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Oxidant stress: the role of nutrients in cell-lipoprotein interactions
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Oxidant stress is increasingly becoming an important hypothesis to explain the genesis of several
pathologies, including cancer, atherosclerosis and also ageing. Beside a few rare genetic defects,
dietary factors are thought to play a key role in the regulation of the production of reactive
oxygenated species. An imbalance between nutrients, and in particular those involved in
antioxidant status, could explain the onset of an enhanced production of free radicals. We will
briefly review information concerning oxidation of lipids and lipoproteins which lead to
atherothrombosis. We also present new findings supporting a role for blood platelets in generating
oxidant species. New data are also described concerning the role of oxygenated derivatives of
cholesterol, oxysterols, in cellular cholesterol efflux and NO production. Also, new developments
relating to the influence of direct effects of free radicals on cellular cholesterol homeostasis are
presented. Finally, th vitro effects of butyrate, a natural short-chain fatty acid produced by
bacterial fermentation, in the protection against free radical-mediated cytotoxicity are discussed.
These data provide information on the mechanisms of dietary antioxidants in preventing oxidant
stress.

Résumé

Au cdté des rares cas d'origine génétique, les facteurs nutritionnels (déséquilibres alimentaires,
déficience en nutriments antioxydants) jouent des rbles cruciaux dans la modulation de la
production d'espéces actives de I'oxygene, conduisant a I'établissement d'un stress oxydant,
situation métaboliqgue de plus en plus reconnue comme susceptible d'étre a Il'origine de
nombreuses pathologies comme les cancers, I'athérosclérose et également le vieillissement. Aprés
avoir brievement rappelé les données concernant I'oxydation des lipides et des lipoprotéines
susceptibles de conduire au développement de I'athéro-thrombogenése, nous présentons des
données récentes et originales indiquant que les plaquettes sont en fait capables a l'instar d’autres
cellules, de produire des formes actives de I'oxygene susceptibles de modifier les LDL. Des
résultats originaux sont également exposés concernant l'effets des oxystérols, produits
d’oxydation du cholestérol générés au cours de l'oxydation des LDL ou présents dans
I'alimentation, sur deux parameétres importants comme l'efflux du cholestérol cellulaire et la
production de monoxyde d’'azote. De plus, des données nouvelles relatives a I'effets du stress
oxydant et son inhibition par des antioxydants d'origine nutritionnelle sont exposées sur
I’'homéostasie du cholestérol cellulaire. Enfin, dans ce contexte, les effets potentiellement
antiathérogenes d'un acide gras a courte chaine produit par la fermentation bactérienne, le
butyrate, sont décrits sur la protection de cellules en culture vis-a-vis d'un stress axyitemt

Ces éléments contribuent a apporter de nouvelles informations renforgant la notion de
fonctionnalité des nutriments dans la protection du stress oxydant en relation avec la pathogenése.

Oxidative stress: Lipoproteins: Platelets: Vascular smooth muscle: Butyrate

Although free radicals have been known about for a long nutrition. Oxidative stress, which often arises as a result of
time in chemistry, it is only recently that they have been an imbalance in antioxidant status, has been implicated in
of interest to scientists involved in pathology and/or ageing and a large number of important human diseases
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such as atherosclerosis and cancer (Halliwell & Cross,variables were increased with LDL and significantly
1994). As the oxidant hypothesis becomes increasinglyelevated when platelets were stimulated with a calcium
documented, in particular the biological consequences ofionophore. LDL incubations with aminotriazol aNeethyl
changes in LDL metabolism, the present paper focuses ommaleimide enhanced TBARS measured with stimulated
atherothrombogenesis. In the present paper, rather than listplatelets. Furthermore, compared with the appropriate
ing the involvement of nutrients which protect against free controls, platelet-modified LDL stimulated the biosynthesis
radical production, we shall consider new possibilities that of the pro-atherogenic cholesteryl esters when incubated
may result in enhancement or inhibition of atherothrombo- with macrophages (Fig. 2). Although to a lesser extent than
genesis through cell-lipoprotein interactions. In particular, acetyl- or oxidized-LDL, cholesteryl ester biosynthesis
we will describe recent information on the role of blood occurred significantly F<0-001) more than with native
platelets as pro-oxidant agents, new results on the role ofLDL. It is also interesting to note that when platelets
some oxidation products such as oxysterols (OS), and finallywere first pre-incubatedh vitro with a-tocopherol, their
recent findings on the putative beneficial effects of butyrate. propensity to oxidize LDL was reduced.

Although in the future animal or human studies should be
Platelet-mediated LDL modifications performedin vivo, these findings suggest that deficiency of
Several lines of evidence support the notion that oxidative 201
modification of LDL is a key factor in the development of
cardiovascular diseases. LDL can be oxidized by metals or 151
by incubation with cells such as endothelial cells or macro- l

3
g
phages; once oxidized, LDL are no longer recognized by &
their classical apolipoprotein B/E receptor but by scavenger & 10f
receptors present on macrophages. These receptors are not 3
down-regulated, and macrophages accumulate large E 5L
amounts of oxidized lipids and transform into foam cells ~ ©
recovered in vascular wall, leading to the development of ﬁ
the atheroma plaque. 0 'ﬁ 5 % 5 % 5 % 5
The most compelling evidence in favour of this hypo-
thesis has been that the treatment of experimental animals AT NEM NDGA

with a variety of antioxidants results in an inhibition of the Fi9- 1. Production of oxygenated species by 20 uw-arachidonate-

: . : t
development and progres§|on of at.her.OSCIerOSIS (Stemb.eri\e reduced form of the fluorescent probe dichlorofluorescein (DCF).
et _al' 1989). Huma_n studies also mdlcaFe_ _further contri- This compound becomes fluorescent in the presence of oxygenated
buting factors; for instance, the susceptibility of LDL to species and oxidases. The fluorescence was significantly increased
Cu-mediated oxidatiorin vitro was correlated with the  (p<0.001) in SP compared with resting platelets (RP). This fluores-
severity of angiographically-determined coronary athero- cence was enhanced after preincubation with catalase (EC 1.11.1.6)
sclerosis (Regnstronet al 1992). Also plasma titres of inhibitor aminotriazol (AT), and with GSH peroxidase (EC 1.11.1.9)
autoantibodies against oxidized LDL were significantly inhibitor N-ethyl maleimide (NEM). An inhibition was found with an
re'ated to the progression Of atherosc|erosis in Finnsinhibitor of Iipoxygenase, nordihydroguaiaretic acid (NDGA). These
(Saloneret al 1992). experiment_s ipdicated that hydroperoxides were progluged during
We found that platelets were able to generateoxidant Speplatelet acnvat.lon. Values are means and standard deviations repre-
cies and consequently to oxidize LDL, leading to a form SeMed by vertical bars.
promoting atherosclerosis (Blacke al 199%). We used 8r
dichlorofluorescein diacetate which was in the reduced
non-fluorescent form that was able to penetrate human -
platelets. Non-specific intracellular esterases liberated the .
esters. The reduced form of dichlorofluorescein then reacts
with oxidizing enzymes or oxidant species and becomes
fluorescent as dichlorofluorescein. Fig. 1 shows that dichlo-
rofluorescein fluorescence increased only when platelets -
were stimulated by comparison with resting platelets. This
result indicates that on stimulation platelets produced -
important oxidant species. The levels of these oxygenated o=
species were increased in the presence of cataiEGe ( CTL LDL  AcLDL Ox-LDL P-LDL
1.11.1.6) and GSH peroxidas&€Q 1.11.1.9) inhibitors Fig. 2. .Effects of platelet-.modifie‘d LDL_(P-LI_DL) on cholesteryl ester
(aminotriazol andN-ethyl maleimide respectively). These (CE) b|o§ynthe5|s. Aftgr incubations with stimulated plgtelets, LDL
findings indicate that O, or peroxides were produced were re-isolated and incubated (50pug/ml) for 14h with cultured

duri tivati Th ducti n idant . macrophages (P388D1). The biosynthesis of CE, measured as
uring activation. € production of oxidant species was [*“Cloleate incorporation, was compared with that with acetyl-LDL

o_pposed b_y ar_1 mh_'bltor of lipoxygenases Slj'Ch as nor'(Ac—LDL) and copper-oxidized LDL (Ox-LDL). Values are means and
dihydroguaiaretic acid. These results were confirmed by thesiandard deviations represented by vertical bars. Mean values were

measurement of indices of oxidation such as thiobarbituricCsignificantly different from those with native LDL: ** P<0-001.
acid-reactive substances (TBARS) and dienes. TheseTL, control.

imulated blood platelets (SP). Human platelets were loaded with
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antioxidant nutrients such as vitamin E may result in an demonstrated, using lipopolysaccharide-stimulated rat
imbalance, leading to increased platelet-induced LDL peritoneal macrophages, that OS were key components
oxidation. of oxidized LDL responsible for the inhibition of NO
production (Blache & Durand, 1995). In fact, when OS were
incorporated into native LDL, the oxidized LDL-mediated
inhibition of NO production was fully reproduced. We have
Among the oxidation products of lipoproteins such as shown also that OS can impair the expression of the
fatty acid peroxides and aldehydes, oxidized products ofinducible form of NO synthase. From these findings we can
cholesterol (OS; Fig. 3) are produced. In the course of propose that through an inhibition of the NO release OS
oxidation of LDL, cholesteryl hydroperoxides are formed may influence atherothrombogenesis by decreasing vascular
(Malavasiet al 1992) and they can enhance the suscept-relaxation and by enhancing platelet activity.

ibility of LDL to metal-mediated oxidation (Blachet al
199%). In this process, large amounts of 7-oxidized deriva-
tives were found (Blachet al 1998). OS may also be
absorbed from food, as they were identified in some It has been demonstrated that when OS were incorporated
processed foods, e.g. egg-containing products and powderethto macrophages, they tended to reduce, as did oxidized
milk (Paniangvaitet al 1995). In addition to their LDL, the cellular efflux of cholesterol (Gelissest al
demonstrated atherogenicity (Peegal 1991), OS have 1996). It is necessary to realize that this process occurs
also shown other detrimental properties. OS exhibit cyto- mainly through a cholesterol reverse transport in which
toxicity (Sevanianet al 1995), inhibit hydroxymethyl-  efflux is mediated by HDL (Rothblagt al 1992). This
glutaryl-CoA reductase BHC 1.1.1.34; Kandutschet al property of these lipoproteins is one of their anti-
1978) and cause an increase in cholesteryl esters by stimulaatherogenic activities described in epidemiological studies
tion of acyl-CoA:cholesterol acyltransferase activiByC( (Williams et al 1979). We have recently demonstrated that
2.3.1.26; Zhanget al 1990). Involvement of these when OS (e.g. 7-ketocholesterol) were incorporated into
compounds in thrombosis has also been proposed, as &DL, they greatly reduced the capacity of HDL to remove
potentiation of platelet activity has also been reported aftercholesterol from macrophages in the same way as that
in vitro incubations with micromolar concentrations of OS observed for oxidized HDL (Gesquiétal 1997).

(Blache & Bontoux, 1988; Sellest al 1996). By decreasing the OS formed as a result of lipoprotein
oxidative modifications, antioxidants may contribute to the
regulation of cellular cholesterol homeostasis. Antioxidants
added as preservatives in food may also decrease the
NO is known to be responsible for the vascular and amounts of OS ingested, and hence decrease their noxious
endothelial-derived relaxing factor, and is synthesized from atherothrombotic effects.

an arginine precursor by constitutive and inducible forms of
NO synthaseEC 1.14.13.39) (Moncada & Higgs, 1991). In
addition to the vascular production (endothelium and
smooth muscle cells) NO occurs in multiple sites such as
macrophages, platelets and nervous tissues. It is thought thatntil now, effects of free radicals have mainly been studied
NO is one of the key mechanisms for the regulation of in LDL, and apart from toxicity, information concerning the
vascular tone, and hence of blood pressure. It has beeulirect action of free radicals on cells is scarce. Recent
reported that oxidized LDL decreases the production of NOwork carried out with rabbit vascular smooth muscle cells
in various cells (Yangt al 1994, 1996). We have recently has shown that oxidant stress induced by phorbol esters
resulted in an induction of the scavenger receptor (Gong &
Pitas, 1995; Mietus-Snydext al. 1997). We have studied
the direct effects of free radicals on cellular cholesterol
metabolism. For this purpose a free radical generator
(azobisamidinopropane dihydrochloride) was used, and
weak oxidative stress conditions were set up in cultured
aortic smooth muscle cells {Rs) so that cell viability was

not significantly altered. After free radical action the cells
presented a significant accumulation of cholesterol
(Gesquierest al 1998), which may contribute to their trans-
formation into lipid-laden foam cells. This transformation
appears to be due to: (1) an increase in cholesterol
biosynthesis and esterification (by activation of hydroxy-
methylglutaryl-CoA reductase and acyl-CoA: cholesterol
acyltransferase respectively); (2) a decrease in the hydro-

Oxysterols as products of LDL oxidation

Oxysterols and cholesterol efflux

Oxysterols and nitric oxide

Direct effects of oxidant stress on cellular cholesterol
homeostasis

7o-Hydroxy

Epoxides . . e
7B-Hydroxy P lysis of cell cholesteryl esters (by inactivation of neutral
Fig. 3. Chemical structure of oxysterols. -, Commonly encountered ChOI_eSteryl ester hydrolase), (3) a decrease m. HDL-
insertion of oxygenated groups (hydroxyl, ketone) either on the mediated cholesterol efflux. In. most F’f Qur experiments
cholesterol ring or on the side chain. these effects were opposed by incubation in the presence of
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antioxidants such as-tocopherol olN-acetylcysteine. Our  of pro-atherogenic oxidized LDL. Although the precise
results (Gesquiéret al 1999) suggest that free radicals mechanisms require further specific studies, which are
which may result from a nutrient imbalance might be ather- underway in our laboratory, these findings are sufficiently
ogenic, not only through modifications of lipoproteins, but interesting to address the question of whether butyrate could
also through action on cellular cholesterol metabolism. act as an anti-atherogenic agent. Based on this hypothesis, it
Experiments carried out with antioxidants suggested thatis interesting to consider various attempts to stimulate the
they could normalize this oxidative stress-induced process. production of butyrate, e.g. by ingestion of high levels of
dietary fibres.

Butyrate: an anti-atherogenic agent?

Butyrate is a natural short-chain fatty acid present in dairy Concluding remarks

products and produced in the mammalian colon by bacterialThe notion that oxidative stress may contribute to the patho-
fermentation (Bugaut & Bentéjac, 1993). The occurrence of genesis of various diseases, including atherothrombosis and
this fatty acid is enhanced by polysaccharide ingestion, anctancer, is supported by a large body of evidence. Although
it might explain the benefits of dietary fibre intake described the precise mechanisms are not fully understood, they
in several epidemiological studies (Spiller, 1994). Butyrate involve interactions between nutrients and cells. In cardio-
has been reported to act as a potent anti-proliferativevascular pathology cell-lipoprotein interactions play a
agent, to be a cell differentiation promoter and to alter genesignificant role, which is amplified when LDL are oxidized
expression (Fengt al. 1996). These properties, along with and act as carriers for oxidized agents. The role of dietary
the findings that butyrate could modulate the response toantioxidants is not yet conclusive, although the available
receptors for growth factor, have led to the proposal thatevidence probably helps to substantiate this hypothesis. We
butyrate might be effective against colon cancer (Velazquezhave recently reported in elderly subjects that low-dose

& Rombeau, 1997). supplementation with vitamins and minerals can normalize
Recently, studies have been designed to examine whethethe biological nutrient status in terms of improvement in
butyrate can provide protection against free radicalitro. antioxidant defence (Girodoet al 1997). Some nutrients

We found that when macrophages were incubated in therequire further specific investigation, and are the subject of
presence of millimolar concentrations of butyrate they current research in our laboratory and around the world; for
appeared to be less sensitive to free radical-inducedexample, dietary or wine polyphenols such as flavonoids
oxidative stress produced by using azobisamidinopropane(Hertoget al 1997) and resveratrol (Jaagal 1997; Bessis
dihydrochloride (Fig. 4). These effects were associated withet al 1998), and also phytosterols (Ling & Jones, 1995).
a decrease in one of the indices of lipoperoxidation However, it appears that a well-balanced low-fat diet with
(TBARS). Moreover, when LDL were incubated in the fruits, vegetables, fibres and a glass of wine is a reasonable
presence of butyrate-pre-incubated macrophages theirchoice to achieve optimal levels of circulating antioxidant
propensity to modify LDL was significantly reduced, as nutrients, and should afford significant protection against
assessed by electrophoretic mobility. These findings morbidity and premature mortality.

indicate that butyrate may act as an ‘antioxidant’ nutrient by
conferring protection against free radicals in macrophages
incubated with butyrate, and may diminish the production Acknowledgements
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