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Oxidative stress in cardiovascular disease: myth or fact?
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Abstract

Oxidative stress is a mechanism with a central role in the pathogenesis of atherosclerosis, cancer, and other chronic diseases. It

also plays a major role in the aging process. Ischemic heart disease is perhaps the human condition in which the role of oxidative

stress has been investigated in more detail: reactive oxygen species and consequent expression of oxidative damage have been

demonstrated during post-ischemic reperfusion in humans and the protective role of antioxidants has been validated in several

experimental studies addressing the pathophysiology of acute ischemia. Although an impressive bulk of experimental studies

substantiate the role of oxidative stress in the progression of the damage induced by acute ischemia, not a single pathophysiologic

achievement has had a significant impact on the treatment of patients and randomized, controlled clinical trials, both in primary and

secondary prevention, have failed to prove the efficacy of antioxidants in the treatment of ischemic cardiovascular disease. This

dichotomy, between the experimental data and the lack of impact in the clinical setting, needs to be deeply investigated: certainly,

the pathophysiologic grounds of oxidative stress do maintain their validity but the concepts of the determinants of oxidative damage

should be critically revised. In this regard, the role of intermediate metabolism during myocardial ischemia together with the cellular

redox state might represent a promising interpretative key.

� 2003 Published by Elsevier Inc.
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Oxidative stress involves any condition in which

oxidant metabolites (e.g., oxygen radicals) can exert

their toxic effects because of increased production or

altered cellular mechanisms of protection. The effects of

oxidative stress can be evidenced by cellular accumula-
tion of peroxides (e.g., lipid peroxides) or by-products,

such as malondialdehyde (MDA),1 and by oxidized

glutathione. Oxygen itself has a radical nature and can

be called a diradical, but it does not exert any major
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reactivity. The term ‘‘oxygen free radicals’’ is frequently,

but mostly wrongly, used to indicate all reactive inter-

mediates including also molecular forms that are not

radicals, e.g., hydrogen peroxide. For this reason, the

term ‘‘reactive oxygen species’’ (ROS) appears more
appropriate to indicate their effects on the organisms.

ROS are constantly formed in living organisms and the

presence of defense mechanisms is established.

In 1969, the interest in this specific field was stimu-

lated when McCord and Fridovich [1] identified super-

oxide dismutase (SOD), an enzyme that removes

superoxide radicals by catalyzing a dismutation reaction

to hydrogen peroxide and oxygen. The challenge of
understanding oxidative stress mechanisms and protec-

tion inspired so great an interest in many fields of bio-

logical research that resulted in more than 100,000 full

papers, as documented in the PubMed of the last 20

years. Interest has not yet been worn out but, on the
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contrary, is still increasing with time following an ex-
ponential pattern.

This short review will indeed focus on the increasing

interest in oxidative stress and its implications specifi-

cally with regard to the cardiological field and the per-

spective of treatment of heart diseases, e.g., infarction

and failure.
Reactive oxygen species: metabolic production and

detoxification

In a physiologic environment, various ROS are

formed by different generating systems, whereby they

exert their physiologic actions.

The bulk of oxygen reduction in most cells, such as in

the heart, occurs by the mitochondrial cytochrome ox-
idase pathway. Oxygen radicals, moreover, are involved

as key intermediates in metabolic reactions both spon-

taneous or enzymatically driven.

Some unstable radicals may also intervene in bio-

logical intracellular pathways, for example vascular re-

laxation, thus exerting crucial physiologic roles. In the

vascular endothelium, nitric oxide (NO) radicals are

produced from LL-arginine by the nitric oxide synthase
(NOS) family enzymes and cause relaxation of vascular

smooth muscle. NO radicals are also observed in gran-

ulocytes and macrophages [2,3] where they react with

superoxide anion to form hydroxyl radical.

Phagocytic cells also synthesize hypochlorous acid

through oxidation of chloride ions by hydrogen perox-

ide and the reaction is catalyzed by myeloperoxidase.

These ROS are extremely important for the phagocytic
function.

ROS production, on the other hand, can cause ex-

tensive damage. In fact, while NO has a physiologic role

in neurotransmission, blood pressure regulation, and

vasodilation [4,5], an excessive NO radical production

causes lipid peroxidation and depletion of cellular en-

ergy via disruption of mitochondrial enzymes and nu-

cleic acids [6,7]. The reaction of ROS with NO may lead
to functional damage in the endothelium. Furthermore,

when in contact with superoxide anion NO radicals

forms peroxynitrite, a highly toxic and reactive nitrogen-

based ROS [8], and trigger apoptotic cell death, espe-

cially in the nervous system [9].

In living cells, damage can be done by ROS when

tissues are exposed to high-energy radiation. The c ra-

diation, for example, causes one of the oxygen–hydro-
gen bonds in water to split, thus generating two radicals,

the hydrogen and the hydroxyl radicals. Hydroxyl rad-

icals are the most reactive radicals known to chemistry,

with a rate constant that is close to the theoretical value

for bimolecular reactions. They interact therefore

immediately with any biological molecule to produce

cellular damage [10,11].
Among the several oxidative effects the most ‘‘popu-
lar’’ is lipid peroxidation, that occurs when a strong

oxidant is generated close to cell membranes. This, after

combination with oxygen through peroxyl radical for-

mation, leads to lipid hydroperoxidation with mem-

brane disruption and highly cytotoxic products such as

MDA.

Organisms have developed primary systems to pro-

tect themselves against generation and damage by ROS.
These mechanisms of detoxification in the heart have

been profoundly studied and the most active are en-

zymes such as SOD, catalase, and glutathione peroxi-

dase [1,12–14].

Secondary systems are also present. a-Tocopherol, or
vitamin E, is found in cell membranes and circulating

lipoproteins and appears to be the most important lipid-

soluble chain-breaking antioxidant in vivo in humans
[15,16].

Cells also contain systems to specifically contrast oxi-

dative damage in DNA [17], proteins [18], and lipids [19].

Oxidative damage by ROS has been documented in a

number of experimental studies from subcellular to or-

gans to in vitro and in vivo models [20–26]. In vivo

production of ROS has been indirectly demonstrated in

experimental hypoxic and ischemic hearts, via mea-
surement of oxidized glutathione and by the use of an-

tioxidants or enzymes [27–36]. Direct detection via

electron spin resonance coupled to spin-trapping agents

has also been shown [37–40].

Oxidative stress has been evidenced for the first time

in human heart during by-pass surgery, where oxidized

glutathione has been detected by measuring the artero-

venous difference [41,42]: oxidized glutathione accumu-
lation was found to negatively correlate with functional

recovery. Also in other human studies, such as after

myocardial infarction or in heart failure, oxidative stress

was involved in the pathogenesis and/or progression of

the disease and identified through determination of ox-

idized glutathione or release of inflammatory mediators

and breath penthane [43–50].
Oxidative stress: myth or fact?

Numerous clinical trials have been designed on the

pathophysiologic hypotheses identified in the experi-

mental studies carried out in the previous years. ROS

are involved in the development and progression of

various cardiac diseases [41–45] and oxidative stress, as
a pathologic determinant, is a widely accepted concept.

Unsaturated fatty acids in membranes, thiol groups

in proteins, and nucleic acids are important targets in

oxidative stress [51].

Established risk factors such as hypertension, smok-

ing, environmental related diseases, etc., are all associ-

ated with increased oxidative stress due to excess ROS
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activity [19]. When interest in oxidative damage in car-
diology started, unsaturated fatty acids appeared to be

the likely initial oxidative target and lipid peroxidation

appeared to be a reliable explanation for the dramatic

structural changes of cellular membranes and the loss of

ion homeostasis occurring upon post-ischemic reperfu-

sion [52,53].

As a consequence of the convincing evidences ob-

tained from experimental research and pathophysiologic
studies conducted in humans, it was thought that ma-

nipulation of oxidative stress should reflect an effective

improvement in the treatment of heart disease patients.

Unfortunately, not a single pathophysiologic achieve-

ment in the field of oxidative stress has had a significant

impact on the cardiologic therapy so far.

Recent primary prevention clinical studies have in-

vestigated the role of antioxidants, mainly vitamin E, on
patients at risk of cardiovascular diseases. Large pre-

vention studies with an overall combined total popula-

tion of 20,865 patients failed to indicate any benefit from

treatment with randomized vitamin E (HOPE, GISSI)

against death from all causes and/or on cardiovascular

outcomes [54,55].

On the basis of these data, antioxidants, such as vi-

tamin E, are not, at the moment, indicated for the
treatment or prevention of coronary artery disease. The

American Heart Association makes no specific recom-

mendation regarding supplements of vitamin E or

b-carotene for the general population in primary pre-

vention or as nutritional advice [American Heart

Association Eating Plan for Healthy Americans, 2000].
What went wrong with oxidative stress in the clinical

practice?

Evidence for a role of oxidative damage in the

pathophysiology of many diseases is clear and indis-

putable: the inconsistency with clinical results does not

reduce its importance. It is critical therefore to under-

stand the reasons for the lack of correspondence be-
tween experimental and human studies. Could the

reason be on our understanding of the important de-

terminants of oxidative stress?

In our view, this inconsistency may arise from several

reasons that can be summarized in the problems with: (i)

the concept, (ii) the methodology, and (iii) the mecha-

nisms of oxidative stress in humans.

Concerning the concept, it is common knowledge that
ROS are strong oxidants and are very toxic in view of

their high reactivity. However, this is not entirely true:

superoxide anion, for instance, is not a strong oxidant,

but becomes a weak reductant in aqueous solutions at

neutral pH. The availability of a proton to neutralize the

charge restricts its ability to act as an oxidant. As a re-

ductant it participates in nucleophilic reactions and
competes with dismutation. Under this condition, su-
peroxide does not appear to have the necessary reac-

tivity to act as a deleterious or cytotoxic species. On the

other hand, superoxide anion can readily react with

ferric ion and with non-heme-iron–sulfur compounds

and other forms of chelated iron complexes leading to

release of ferrous ion, which can undergo the Fenton

reaction to form highly reactive radical species. Never-

theless, whether, how, and when these chemical species
occur in the progression of cardiovascular disease needs

indeed to be demonstrated.

Concerning the methodology, oxidative stress, as

seen before, involves disarrangement of membranes,

MDA formation and lipid peroxidation, protein strand

scission, protein cross-linking, and lipid–protein cross-

linking. The methodology used in basic research labo-

ratories has so far been applied directly to the clinical
setting and to complex systems in vivo, with no modi-

fication of the techniques and perhaps with false results.

The best example, from our point of view, is the MDA

determination. MDA is a by-product of lipid peroxi-

dation that has been assayed for a long time by the

thiobarbituric acid (TBA) test, a reaction at high tem-

perature between unstable lipid intermediates and a dye.

This test is not easily applicable and reliable in complex
biological material and should be applied in human

studies with great care. For instance, we have demon-

strated that, in the whole heart, TBA-reactive material—

measured by the commonly used TBA test—does not

correspond to MDA measured by high performance

liquid chromatography (HPLC) [56]. During ischemia

and reperfusion, TBA reactive material, chemically

unidentified and unlikely to represent by-products of
lipid peroxidation, accumulates. Its increase does not

correspond to true MDA, which is actually lower in

ischemia as a consequence of the low tension of oxygen.

Accordingly, it can well be that artifactual results would

have been obtained if MDA measurement is carried out

from application of the TBA test under non-optimal

conditions [51].

Concerning mechanisms, lipid peroxidation, experi-
mentally demonstrated and target for antioxidants in

primary prevention trials (vitamin E), may not represent

the right target to address in clinical studies. That is to

say that lipid peroxidation is likely to be the ultimate

step of oxidative stress, usually preceded by many other

steps which can just be functional and not structural,

but important as targets for antioxidative tools.

Recently, a crucial role of cellular redox state as a
possible early target of oxidative damage has been

brought into focus. Cellular glutathione and thiol status

are reduced during myocardial ischemia with no accu-

mulation of oxidized glutathione, but with a concomi-

tant decreased enzymatic activity of Mn-SOD. With

reperfusion and readmission of oxygen also oxidized

glutathione is accumulated and released [29,42].
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Ischemia and reperfusion damage leads to abnor-
malities of intermediate metabolism which may alter the

ultimate effect of oxidative stress. Among the many

biochemical lesions occurring during myocardial ische-

mia and reperfusion, an inadequate synthesis of

NADPH with effects on all redox states of thiols has

been demonstrated. These effects influence other im-

portant equilibrium reactions. The decrease, in NADPH

during ischemia may therefore contribute to explain the
depletion of reduced glutathione and of total-SH, that

was difficult to justify after observation of proton and

reducing equivalent accumulation. Fig. 1 shows some

important equilibrium reactions that regulate the inter-

play of reducing equivalents in the cell, and therefore

determine modification of the equilibrium after alter-

ation of one of these substances following oxidative

stress. Oxidation of glucose-6-phosphate through the
hexose monophosphate shunt provides, under physio-

logic conditions, the reducing equivalents (NADPH) for

equilibrium activity of glutathione reductase and for

major reactions of intermediate metabolism including

those for the reduction of thioredoxin by thioredoxin

reductase. NADPH is also a source of electrons for

many biosynthetic reactions. Under ischemic conditions,

a reduction of NADPH supply directly affects glutathi-
one status and leads to accumulation of oxidized glu-

tathione that cannot be reduced by glutathione

reductase. At this point, other sources of SH groups, i.e.,

proteins, may become important as cellular defenses to

reconstitute the reduced glutathione via glutathione S-

transferase, leading to mixed sulfide formation [57,58].

Involvement of thiol oxidation and/or modification

of redox state in proteins and channels is likely to alter
ion homeostasis, or enzymatic activity of proteins in-

volved in cardiac metabolism, such as glucose-6-phos-

phate dehydrogenase, pyruvate kinase, and malate

dehydrogenase. Thiol oxidation or disulfide formation

in proteins may lead to functional alteration such as the

increase in diastolic pressure. ROS effects, involving ion

channels, ATPases, and exchangers, produce alterations
Fig. 1. Schematic representation of the interdependence of intracellular

thiol pools and pyridine nucleotide redox couples.
in intracellular calcium homeostasis, with transient in-
tracellular calcium overload, decreased sensitivity of

myofilaments to calcium, excitation-contraction uncou-

pling, and changes in sarcolemmal ion movements, such

as activation of sodium/calcium exchange secondary to

the activation of sodium/hydrogen exchange or leuko-

cyte activation [59–66]. Also, a role of thiol oxidation

in the initiation of the apoptotic process has been

hypothesized [67].
Conclusive remarks

It is unthinkable not to consider that large clinical
studies have given unexpected negative results on the

protective effect of antioxidants. On the other hand,

oxidative stress is the cause of many progressive cardiac

diseases, as amply demonstrated in animal and human

studies. This points out a dichotomy between strong

pathophysiologic evidence and the myth of a drug useful

for patients.

A second thought needs to be given to the reasons
why this led to the discrepancy between the impressive

bulk of evidence from experimental studies and the

failure of medical treatment in clinical trials. Promising

perspectives are, in our view, opened by the concept that

very early phases of oxidative damage are only func-

tional changes of the cellular redox metabolism. Indeed,

further studies are needed to elucidate the relevance of

these observations in the clinical setting.
Acknowledgments

This review was supported by a grant from MURST
40% entitled: ‘‘Relationship between cytokines, apop-

tosis, and hypertrophy in ventricular and vascular re-

modeling: experimental and clinical studies’’ and from

Fondazione Cassa di Risparmio, Ferrara.
References

[1] J.M. McCord, I. Fridovich, J. Biol. Chem. 244 (1969) 6049–6055.

[2] D.J. Stuehr, N.S. Kwon, C.F. Nathan, Biochem. Biophys. Res.

Commun. 168 (1990) 558–565.

[3] M.A. Marletta, Trends Biochem. Sci. 14 (1989) 488–492.

[4] S. Moncada, R.M. Palmer, E.A. Higgs, Biochem. Pharmacol. 38

(1989) 1709–1715.

[5] J. Garthwaite, Trends Neurosci. 14 (1991) 60–67.

[6] K.S. Christopherson, D.S. Bredt, J. Clin. Invest. 100 (1997) 2424–

2429.

[7] A.F. Samdani, T.M. Dawson, V.L. Dawson, Stroke 28 (1997)

1283–1285.

[8] R.J. Reiter, D.X. Tan, L.C. Manchester, W. Qi, Cell Biochem.

Biophys. 34 (2001) 237–256.

[9] P.S. Sastry, K.S. Rao, J. Neurochem. 74 (1997) 1–20.



C. Ceconi et al. / Archives of Biochemistry and Biophysics 420 (2003) 217–221 221
[10] J. Monig, K.D. Asmus, L.G. Forni, R.L. Wilson, Int. J. Radiat.

Biol. 52 (1987) 589–602.

[11] D.A. Rowley, B. Halliwell, FEBS Lett. 138 (1982) 33–36.

[12] R. Ferrari, Br. J. Clin. Prac. 44 (1990) 301–305.

[13] S. Curello, C. Ceconi, A. Cargnoni, D. Medici, R. Ferrari, J.

Appl. Cardiol. 1 (1986) 311–327.

[14] R. Ferrari, C. Ceconi, S. Curello, et al., J. Mol. Cell. Cardiol. 17

(1985) 937–945.

[15] A.T. Diplock (Ed.), Fat-soluble Vitamins, Their Biochemistry and

Applications, Heinemann, London, 1985, pp. 154–224.

[16] H. Sies, M.E. Murphy, J. Photochem. Photobiol. 8 (1991) 211–

224.

[17] L.H. Breimer, Br. J. Cancer 57 (1988) 6–18.

[18] O. Marcillat, Y. Zhang, S.W. Lin, K.J.A. Davies, Biochem. J. 254

(1988) 677–683.

[19] B. Halliwell, J.M.C. Gutteridge, Free Radicals in Biology and

Medicine, Clarendon Press, Oxford, 1989.

[20] G.T. Rowe, N.H. Manson, M. Caplan, M.L. Hess, Circ. Res. 53

(1983) 584–591.

[21] E. Okabe, M.L. Hess, M. Oyama, H. Ito, Arch. Biochem.

Biophys. 225 (1983) 164–177.

[22] S.R.M. Holmberg, D.V.E. Cumming, Y. Kusama, et al., Cardio-

science 2 (1991) 19–25.

[23] A. Boraso, A.J. Williams, Am. J. Physiol. 267 (1994) H1010–

H1016.

[24] E. Cerbai, G. Ambrosio, F. Porciatti, et al., Circulation 84 (1991)

1773–1782.

[25] P.L. Barrington, C.F. Meier Jr., W.B. Weglicki, J. Mol. Cell.

Cardiol. 20 (1988) 1163–1178.

[26] N.G. MacFarlane, D.J. Miller, G.L. Smith, D.S. Steele, Cardio-

vasc. Res. 28 (1994) 1647–1652.

[27] D.J. Hearse, in: D.P. Zipes, J. Jalife (Eds.), Cardiac Electrophys-

iology from Cell to Bedside, W.B. Saunders, Philadelphia, 1990,

pp. 442–447.

[28] D.J. Hearse, in: M. Rosen, Y. Palti (Eds.), Lethal Arrhythmias

Resulting from Myocardial Ischaemia and Infarction, Kluwer

Academic Press, Boston, 1988, pp. 105–115.

[29] A. Cargnoni, C. Ceconi, P. Bernocchi, et al., J. Heart Lung

Transpl. 18 (1999) 478–487.

[30] M. Yamada, D.J. Hearse, M.J. Curtis, Circ. Res. 67 (1990) 1211–

1224.

[31] M. Gali~nnanes, R. Ferrari, Y. Qiu, et al., J. Mol. Cell. Cardiol. 24

(1992) 1021–1030.

[32] Y. Qiu, M. Gali~nnanes, R. Ferrari, et al., Am. J. Physiol. 263 (1992)

H1243–H1249.

[33] J.L. Romson, B.G. Hook, S.L. Kunkel, et al., Circulation 67

(1983) 1016–1023.

[34] S.R. Jolly, W.J. Kane, M.B. Bailie, G.D. Abrams, B.R. Lucchesi,

Circ. Res. 54 (1984) 277–285.

[35] M.L. Meyers, R. Bolli, R.F. Lekich, C.J. Hartley, R. Roberts,

Circulation 72 (1985) 915–921.

[36] G.J. Gross, N.E. Farber, H.F. Hardman, D.C. Warlier, Am. J.

Physiol. 250 (1986) H372–H377.

[37] P.B. Garlic, M.J. Davies, D.J. Hearse, T.F. Slater, Circ. Res. 61

(1987) 757–760.

[38] D.J. Hearse, A. Tosaki, Circ. Res. 60 (1987) 375–383.
[39] R. Bolli, M.O. Jeroudi, B.S. Patel, et al., Proc. Natl. Acad. Sci.

USA 86 (1989) 4695–4699.

[40] R. Bolli, P.B. McCay, Free Radic. Res. Commun. 9 (1990) 169–

180.

[41] S. Curello, C. Ceconi, A. Cargnoni, et al., in: G. Benzi (Ed.),

Advances in Myochemistry: 1, Libbey Eurotext Ltd, London,

1987, pp. 365–367.

[42] R. Ferrari, O. Alfieri, S. Curello, et al., Circulation 81 (1990) 201–

211.

[43] R. Ferrari, L. Agnoletti, L. Comini, et al., Eur. Heart J. 19 (1998)

B2–B11.

[44] Y. Nishiyama, H. Ikeda, N. Haramaki, N. Yoshida, T. Imaizumi,

Am. Heart J. 135 (1998) 115–120.

[45] M. Keith, A. Geranmayegan, M.J. Sole, et al., J. Am. Coll.

Cardiol. 31 (1998) 1352–1356.

[46] N. Delanty, M.P. Reilly, D. Pratico, et al., Circulation 95 (1997)

2492–2499.

[47] Z. Mallat, I. Philip, M. Lebret, et al., Circulation 97 (1998) 1536–

1539.

[48] A.L. Tappel, C.J. Dillard, Fed. Proc. 40 (1981) 174–178.

[49] Z.W. Weitz, A.J. Birnbaum, P.A. Sobotka, E.J. Zarling, J.L.

Skosey, Lancet 337 (1991) 933–935.

[50] P.A. Sobotka, M.D. Brottman, Z. Weitz, et al., Free Radic. Biol.

Med. 14 (1993) 643–647.

[51] C. Ceconi, P. Bernocchi, A. Boraso, et al., Cardiovasc. Res. 47

(2000) 586–594.

[52] J.A. Lucy, Ann. N.Y. Acad. Sci. 203 (1972) 4–11.

[53] C. Ceconi, S. Curello, A. Albertini, R. Ferrari, Mol. Cell.

Biochem. 81 (1988) 131–135.

[54] The Heart Outcomes Prevention Evaluation Study Investigators.

Vitamin E supplementation and cardiovascular events in high-risk

patients, N. Engl. J. Med. 342 (2000) 154–160.

[55] GISSI-Prevenzione Investigators. Dietary supplementation with

n-3 polyunsaturated fatty acids and vitamin E after myocardial

infarction: results of the GISSI-Prevenzione trial, Lancet 354

(1999) 447–455.

[56] C. Ceconi, A. Cargnoni, E. Pasini, et al., Am. J. Physiol. 260

(1991) H1057–H1061.

[57] B. Mannervick, K. Axelsson, Biochem. J. 190 (1980) 125–130.

[58] D.M. Ziegler, Ann. Rev. Biochem. 54 (1985) 305–329.

[59] M. Lazdunski, C. Frelin, P. Vigne, J. Mol. Cell. Cardiol. 17 (1985)

1029–1042.

[60] M.J. Shattock, H. Matsuura, Circ. Res. 72 (1993) 91–101.

[61] M. Tani, J.R. Neely, Circ. Res. 65 (1989) 1045–1056.

[62] R.L. Engler, M.D. Dahlgren, D.D. Morris, et al., Am. J. Physiol.

251 (1986) H314–H323.

[63] H. Kusuoka, J.K. Porterfield, H.F. Wiesman, M.L. Weisfeldt, E.

Marban, J. Clin. Invest. 79 (1987) 950–961.

[64] J.P. Reeves, C.A. Bailey, C.C. Hale, J. Biol. Chem. 561 (1986)

4948–4955.

[65] M.S. Kim, T. Akera, Am. J. Physiol. 252 (1987) H252–

H257.

[66] J.J. Abramson, G. Salama, J. Bioenerg. Biomembr. 21 (1989)

283–294.

[67] M.B. Hampton, B. Fadeel, S. Orrenius, Ann. N.Y. Acad. Sci. 854

(1998) 328–335.


	Oxidative stress in cardiovascular disease: myth or fact?
	Reactive oxygen species: metabolic production and detoxification
	Oxidative stress: myth or fact?
	What went wrong with oxidative stress in the clinical practice?
	Conclusive remarks
	Acknowledgements
	References


