS result in a phenotype character-
ized by hypertrophy and apoptosis in isolated cardiac myo-
cytes (16). ROS have also been shown to activate matrix
metalloproteinase (MMP) in cardiac fibroblasts (17). Myo-
cardial MMP activity is increased in the failing hearts (18,
19). Further, an MMP inhibitor has been shown to limit
early LV dilatation in a murine model of MI (20). We have
shown the significant improvement in the survival after MI
in MMP-2 knockout mice, which was mainly attributable to
the inhibition of early cardiac rupture and the development
of subsequent LV dysfunction (21). Because MMP can be
activated by ROS (22), one proposed mechanism of LV re-
modeling is the activation of MMPs secondary to increased
ROS production. Sustained MMP activation might influence
the structural properties of the myocardium by providing an
abnormal extracellular environment with which the myo-
cytes interact. We have demonstrated that -OH scavenger, di-
methylthiourea, inhibits the activation of MMP-2 in associa-
tion with the development of LV remodeling and failure
(23). These data raise the interesting possibility that in-
creased ROS after MI can be a stimulus for myocardial
MMP activation, which might play an important role in the
development of heart failure.

Amelioration of mitochondrial oxidative stress,
mtDNA damage, and heart failure

GSHPx

The first defense mechanism against ROS-mediated car-
diac injury comprises several antioxidant enzymes including
SOD, catalase, and GSHPx. Among these antioxidants,
GSHPx is an important enzyme that performs several vital
functions. GSHPx is a key antioxidant which catalyses the
reduction of H,O, and hydroperoxides. It not only scavenges
H:0O, but also prevents the formation of other more toxic
radicals such as -OH. GSHPx possesses a higher affinity for
H,O, than catalase. Further, it is present in relatively high
amounts within the heart especially in the cytosolic and mi-
tochondrial compartments (24). These lines of evidence im-
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ply the primary importance of GSHPx as a defense mecha-
nism within the heart compared to catalase. Moreover,
GSHPx is expected to exert greater protective effects against
oxidative damage than SOD because greater dismutation of
-0, by SOD may result in an increase of H,O.. Therefore,
compared with SOD or catalase, GSHPx is thought to be
more effective in protecting cells, tissues, and organs against
oxidative damage (25).

GSHPx overexpression inhibits the development of LV re-
modeling and failure after myocardial infarction (MI), which
might contribute to the improved survival (26). These find-
ings not only extended the previous observation that em-
ployed antioxidants, but also revealed the major role of ROS
in the pathophysiology of post-MI remodeling. These effects
were associated with the attenuation of myocyte hypertro-
phy, apoptosis, and interstitial fibrosis (26). Therefore, thera-
pies designed to interfere with oxidative stress by using
GSHPx could be beneficial to prevent heart failure.

Peroxiredoxin-3 (Prx-3)

We have recently demonstrated that the overexpression of
a mitochondrial antioxidant, Prx-3, a member of peroxire-
doxin family that can scavenge H.O. in cooperation with
thiol and peroxynitrite, protects the heart against post-MI re-
modeling and failure in mice. It reduces LV cavity dilatation
and dysfunction as well as myocyte hypertrophy, interstitial
fibrosis, and apoptosis of the noninfarcted myocardium.
These beneficial effects of Prx-3 gene overexpression were
associated with the attenuation in mitochondrial oxidative
stress, mtDNA decline, and dysfunction (27). The specific
localization of Prx-3 in the mitochondria suggests that mito-
chondrial oxidative stress plays an important role in the de-
velopment and progression of heart failure and the antioxi-
dant localized specifically within the mitochondria provides
a primary line of defense against this disease process.

Mitochondrial transcription factor A (TFAM)

TFAM is a nucleus-encoded protein that binds mtDNA
and promotes transcription of mtDNA. TFAM not only
regulates mtDNA transcription and replication (28), but also
maintains mtDNA copy number. In fact, Tfam knockout
mice, which had a 50% reduction in their transcript and pro-
tein levels, exerted a 34% reduction in the mtDNA copy
number, 22% reduction in the mitochondrial transcript lev-
els, and partial reduction in the cytochrome ¢ oxidase levels
in the heart (29). Moreover, cardiac-specific disruption in
the Tfam gene in mice exhibited dilated cardiomyopathy in
association with a reduced amount of mtDNA and mito-
chondrial transcripts (30). The transfection of antisense plas-
mids in culture, designed to reduce the expression of TFAM,
effectively decreased the levels of mitochondrially encoded
transcripts (31). On the contrary, the forced overexpression
of TFAM could produce the opposite effect (32). These lines
of evidence obtained from knockout mice have established a
critical role for TFAM in regulation of mtDNA copy num-
ber and mitochondrial function as well as maintenance of

the physiological function of the heart in vivo. In addition, a
reduction in TFAM expression has been demonstrated in
several forms of cardiac failure (15, 33-35).

By using transgenic mice that overexpress human TFAM
gene, we examined whether TFAM could protect the heart
from mtDNA deficiencies and attenuate LV remodeling and
failure after MI (36). TFAM overexpression could ameliorate
the decline in mtDNA copy number and preserve it at a nor-
mal level in post-MI hearts from TFAM transgenic mice.
TFAM overexpression might increase the steady-state levels
of mtDNA by directly stabilizing mtDNA. Consistent with
alterations in mtDNA, the decrease in oxidative capacities
seen in MI was also prevented. Moreover, TFAM played an
important role in myocardial protection against remodeling
and failure. Therefore, even though one should be cautious
to extend the present results obtained from post-infarct heart
failure model into other forms of heart failure due to hyper-
tension, cardiomyopathy, or valvular heart disease, the acti-
vation of TFAM expression could ameliorate the pathophysi-
ological processes seen in myocardial failure. However, the
methods to activate TFAM especially in animal models of
heart failure or patients have not yet been established.

Several factors may be attributable to the protective ef-
fects conferred by TFAM against myocardial remodeling
and failure. First, TFAM overexpression prevented the de-
crease in mtDNA copy number and mitochondrial electron
transport function, which may contribute to the decrease in
myocardial oxidative stress. The decreased oxidative stress
could contribute to the amelioration of cardiac hypertrophy,
apoptosis, and interstitial fibrosis (36). A recent study by
Ekstrand et al demonstrated that the overexpression of hu-
man TFAM in mice increases the mtDNA copy number (37).
These lines of evidence imply the primary importance of
TFAM as a regulatory mechanism of mtDNA copy number.
TFAM has been shown to directly interact with mtDNA to
form nucleoids (38, 39). Therefore, increased TFAM may
increase the steady-state levels of mtDNA by directly bind-
ing and stabilizing mtDNA in transgenic mice. Second,
TFAM overexpression may induce mitochondrial biogenesis,
which, however, is thought to be unlikely because the num-
ber and size of the mitochondria assessed by electron mi-
croscopy were not altered.

Conclusions

To improve the prognosis of patients with heart failure,
novel therapeutic strategies based on a novel insight into the
pathophysiology of myocardial remodeling and failure need
to be developed. The approach by regulating mitochondrial
oxidative stress and DNA damage may contribute to the es-
tablishment of the effective treatment strategies for patients
with heart failure. Oxidative stress is involved not only in
heart failure, but also in various cardiovascular diseases in-
cluding atherosclerosis, hypertension, and even aging.
Therefore, therapeutic strategies to modulate this maladap-
tive response should definitely become a target for future
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extensive investigation and could have a broader application.
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