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Abstract What is an antioxidant? Can one, at a cellular level,
speak of direct and indirect antioxidants? Can oxidative stress
be quanti¢ed and characterized? What are the oxidant species
that may have regulatory functions in a cell? Since the above
concepts have become of frequent use in all Journals it may be
appropriate if some critical thinking outlined in this review
could become available to a broad public.
# 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. What is an antioxidant?

A generic de¢nition of an antioxidant is not experimentally
constructive unless it is associated with the notion of the ox-
idant that has to be neutralized. Furthermore, the concept of
an antioxidant in vitro should not be extended to cells, to
organs, to animals or to populations until the evidence has
been obtained. Moreover, a molecule demonstrated to have
antioxidant properties in vitro might have additional proper-
ties in a more complex system. For example, estrogens have
been implied as antioxidants through lipoprotein and neural
protection [1,2]. However, estrogens act mainly through re-
ceptor-mediated signalling and not by the weak antioxidant
properties of the molecule. Similarly, retinol, an antioxidant in
vitro, acts in its association with opsin, to produce a reversible
complex, rhodopsin, whose interaction with light initiates the
process of vision. It is well established that this event is due to
isomerization of the pigment and not to a redox or antioxi-
dant process. Unfortunately however, confusion about this
issue exists as a number of studies have classi¢ed retinol as
a plasma antioxidant and have studied its relationship with
diseases [3^6]. Similarly, melatonin has been considered an
antioxidant [7^11] but at the concentrations available in the
human body it is unlikely to have such an e¡ect. The use of 2-
[125I]iodomelatonin has allowed the exact localization and
characterization of high-a⁄nity melatonin receptors that sig-
nal through the Gi=o class of G proteins. Molecular cloning of
melatonin receptor genes has con¢rmed that most, if not all,
high-a⁄nity melatonin binding sites represent the G protein-

coupled melatonin receptors [12]. The hormonal action of
melatonin generating the circadian rhythm in humans is un-
related to its antioxidant properties. In a similar vein, are the
natural products called phytoestrogens responsible for their
e¡ects in humans because of their antioxidant properties or
because of their estrogen mimicry [13^15]? Lipid radical
chain-breaking properties have been ascribed to K-tocopherol
but recently, new, non-antioxidant e¡ects have come to light
for this important micronutrient [16^19]. In conclusion, we
suggest that calling a molecule an antioxidant at a cellular
level or in vivo simply because it has chemical antioxidant
properties should not be encouraged.

2. Are antioxidants identi¢ed in in vitro tests bioavailable?

Another problem that in vitro antioxidants encounter is
their bioavailability [20]. For example, perfusion of isolated
small intestine with procyanidin dimers extracted from cocoa
indicated that they are transferred to the serosal side of enter-
ocytes to only a very small extent. Moreover, the transferred
form appears to be O-methylated and not to possess antioxi-
dant activity. Importantly, the cell protection exerted by the
O-methylated or by the non-methylated forms are very similar
indicating that protection is not linked with a direct antioxi-
dant event [21]. Bioavailability is also an issue when simple
attempts are made at extrapolating in vitro to in vivo situa-
tions [22,23]. One of the most studied ‘antioxidants’ is K-to-
copherol and problems still arise regarding the competition of
di¡erent forms [24^26], their uptake and the synergistic or the
inhibitory role of other compounds. For compounds like pol-
yphenols much has to be done before we can believe they are
e¡ectively transported, and that they reach cells in an ‘anti-
oxidant’ form through which they exert positive e¡ects at a
cellular and an organism level [27^30]. Indeed, much still has
to be learnt about the uptake, biotransformation, and tissue
distribution of molecules regularly thought of as ‘antioxi-
dants’ before we can truly indicate that they have such func-
tion in vivo.

3. At a cellular level, can one speak of direct and indirect
antioxidants?

If a molecule has the ability of inducing gene expression
(for example via the antioxidant response element (ARE)
present in the promoter region of a number of phase 2 detox-
ifying enzymes) can this molecule be called an antioxidant?
Not automatically and without a more detailed knowledge of
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the involved pathways. In fact ARE and the transcription
factor Nrf2 are essential for inducible and/or constitutive ex-
pression of a group of detoxi¢cation and antioxidant enzymes
[31]. They mediate gene regulation by oxidative stress as well
as by electrophiles and so-called antioxidants [32]. Or, given
that K-tocopherol inhibits NADPH oxidase in macrophages
(and thus the oxygen burst) by preventing phosphorylation of
P47 and assembly of the active oxidase [33], can it be consid-
ered an indirect antioxidant? If we take this line, then stau-
rosporine is also an antioxidant, as it is a known inhibitor of
protein kinase C and of the related P47 phosphorylation.
Conversely, antimycin A (with no reactive oxygen groups)
blocks the electron £ow in the mitochondrial complex III,
and induces superoxide and hydrogen peroxide release
[34,35]. Is antimycin A therefore a pro-oxidant? On the other
hand, tyrphostin, a selective epidermal growth factor receptor
kinase inhibitor, suppresses the hydrogen peroxide-induced
increase in aldose reductase mRNA and enzyme activity
[36]. Is tyrphostin therefore an antioxidant? By raising these
examples we aim to convince that the de¢nition of a pro-
oxidant or antioxidant which is remotely linked with reactive
oxygen species production or elimination is often not helpful
in understanding the mechanistic action of the compound.
Fig. 1 illustrates in a diagrammatic way the fate of a bona
¢de, in vitro antioxidant when introduced into the human
body. The events related to its absorption and modi¢cation
are indicated. Through methylation or glucuronidation the
antioxidant properties are lost, but still the molecules may

exert e¡ects, at a cellular level, that are similar to the original
antioxidant. The ¢gure illustrates moreover that antioxidants
and modi¢ed antioxidants can equally regulate gene expres-
sion. The genes which are under the control of these ligands
may or may not be involved with the metabolism of reactive
oxygen species.

4. Can ‘oxidative stress’ [37,38] be quanti¢ed and
characterized?

The theoretical concept is simple: ‘Oxidative stress’ is de-
¢ned as an imbalance between oxidants and antioxidants in
favor of the oxidants, potentially leading to damage [39,40].
Non-cyclooxygenase-derived prostanoids, transient enhance-
ment of heme oxygenase 1, ascorbate free radical, salicylate,
glutathione antioxidant system, advanced oxidation protein
products, ubiquinol/ubiquinone ratio, oxidative DNA damage
in the form of 8-hydroxy-2P-deoxyguanosine, malonyldialde-
hyde content of cell membranes, the plasma levels of 8-epi-
prostaglandin F2K, increased 8-isoprostane and many other
markers of ‘oxidative stress’ have given very discordant results
[41^52]. Similarly antioxidant therapies aimed at producing a
re-equilibration of the ‘oxidative stress’ have given con£icting
results. Again, citing the most studied ‘antioxidant’ vitamin E,
the conclusions as to its in vivo antioxidant e⁄cacy are far
from being unanimous [53,54]. The description of an ‘oxidant
stress’ situation is only useful if the molecular details of the
imbalance are known. The lack of such detail in many pub-

Fig. 1. Absorption, modi¢cation, distribution and e¡ects of molecules with in vitro antioxidant properties. For explanation see text.
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lished antioxidant intervention studies has compounded con-
fusion in this area. In a similar fashion, it is still widely as-
sumed that antioxidant administration will always provide
bene¢t. This is naive thinking. Antioxidants can protect or
increase injury depending on the situation and therefore their
use should always be made with a full appreciation of the
situation.

5. Are there oxidant species that may have a regulatory
function?

Amongst all nitrogen and oxygen species that may act as
signalling molecules, two (nitric oxide and hydrogen peroxide)
appear to have the best theoretical qualities of stability and
reactivity, needed for such a purpose. Nitric oxide’s molecular
mechanism of signalling has been studied in detail (for recent
reviews see [55,56]). Increasing evidence indicates that the
production of reactive oxygen species is precisely regulated
and their downstream targets speci¢c. Remarkable progress
has been made in de¢ning the speci¢c redox-dependent targets
of intracellular oxidants, as well as the innumerable pathways
that employ oxidants as e¡ectors in diverse processes from
tumorigenesis to ageing [57]. Only some examples will be giv-
en of these important regulatory pathways.
Hydrogen peroxide stimulates c-Src-mediated big mitogen-

activated protein kinase 1 and the MEF2C signaling pathway
in PC12 cells. This reaction plays a potential role in cell sur-
vival following oxidative insult [58]. Hydrogen peroxide acts
as a messenger in the growth factor-induced p70(S6k) signal-
ing pathway [59]. In addition, hydrogen peroxide promotes
calcium-dependent endothelial nitric oxide synthase activity
through a coordinated change in the phosphorylation status
of the enzyme mediated by Src- and ErbB receptor-dependent
phosphoinositide 3P-kinase activation [60]. The better identi-
¢cation of hydrogen peroxide target molecules [61] and eluci-
dation of the mechanism by which hydrogen peroxide acts in
initiating signal transduction is an area of great promise for
future research.
Oxidized lipids, to date, only appear to have a possible

signalling function in pathological situations. For instance
oxidized phospholipids are pro-in£ammatory agonists pro-
moting chronic in£ammation in atherosclerosis ; and they
can inhibit expression of in£ammatory adhesion molecules.
They inhibit lipopolysaccharide (LPS)-induced, but not tumor
necrosis factor-K-induced or interleukin-1L-induced NF-UB-
mediated upregulation of in£ammatory genes, by blocking
the interaction of LPS with LPS binding protein and CD14
[62]. 4-Hydroxy-2,3-nonenal, a fatty acid oxidation product,
has been reported to control aldose reductase expression [63].
Inhibition of the survival-promoting NF-UB signaling path-
way by 4-hydroxy-2,3-nonenal may contribute to neuronal
death under conditions in which membrane lipid peroxidation
occurs [64]. A biphasic increase in activator protein 1 DNA
binding activity, associated with increased mRNA levels of
c-Jun, was also observed in response to 4-hydroxy-2,3-
nonenal [65]. Membrane lipid peroxy radicals can hardly
have signalling functions, under physiological conditions. In
fact, due to their high reactivity, they would not be able to
a¡ord a speci¢c and controlled information transfer. Conse-
quently, the cellular regulation provided by K-tocopherol is
unlikely to be the result of the modulation of lipid peroxy
radicals.

6. Conclusions

It is time, after a period of £ourishing research on oxidants
and antioxidants, to critically re£ect on the ¢eld. Speculation
that many (if not all) diseases are related to radical damage
needs to be supported by more secure data. The hope that
antioxidants can prevent or cure a number of pathological
situations also requires reconsideration. The relatively new
notion that molecules with strong antioxidant activity in vitro
may have ‘non-antioxidant’ e¡ects in cells and tissues should
stimulate, rather than discourage, important research in this
¢eld. Finally, the discrepancies in the outcome of intervention
studies may be understood if, instead of considering the sim-
ple paradigm of bad oxidants and good antioxidants, scien-
tists will start to talk about the real molecular function of
such compounds in each particular situation.

References

[1] Martin, C., Barturen, K., Martinez, R., Lacort, M. and Ruiz-
Larrea, M.B. (1998) J. Physiol. Biochem. 54, 195^202.

[2] Moosmann, B. and Behl, C. (1999) Proc. Natl. Acad. Sci. USA
96, 8867^8872.

[3] Willett, W.C., Stampfer, M.J., Underwood, B.A., Taylor, J.O.
and Hennekens, C.H. (1983) Am. J. Clin. Nutr. 38, 559^566.

[4] Hughes, K., Lee, B.L., Feng, X., Lee, J. and Ong, C.N. (2002)
Free Radic. Biol. Med. 32, 132^138.

[5] Granado, F., Olmedilla, B., Botella, F., Simal, A. and Blanco, I.
(2003) Nutrition 19, 128^132.

[6] Hallfrisch, J., Muller, D.C. and Singh, V.N. (1994) Am. J. Clin.
Nutr. 60, 176^182.

[7] Abuja, P.M., Liebmann, P., Hayn, M., Schauenstein, K. and
Esterbauer, H. (1997) FEBS Lett. 413, 289^293.

[8] Carneiro, R.C. and Reiter, R.J. (1998) Neuroscience 82, 293^299.
[9] Livrea, M.A., Tesoriere, L., D’Arpa, D. and Morreale, M. (1997)
Free Radic. Biol. Med. 23, 706^711.

[10] Marchiafava, P.L. and Longoni, B. (1999) J. Pineal Res. 26, 184^
189.

[11] Martin, M., Macias, M., Escames, G., Leon, J. and Acuna-Cas-
troviejo, D. (2000) FASEB J. 14, 1677^1679.

[12] Kokkola, T. and Laitinen, J.T. (1998) Ann. Med. 30, 88^94.
[13] Bruggisser, R., von Daeniken, K., Jundt, G., Scha¡ner, W. and

Tullberg-Reinert, H. (2002) Planta Med. 68, 445^448.
[14] Sierens, J., Hartley, J.A., Campbell, M.J., Leathem, A.J. and

Woodside, J.V. (2001) Mutat. Res. 485, 169^176.
[15] Wiseman, H., O’Reilly, J.D., Adlercreutz, H., Mallet, A.I., Bo-

wey, E.A., Rowland, I.R. and Sanders, T.A. (2000) Am. J. Clin.
Nutr. 72, 395^400.

[16] Ricciarelli, R., Zingg, J.M. and Azzi, A. (2000) Circulation 102,
82^87.

[17] Azzi, A., Gysin, R., Kempna', P., Ricciarelli, R., Villacorta, L.,
Visarius, T. and Zingg, J.M. (2002) Free Radic. Res. 36, 30^36.

[18] Brigelius-Flohe, R., Kelly, F.J., Salonen, J.T., Neuzil, J., Zingg,
J.M. and Azzi, A. (2002) Am. J. Clin. Nutr. 76, 703^716.

[19] Ricciarelli, R., Zingg, J.M. and Azzi, A. (2002) Biol. Chem. 383,
457^465.

[20] Spencer, J.P., Schroeter, H., Shenoy, B., Srai, S.K., Debnam,
E.S. and Rice-Evans, C. (2001) Biochem. Biophys. Res. Com-
mun. 285, 588^593.

[21] Spencer, J.P., Schroeter, H., Kuhnle, G., Srai, S.K., Tyrrell,
R.M., Hahn, U. and Rice-Evans, C. (2001) Biochem. J. 354,
493^500.

[22] Bagchi, D., Bagchi, M., Stohs, S.J., Das, D.K., Ray, S.D., Kus-
zynski, C.A., Joshi, S.S. and Pruess, H.G. (2000) Toxicology 148,
187^197.

[23] Riemersma, R.A., Rice-Evans, C.A., Tyrrell, R.M., Cli¡ord,
M.N. and Lean, M.E. (2001) Q. J. Med. 94, 277^282.

[24] Machlin, L.J. (1995) Am. J. Clin. Nutr. 61, 1169^1170.
[25] Chopra, R.K. and Bhagavan, H.N. (1999) Int. J. Vitam. Nutr.

Res. 69, 92^95.
[26] Cohn, W. (1997) Eur. J. Clin. Nutr. 51 (Suppl. 1), S80^S85.

FEBS 28036 26-1-04 Cyaan Magenta Geel Zwart

A. Azzi et al./FEBS Letters 558 (2004) 3^6 5



[27] Yamada, K., Shoji, K., Mori, M., Ueyama, T., Matsuo, N., Oka,
S., Nishiyama, K. and Sugano, M. (1999) In Vitro Cell. Dev.
Biol. Anim. 35, 169^174.

[28] Nigdikar, S.V., Williams, N.R., Gri⁄n, B.A. and Howard, A.N.
(1998) Am. J. Clin. Nutr. 68, 258^265.

[29] Fremont, L., Gozzelino, M.T. and Linard, A. (2000) Lipids 35,
991^999.

[30] Liu, Z., Ma, L.P., Zhou, B., Yang, L. and Liu, Z.L. (2000)
Chem. Phys. Lipids 106, 53^63.

[31] Aoki, Y., Sato, H., Nishimura, N., Takahashi, S., Itoh, K. and
Yamamoto, M. (2001) Toxicol. Appl. Pharmacol. 173, 154^160.

[32] Baulig, A., Garlatti, M., Bonvallot, V., Marchand, A., Barouki,
R., Marano, F. and Baeza-Squiban, A. (2003) Am. J. Physiol.
Lung Cell. Mol. Physiol. 285, L671^L679.

[33] Cachia, O., Benna, J.E., Pedruzzi, E., Descomps, B., Gougerot-
Pocidalo, M.A. and Leger, C.L. (1998) J. Biol. Chem. 273,
32801^32805.

[34] Loschen, G., Azzi, A. and Flohe, L. (1973) FEBS Lett. 33, 84^87.
[35] Loschen, G., Azzi, A., Richter, C. and Flohe, L. (1974) FEBS

Lett. 42, 68^72.
[36] Nishinaka, T. and Yabe-Nishimura, C. (2001) Free Radic. Biol.

Med. 31, 205^216.
[37] Paniker, N.V., Srivastava, S.K. and Beutler, E. (1970) Biochim.

Biophys. Acta 215, 456^460.
[38] Gaetani, G.D., Parker, J.C. and Kirkman, H.N. (1974) Proc.

Natl. Acad. Sci. USA 71, 3584^3587.
[39] Sies, H. (1997) Exp. Physiol. 82, 291^295.
[40] Sies, H. (1991) Am. J. Med. 91, 31S^38S.
[41] Morrow, J.D. and Roberts II, L.J. (1991) Free Radic. Biol. Med.

10, 195^200.
[42] Tyrrell, R.M. and Basu-Modak, S. (1994) Methods Enzymol.

234, 224^235.
[43] Buettner, G.R. and Jurkiewicz, B.A. (1993) Free Radic. Biol.

Med. 14, 49^55.
[44] Ghiselli, A., Laurenti, O., De Mattia, G., Maiani, G. and Ferro-

Luzzi, A. (1992) Free Radic. Biol. Med. 13, 621^626.
[45] Ceballos-Picot, I. et al. (1996) Free Radic. Biol. Med. 21, 845^

853.

[46] Witko-Sarsat, V., Friedlander, M., Capeillere-Blandin, C., Nguy-
en-Khoa, T., Nguyen, A.T., Zingra¡, J., Jungers, P. and Des-
camps-Latscha, B. (1996) Kidney Int. 49, 1304^1313.

[47] Lagendijk, J., Ubbink, J.B., Delport, R., Vermaak, W.J. and
Human, J.A. (1997) Res. Commun. Mol. Pathol. Pharmacol.
95, 11^20.

[48] Kasai, H. (1997) Mutat. Res. 387, 147^163.
[49] Taccone-Gallucci, M., Lubrano, R., Meloni, C., Morosetti, M.,

Adolfo, C.M. and Casciani, C.U. (1998) Nephrol. Dial. Trans-
plant. 13, 2711^2712.

[50] Feillet-Coudray, C. et al. (1999) Free Radic. Biol. Med. 27, 463^
469.

[51] Montuschi, P., Corradi, M., Ciabattoni, G., Nightingale, J.,
Kharitonov, S.A. and Barnes, P.J. (1999) Am. J. Respir. Crit.
Care Med. 160, 216^220.

[52] Tarng, D.C., Huang, T.P., Wei, Y.H., Liu, T.Y., Chen, H.W.,
Wen Chen, T. and Yang, W.C. (2000) Am. J. Kidney Dis. 36,
934^944.

[53] Morris, C.D. and Carson, S. (2003) Ann. Intern. Med. 139, 56^
70.

[54] Vivekananthan, D.P., Penn, M.S., Sapp, S.K., Hsu, A. and Top-
ol, E.J. (2003) Lancet 361, 2017^2023.

[55] Garthwaite, J. and Boulton, C.L. (1995) Annu. Rev. Physiol. 57,
683^706.

[56] Ignarro, L.J. (2002) J. Physiol. Pharmacol. 53, 503^514.
[57] Finkel, T. (2003) Curr. Opin. Cell Biol. 15, 247^254.
[58] Suzaki, Y. et al. (2002) J. Biol. Chem. 277, 9614^9621.
[59] Bae, G.U. et al. (1999) J. Biol. Chem. 274, 32596^32602.
[60] Thomas, S.R., Chen, K. and Keaney Jr., J.F. (2002) J. Biol.

Chem. 277, 6017^6024.
[61] Rhee, S.G. (1999) Exp. Mol. Med. 31, 53^59.
[62] Bochkov, V.N., Kadl, A., Huber, J., Gruber, F., Binder, B.R.

and Leitinger, N. (2002) Nature 419, 77^81.
[63] Spycher, S.E., Tabataba-Vakili, S., O’Donnell, V.B., Palomba, L.

and Azzi, A. (1997) FASEB J. 11, 181^188.
[64] Camandola, S., Poli, G. and Mattson, M.P. (2000) Brain Res. 85,

53^60.
[65] Parola, M. et al. (1998) J. Clin. Invest. 102, 1942^1950.

FEBS 28036 26-1-04 Cyaan Magenta Geel Zwart

A. Azzi et al./FEBS Letters 558 (2004) 3^66


	Free radical biology - terminology and critical thinking
	What is an antioxidant?
	Are antioxidants identified in in vitro tests bioavailable?
	At a cellular level, can one speak of direct and indirect antioxidants?
	Can ‘oxidative stress’ [37,38] be quantified and characterized?
	Are there oxidant species that may have a regulatory function?
	Conclusions
	References


