
Free Rad. Res., Vol. 33, pp. 197-215 
Reprints available directly from the publisher 
Photocopying permitted by license only 

'~i 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Harwood Academic Publishers imprint, 
part of The Gordon and Breach Publishing Group. 

Printed in Malaysia. 

Invited Review 

Potential Role of Oxidized Lipids and 
Lipoproteins in Antioxidant Defense 
SAMPATH PARTHASARATHY*, NALINI SANTANAM, SUMATHI RAMACHANDRAN 
and OLIVIER MEILHAC 

Department of Gynecology and Obstetrics, Emory University School of Medicine, Atlanta, GA 30322, USA 

Accepted by Prof. V.M. Darley-Usmar 

(Received 9 December 1999; Ill revised form 15 December 1999) 

The atherogenic oxidative modification of low-density 
lipoprotein is suggested to occur in the aortic intima. 
There is reasonable evidence to suggest that antioxi- 
dants might be beneficial in preventing or retarding the 
progression of atherosclerosis. Exercise, estrogens, and 
substitution of polyunsaturated fat for saturated fat 
are beneficial in the prevention of atherosclerosis. Yet, 
paradoxically, they are capable of inducing an oxidative 
stress. To reconcile with this paradox, we postulate that 
under certain conditions an oxidative stress might be 
beneficial by inducing antioxidant enzymes in arterial 
cells. However, those with genetic deficiency in 
antioxidant enzymes or those who poorly respond to 
oxidative stress or those with overwhelming plasma 
oxidative stress might need additional antioxidant 
protection. 

Keywords: LDL, oxidative stress, exercise, estradiol, 
antioxidant 

I N T R O D U C T I O N  

Oxidation of low-densi ty  l ipoprotein (LDL) was 
suggested to explain the formation of fatty streak 
lesions. When  the hypothesis  was proposed,  the 
intent was to explain how macrophages  could 
take up  large quantities of LDL-der ived choles- 
terol via mechanisms,  independen t  of LDL recep- 
tor pathway. El"21 The scavenger receptor concept  

was also originally proposed  to describe alternate 
uptake mechanism(s) that would  recognize mod-  
ified apoprote in  B100 .[3'41 The basic assumption in 
these studies was that the apoprote in  B100 is 
int imately involved in the atherogenic process. 
During the past 15 years a n u mb e r  of studies have 
documen ted  that the lipids of "oxidized LDL" 
could also contribute to atherogenesis.[2'5-11] More 

importantly,  it appears  that oxidized lipids them- 
selves could contribute to enhanced uptake by  
macrophages  via receptor(s), such as CD36, that 
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198 s. PARTHASARATHY et al. 

do not appear to depend on the apoprotein modi- 
fication. I121 Recently Steinberg and coworkers 
described that oxidized lipids covalently bound 
to apoprotein are recognized by macrophages.[13] 
In fact, there are more pro-atherogenic effects 
attributed to the presence of oxidized lipids as 
opposed to the oxidatively modified apopro- 
tein. tm These effects have been reviewed in a 
number of recent articles. ~14-171 

OXIDATION HYPOTHESIS 

In brief, the following evidence predominantly 
supports the oxidation hypothesis: 

1. Oxidized LDLis potentlyatherogenic t1"2"18"191 
and affect different types of cells in a profound 
manner eliciting multiple pro-atherogenic and 
pro-inflammatory responses. However, as 
pointed out later in this review, oxidized lipids 
also have anti-atherogenic effects on cells. 

2. Components specific for oxidized LDL have 
been detected in atherosclerotic animals and 
humans. I2°-221 The presence of receptors that 
interact with various components of oxidized 
LDL has also been detected in the atherosclerotic 
artery. ~2°'23-25J It still remains to be established 
whether these oxidized lipids are end products of 
cellular metabolism or are derived from extra- 
cellular oxidized LDL. For example, earlier stud- 
ies by Mitchinson and coworkers have shown that 
macrophages that took up acetyl LDL (that did not 
have oxidized lipids) showed evidence of intra- 
cellular ceroid (oxidized lipid-protein com- 
plexes) accumulation suggesting that lipids 
were oxidized intracellularly. ~26'27J 

3. Epidemiological studies have established a 
correlation between low plasma antioxidant lev- 
els to the prevalence of CVD. [28-30] It should be 
pointed out that a higher presence of oxidation 
markers has not been correlated with increased 
CVD. However, a greater degree of correlation 
between low levels of fl-carotene I31"321 (which has 
been shown to have little effect on the oxidation of 
LDL), the potential impact of diet (Mediterranean 

diet), consumption of increased amounts of red 
wine, [33'34] relaxed life style, and other factors 
have questioned the validity of these epidemio- 
logical studies. 

4. Animal and human studies have suggested 
that oral supplementation of antioxidants may 
retard the progression of atherosclerosis.[35] How- 
ever, very few human clinical trials are yet 
available and the conclusions from these studies 
have not been straightforward, t36-381 For example, 
the most recent HOPE trial has failed to establish 
a protective effect of vitamin E against CVD. I39] 

Studies by Steinberg and associates have pro- 
vided a valuable insight that protection of oxida- 
tion of LDL in the plasma compartment might 
be of little consequence to the arterial progression 
of atherosclerosis, t4°1 When they treated animals 
with two structurally similar antioxidants, pro- 
bucol and a close analog, only probucol had an 
effect on atherosclerosis. However, LDL isolated 
from both groups of animals was comparably 
protected from in vitro oxidation. The results were 
interpreted to suggest that antioxidant availabil- 
ity in the artery is far more important than the 
protection of LDL against oxidation in the plasma. 
Also, studies with probucol and mice models of 
atherosclerosis have cast doubts about the efficacy 
of antioxidants in this model. I41~41 However, 
the metabolism of synthetic and natural antiox- 
idants in various animals might involve oxidative 
pathways and thus counteract the antioxidant 
effects. 

5. Animal studies with genes for specific 
oxidative enzymes deleted (for example, 12/15- 
lipoxygenase that is presumably involved in the 
"seeding" of LDL with peroxides) have indicated 
potential oxidative stress in the development of 
the disease. I451 Specific inhibitors of these en- 
zymes are also reported to inhibit atherosclero- 
sis. I46"47] Contradictory evidence suggesting that 
an overexpression of 15-1ipoxygenase affording a 
protection against atherosclerosis has also been 
reported, t4s'481 Moreover, studies with myeloper- 
oxidase (an enzyme that was touted to initiate the 
oxidation of LDL in the artery) deficient animals 
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appear to indicate enhanced atherosclerosis E491 
suggesting that either oxidative processes are not 
major factors in the development of atherosclero- 
tic lesions in these animals, or compensatory 
oxidative enzymes are activated or myeloperoxi- 
dase might actually serve to protect against 
atherosclerosis in some manner. 

6. Oral supplementation of oxidized lipids 
such as oxidized cholesterol and oils appear to 
be atherogenic. ~5°-52~ Heated oil was used as the 
source of oxidized lipids and no evidence was 
presented in these studies to suggest the extent of 
absorption of oxidized lipids or the observed 
effects were indeed due to the presence of oxi- 
dized lipids and not complicated by the presence 
of degradation products. 

Thus, there is a great deal of confusion in 
literature regarding the oxidation hypothesis. 
Yet, a vast number of general public and notably 
cardiovascular physicians consume much higher 
than the required daily dose of antioxidant vita- 
mins presumably with the convincing supportive 
evidence that they are at least safe to consume. 
The purpose of this review is to re-examine the 
oxidation hypothesis, particularly, as it pertains to 
the plasma compartment and to suggest that 
oxidation might have both beneficial and deleteri- 
ous actions. 

OXIDATION OF LDL IN THE INTIMA 

Several lines of evidence suggest that oxidation 
of LDL might be more important in the sub- 
endothelial space as opposed to the oxidation 
that might occur in the plasma. In other words, 
the "atherogenic" oxidation of LDL might occur 
predominantly in the intima. 

1. Early studies by Van Berkel and associates L531 
and also by Steinbrecher et al. [541 showed that 
when injected into the plasma, modified forms of 
LDL (including oxidized LDL) are more rapidly 
cleared by the liver as compared to LDL. Thus, an 
extensively oxidized LDL was cleared within 

minutes in contrast to "native LDL" that was 
cleared after several hours. These studies sug- 
gested that the liver might very rapidly clear 
oxidized LDL if it is generated in circulation 
thereby limiting its chance of penetration into 
the artery and initiating the disease process. This 
finding was viewed as evidence to suggest that 
"oxidized" LDL might not be present in plasma at 
sufficient concentrations to account for the entry 
into the arterial wall and to generate macrophage 
foam cells. 

The concept of oxidized LDL has undergone 
numerous changes during the past 15 years. Oxi- 
dized LDL is not a single entity and as reviewed 
recently, E~71 at least 4 different oxidized LDL 
species are theoretically possible (Scheme 1). 
These include, plasma LDL to which peroxides 
generated elsewhere in the body are associated, 
LDL with its own lipids oxidized to various 
extents, and a protein-modified LDL. These dif- 
ferent forms of oxidized LDL are recognized by 
different receptors and not all these particles are 
as readily cleared from plasma as compared to 
heavily oxidized and modified LDL. Steinbrecher 
et al. demonstrated that the rate of clearance of 
oxidized LDL was indirectly proportional to the 
extent of oxidation. I54~ Thus, minimally or mod- 
erately oxidized LDL or even extensively oxi- 
dized LDL that has not undergone protein 
modification may have a longer plasma half-life 
and these could not only interact with the endo- 
thelium and circulating cells including the leuko- 
cytes but also could more readily penetrate the 
intima. 

Yet another problem with the interpretation of 
these studies is the lack of current understanding 
of the mechanism(s) that might be involved in 
the oxidation of LDL in the plasma, if it occurs. 
Copper-oxidized LDL was used in all the studies 
that determined the clearance of oxidized LDL. It 
is possible that LDL oxidized by other mechan- 
isms that do not generate similar protein mod- 
ifications as the copper-oxidized LDL might exist 
under physiological conditions with a longer 
half-life. 
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SCHEME 1 Oxidized LDL - different forms: A native LDL; B seeded LDL; C minimally oxidized LDL; D extensively oxi- 
dized LDL; E oxidatively modified LDL. (See Color plate I at the end of this issue.) 

2. Another argument that was put forth to 
suggest that oxidation of LDL might not occur in 
the plasma is that the in vitro oxidation of LDL 
is reduced even by the presence of minuscule 
amount of serum. [11 However, several recent 
studies have described methods that would 
permit the oxidation of whole serum or plasma 
by copper. ~s5"56] It should be noted that in these 
studies, serum was diluted greatly before oxida- 
tion could be followed. The oxidation of total 
plasma by oxidants such as AAPH has been 
known for a long time. [55"57-6°] It is unlikely that 
the human plasma will be exposed to hundreds of 
micromolar amounts of copper or to oxidants 
such as AAPH. On the other hand, myeloperoxi- 
dase (MPO)-mediated oxidation of lipoprotein is 
likely to occur in the plasma and as mentioned 
later could be of important consequence to 

atherosclerosis. Recently, MPO-mediated oxida- 
tion of plasma was described. I611 

3. A third line of evidence is presented to 
suggest that atherogenic oxidation might occur 
in the intima rather than in the plasma argues that 
other lipoproteins of plasma such as very low- 
density lipoprotein (VLDL) or high-density lipo- 
protein (HDL) also might compete for oxida- 
tion. [62-66] The logic behind such an argument is 
that only the oxidation of LDL is atherogenic and 
would affect the formation of foam cells and elicit 
pro-atherogenic changes in cells. However, there 
is no a priori reason to believe that oxidation of 
lipids in LDL is likely to generate atherogenic 
components (oxidized lipids) that are distinct 
from oxidized lipids associated with other lipo- 
proteins. While the sheer mass of LDL as 
compared to other lipoproteins might make its 
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oxidation capable of generating quantitatively 
more atherogenic lipids, the oxidation of other 
lipoproteins should also render them athero- 
genic. There is evidence suggesting that oxidized 
HDL is less capable of inducing reverse choles- 
terol transport from cells and oxidized HDL and 
VLDL might promote lipid accumulation in 
macrophages. [67~9] 

4. Particles resembling in vitro oxidized LDL 
have been isolated from atherosclerotic artery. [7°1 
It should be clarified that the LDL isolated from 
the lesion has characteristics distinct from "mod- 
ified LDL" fractions that have been isolated from 
circulation. These include apoprotein fragmenta- 
tion, oxidation-specific protein alterations, evi- 
dence of antioxidant and polyunsaturated fatty 
acid (PUFA) depletion, and the generation of neo- 
antigenic epitopes. No such "oxidized LDL" has 
been isolated from plasma, although several 
groups have claimed the demonstration of the 
presence of "oxidation-labile" or "mildly oxi- 
dized" fractions in plasma. 

,OXIDATION OF LDL IN P L A S M A  

Despite controversies, the oxidation of LDL in 
the plasma has attracted considerable attention. If 
oxidation of LDL in plasma contributes to its 
atherogenicity, then its detection and prevention 
would be of immense value, not only in the 
diagnosis of cardiovascular diseases but also in 
its treatment. 

Evidence  for Oxidat ion  of  LDL in P la sma  

There have been genuine concerns and questions 
about the potential of oxidized LDL to initiate pro- 
atherogenic events in the plasma compartment. 
Earlier studies by Avogaro and coworkers have 
documented that an electronegative subfraction is 
present even in the normal plasma and such LDL 
is internalized at a faster rate by macrophages as 
compared to normal plasma LDL. [71] This particle 
showed evidence of apoprotein aggregation and 
contained increased levels of malondialdehyde 

(MDA). Sevanian et al. provided definitive evi- 
dence to suggest that indeed such fractions 
contain large amounts of cholesterol oxidation 
products. [72'731 They also demonstrated that the 
supplementation of animals with cholesterol 
increase the amounts of oxidized cholesterol in 
this subfraction. [74] 

The presence of oxidized fatty acid derivatives 
in plasma is known for a long time. Numerous 
studies have also documented the presence of 
MDA in plasma. [75'761 However, a definite con- 
nection between their presence and the athero- 
genic process had not been established. Studies by 
Christison and others showed that lipid peroxides 
are usually present in the normal cholesterol ester 
peroxides and are predominantly associated with 
the HDL and not LDL. [771 The presence of 
oxidized phospholipids is also recently sug- 
gested. [1°'52"781 However, from these studies one 
cannot conclude whether these oxidized lipids 
were generated in the plasma or were derived 
from extra vascular tissues. 

Recently oxidized LDL has been demonstrated 
in the peripheral blood. [79"8°] An alternate possi- 
bility was raised that the oxidized LDL may be 
generated or released in the arterial blood [s1'821 
from arterial tissues. Salmon et al. [83] described a 
method for the detection of lipoproteins contain- 
ing MDA-modified apolipoprotein B in the serum 
of patients with cardiovascular diseases. They 
coated ELISA plates with the antibodies to MDA- 
LDL and used peroxidase-labeled antibodies to 
LDL, which revealed only apolipoprotein B, the 
protein component of LDL. Similar approaches 
have been used by a number of workers to 
demonstrate the presence of oxidized LDL in the 
plasma. [81"84-871 In a study by Palinski et al., [881 13 

monoclonal antibodies to various epitopes of oxi- 
dized LDL were cloned using the spleens of apoE- 
deficient mice (E0 antibodies). A sensitive double 
layered sandwich chemiluminescent immuno- 
assay was established to determine if any of the 
E0 antibodies recognize the epitopes on the cir- 
culating LDL. The antibodies E06 (recognizes 
oxidized phospholipid epitope) and antibody 
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E014 (recognizes MDA-lysine like epitopes) 
clearly recognized three or four times the amount 
of epitope on the circulating LDL as did the other 
monoclonal antibodies or IgM controls. Thus, 
this study added to the findings of several other 
studies that some circulating LDL particles do 
contain selected oxidation specific epitopes, or 
that minimally modified forms of LDL may 
exist in the plasma. [81'84-87'89] The studies of Itabe 
et  al. [811 reached the conclusion that the LDL 
oxidation occurs under some special clinical 
conditions and that the modified LDL is present 
in the circulating blood. The LDL oxidation level 
detected in the normal subjects was 0.52 + 0.35 
arbitrary units/5 gtg protein of LDL. 

In contrast to these studies, studies by Shimano 
et  al. showed that there was no preformed 
oxidized lipoprotein in the plasma. I9°~ However, 
these investigators were able to isolate a subfrac- 
tion of LDL that had an increased propensity to 
undergo further oxidation. This subfraction of 
LDL has been the topic of major importance as 
there is substantial evidence to indicate that 
plasma of subjects who are prone to coronary 
artery disease may contain LDL subfraction 
designated as subfraction B, which has the 
physical attributes of smaller size and heavier 
density.j911 This small, dense LDL subfraction has 
been shown to undergo oxidation at a faster rate 
as compared to normal LDL particle. ~92~ While 
there is no reason to expect that oxidized lipids 
from one particle would have a greater impact on 
atherosclerosis as compared to oxidized lipids on 
another particle, Reaven and colleagues argue 
that small dense LDL may enter the artery more 
readily as compared to larger LDL particles. [93'94] 

Thus, three different speculations that can be 
made are, (a) the direct oxidation of LDL in the 
plasma compartment, (b) LDL is oxidized in the 
neighboring tissues such as the artery and then 
released into the blood stream by reverse trans- 
portation, and (c) the peroxides generated in the 
plasma compartment or in the neighboring 
tissues get associated with LDL and leads to its 
oxidation/modification. 

THE OXIDATION PARADOX 

A number of risk factors, including oxidative 
stress, have been identified for coronary artery 
disease. [9sl Conversely, a number of pharmaco- 
logical agents, behavior modifications, and die- 
tary modalities have been recommended to lower 
the risk of coronary artery disease (CAD). These 
include exercise or physical activity, substitution 
of polyunsaturated fat including fish oil for 
saturated fat, and hormone replacement therapy 
in women. [96-981 Numerous mechanisms have 
been suggested to explain the action of the 
beneficial effects of diet, exercise, or hormone 
therapy. This review is not too inadequate to 
discuss these mechanisms in detail. However, as 
pointed out in the subsequent paragraph, one 
common factor that stands out among these three 
is their connection to oxidative stress. All of 
them impose an oxidative stress and yet they are 
beneficial in preventing cardiovascular diseases. 

(a) Exercise and Oxidat ive  Stress 

In recent years it has been recognized that even 
moderate levels of physical activity such as brisk 
walking can add to cardiovascular benefits. [99,100] 

Consequently, lack of physical or sedentary life- 
style has been recognized as a risk factor. E1°1-1°31 
The precise mechanism by which exercise or 
regular physical activity may influence the pro- 
gression of CAD is not known. One would expect 
that physical activity as a deterrent of cardiovas- 
cular disease would be compatible with the 
oxidation hypothesis. 

The pro-oxidant nature of exercise has been 
recognized for a long time L1°4-11°1 (Table I). 
Maximal aerobic capacity has also been inversely 
related to LDL-cholesterol concentration, t111-1141 
Exercise appears to result in an initial activation 
of neutrophils (priming) which has been indi- 
cated by several means including degranulation 
which is accompanied by increased plasma level 
of granular enzymes. [115-1171 Several studies have 
reported an exercise-induced increase in the 
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TABLE I Selected human studies of exercise and oxidative indices 

203 

Oxidative indices Sample Exercise type References 

MDA ~" Human plasma Cycling [182] 
Human serum Running [183-186] 
Human urine Running [187] 
Human plasma Running [188-190] 
Human platelets Cycling [191] 

CD T Human muscle Running [187] 
Human plasma Running [189] 

8-Hydroxy-deoxyguanosine T Human urine Running [188,190] 
Pentane T Human expired air Cycling [192,193] 
GSSG T, GSH l Human plasma Running [194] 

Human plasma Cycling [106,195-197] 
Human erythrocytes Running [189,198] 

Vitamin E $ Human serum Running [186] 
Human plasma Running [198,199] 
Human plasma Cycling [200,201] 

SOD T Human erythrocytes Running [190] 
Human platelets Cycling [191] 
Human plasma Soccer [202] 
Human plasma Running [203] 

GPX T Human platelets Cycling [191] 
Human erythrocytes Aerobics [204] 
Human plasma Running [205] 
Human plasma Aerobics [204] 

Catalase T Human platelets Cycling [191] 
MPO T Human plasma Downhill running [206] 

T = Increase; ~ = decrease; MDA = malondialdehyde; CD = conjugated diene; GSH- reduced glutathione; 
GSSH-oxidized glutathione; SOD=superoxide dismutase; GPX-glutathione peroxidase; MPO- 
myeloperoxidase. 

p l a sma  level of MPO, an e n z y m e  impl ica ted in 
the oxidat ion of LDL in the artery. Ells'119I M P O  

is contained in large amoun t s  wi th in  the neutro-  
philic granules.  U p o n  st imulat ion,  the granules  
release substant ial  amoun t s  of MPO into the 
extracellular envi ronment .  

H o w  do we reconcile wi th  the fact that exercise 
is an oxidat ive stress and  yet is a deterrent  of 

cardiovascular  disease if oxidat ive stress p lays  
an impor tan t  role in the et iology of the disease? 
There are at least two solutions to this paradox:  (1) 
the o v e r w h e l m i n g  cardiovascular  benefi t  of 
exercise migh t  overr ide  the potent ia l  negat ive  
effects, and  (2) the oxidat ive stress itself could be 
a par t  of the beneficial package.  

This pa r a dox  was  addressed  recently by  Shern- 
Brewer et al., [120"1211 w h o  s howed  that  beginning  

exercisers suffered an oxidat ive stress and  as a 

consequence  the isolated LDL was  more  readi ly  
oxidized in vitro as c o m p a r e d  to LDL isolated 

f rom sedentary  subjects. In contrast,  LDL iso- 
lated f rom chronic exercisers was  less readi ly  
oxidized as c o m p a r e d  to seden ta ry  subjects. One 
interest ing observat ion  in this s t udy  was  that  
w o m e n  regardless  of the status of physical  acti- 
vi ty appea red  to be well  protected against  oxi- 
dat ive  damage .  These seeming ly  contradic tory  
results  can be expla ined if the oxidat ive stress 
induced  by  exercise wou ld  p romo te  ant ioxidant  
defense  in the artery. In other  words ,  sus ta ined 
oxidat ive stress in the p l a sma  migh t  induce  

ant ioxidant  defense  in the arterial  cells by  in- 
duc ing  ant ioxidant  enzymes .  The overall  result  
wou ld  be a protect ion of LDL against  int imal  
oxidat ion in chronic exercisers despi te  the poten-  
tial of the ongoing  physical  activity to induce  an 
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204 S. PARTHASARATHY et al. 

oxidative stress. In other words  the antioxidant 

enzymes  associated with the arterial cells might  

block the seeding mechanisms of LDL so that the 
isolated LDL undergoes  oxidation much  less 

readily as compared  to LDL isolated from begin- 

ning exercisers (Scheme 2). 

Other studies in the literature, including 
ours, [120-122] have looked at the effects of acute 

exercise and have reported an enhanced suscepti- 
bility of isolated LDL to oxidation. Sanchez- 
Quesada  et al. [122] had six well-trained runners 

run cont inuously for 4 h. After the exercise bout, 

LDL susceptibility to oxidation, measured  as 

conjugated dienes formation, was increased sig- 
nificantly and the lag time decreased. In contrast, as 

wou ld  be expected from our  study, Vasankari 
et al. [1231 observed eight trained male runners who  

participated in a 31 km run and 22 male runners  

who  participated in a marathon.  After these 

exercise bouts, no changes were seen in LDL 
diene conjugation. Beard et al. [1241 investigated 

25 participants in the Pritikin Longevi ty  Center 

3-week training study. The training protocol 

consisted of exercise classes 5 days a week with 

45min  of aerobic exercise on a treadmill or 

exercise. At the end of the 3-week training period, 

LDL was isolated from subjects and oxidized 
using a copper  system. There was a significant 

increase in lag time (p K 0.05) after the training 

period as compared  to before the training period. 

The ability of younger  w o m e n  to resist exercise- 
induced oxidative changes presented an interest- 

ing possibility. In these women,  estrogen might  

protect against oxidative injury by inducing 

antioxidant enzymes  such as nitric oxide synthase 
(NOS) in the artery. [12s] However,  these studies 

do not exclude the direct effect of estrogen as an 

antioxidant. 

Sedentary Oxidation in 
~ thelntim) 

LDL 
LDLr 

Liver 

® 
Antioxidant Clearance by 
.# A liverSCR~ 

...... Inhibition of 
=:n:n, ...N":;" 

° Antioxidant 
enzymes ~ Chronic 

Exerciser 

SCHEME 2 Oxidative stress and LDL oxidation in plasma: 1. Native LDL is cleared predominantly by liver via the classical 
LDL receptor. 2. When there is an oxidative stress (as in beginning exercisers) LDL may be oxidized by MPO. The oxidation 
of LDL might result in the induction of antioxidant enzymes in the artery and its enhanced clearance via the liver scavenger 
receptor(s). 3. The increased antioxidant defense would prevent subsequent oxidative stress as seen in chronic exerciser. 4. 
When there is inadequate antioxidant defense or when there is overwhelming oxidative stress, further oxidation of LDL in 
the intima would result in atherosclerotic changes. (See Color plate II at the end of this issue.) 
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(b) Estrogen and Oxidative Stress 

It has been noted for a long time that w o me n  of 
child bearing age are protected from coronary 
ar tery diseases as compared  to men  of the same 
age. [1261 However ,  once women  reach the meno-  

pausal  age they appear  to be equally if not  more  
susceptible to the deve lopment  of athero- 
sclerosis. [~27"128~ Based on these findings it was 

suggested that estrogen might  protect  against 
coronary  ar tery disease in p remenopausa l  
women.  Considering that estrogen (estradiol) is 
a phenol,  in recent years there have been at tempts 
to link its potential  ant ioxidant  propert ies  with 
the oxidation hypothesis.  [129q33] In other words,  

there have been suggestions that the beneficial 
effects of estradiol could be related to its anti- 
oxidant  effects. Accordingly, a number  of studies 
have shown that estradiol is an antioxidant,  at 
least in in vitro studies. [134-1411 However ,  its 

ant ioxidant  affect could be established only unde r  
conditions that are unphysiological ,  using micro- 
molar  concentrations. Normal  concentrat ion of 
estradiol in the plasma of younger  women  ranges 
between 50 and 200 pg per ml, a concentrat ion 
well below I nM. Therefore,  it is ve ry  unlikely that 
unde r  physiological conditions estradiol would  
have an antioxidant  effect. More importantly,  
there is no logical reason to expect  that estradiol, 
present  in nanomolar  concentrat ion would  have a 
greater  antioxidant  effect than vi tamin E which is 
present  in micromolar  concentrat ions in LDL. 

It was pointed out recently that LCAT-reacted 
estradiol in which the 17-fl-position is esterified to 
a fatty acid could inhibit the oxidat ion of LDL at 
a more  physiological concentration. E142] If this is 

true, the esterified estradiol would  be the most  
potent  antioxidant  ever known to man,  acting at 
nanomolar  concentrations to inhibit the oxidation 
of LDL. However ,  there has been  no demonstra-  
tion that such a compound  exists in vivo or acts 
as an antioxidant  to suppress  the oxidation of 
LDL. It is difficult to comprehend  the formation of 
esterified estradiol when  massive amounts  of free 
cholesterol or other potential  substrates for LCAT 

are available in the plasma. One has to imagine a 
Km of less than I nM of estradiol for LCAT 
reaction. 

The ant ioxidant  p roper ty  of estradiol was pu t  to 
test recently by Santanam et al. who showed  that 
LDL isolated from estradiol-rich younger  and 
estradiol-poor older w o me n  were  oxidized at 
similar rates in vitro. [143] They also demons t ra ted  
that LDL isolated from w o m e n  dur ing  various 
stages of their menst rual  cycle (with different 
levels of plasma estradiol levels) again were  
oxidized at similar rates in vitro by copper  demon-  
strating that physiologically relevant  estradiol 
concentrat ion had no effect on the rate of oxida- 
tion of LDL. The results of Santanam eta/ .  [1431 

argues against the possibility that esterified 
estradiol is a physiological ant ioxidant  unless 
the concentrat ion of these derivatives were  the 
same in older  and younger  w o m e n  or in younger  
w o m e n  dur ing  various t ime periods of their 
menstrual  cycle (despite vast differences in 
plasma estradiol values). 

Women with low estrogen levels are often 
infertile and when  they undergo  ovarian hyper-  
st imulation for in vitro fertilization the estrogen 
levels often raises several thousand pg per ml. 
When  we tested LDL samples isolated from such 
w o m e n  to undergo  oxidation in vitro, such LDL 
showed reduced  susceptibility to undergo  oxi- 
dat ion by  copper  as compared  to LDL isolated 
before hyperst imulat ion.  [1431 This could be inter- 

pre ted as an antioxidant  effect. Surprizingly, high 
levels of free MPO protein was present  in the 
plasma of such w o m e n  and accordingly the 
isolated LDL was more  readily oxidized by  per- 
oxidases as compared  to LDL isolated before 
hyperst imulat ion.  It has been shown for a long 
t ime that estradiol can release MPO from neu- 
trophils. [1441 Adminis t ra t ion of animals with 

estrogens lead to an increase in leukocyte recruit- 
ment  in steroidogenic tissues and unde r  these 
conditions there is an increase in the levels of 
MPO, eosinophil  peroxidase and uterine per- 
oxidase, enzymes  that are involved in oxidation 
reactions. [145-15°] More importantly,  estrogen 
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induced lipid peroxidation is well documented 
in literature. [151-154] Is it possible that the bene- 
ficial effects of estradiol could be related to its pro- 
oxidant effects? An increase in plasma MPO in 
women who have high estradiol levels might 
lead to the oxidation of LDL in the plasma. As 
mentioned earlier, such oxidized LDL is expected 
to be cleared rapidly from circulation by the liver. 

Interestingly, exercise also has been noted to 
increase neutrophil degranulation E155"1561 and the 
release of MPO protein. ]12°] We have documented 
an increase in plasma MPO in exercisers as 
compared to sedentary subjects. I12°1 How this 
increase relates to the lowering of plasma LDL 
can only be speculated. If MPO is involved in the 
oxidation of LDL in the plasma, then oxidative 
clearance of LDL by liver could, at least in theory, 
explain the lowering of cholesterol. Far fetched, as 
it may seem, low plasma cholesterol has been 
observed in subjects with infectious diseases who 
have increased neutrophil activity and increased 
plasma MPO levels. ]157-1591 In addition to increas- 

ing antioxidant defense in the artery, such oxida- 
tion might also deliver oxidized sterols to the liver 
and limit de novo  cholesterol synthesis. 

(c) PUFA and Oxidat ive  Stress 

PUFA are vulnerable to peroxidation. ]16°1 Pleth- 
ora of studies have documented the increased 
presence of lipid peroxidation products and 
depletion of antioxidants in subjects who con- 
sume predominantly PUFA-enriched diet. This 
is more so in the case of subjects who consume 
higher amounts of fish oil-derived PUFA. ]1611 
In  v i t ro  studies have documented the vulnera- 
bility of lipoproteins enriched in PUFA to oxi- 
dation as compared to lipoproteins enriched in 
monounsaturated fatty acids (MUFA). [162] Simi- 
larly cells that are enriched in PUFA appear to 
release more reactive oxygen species and appear 
to be affected more by oxidative stress. ]163] Based 
on these findings, one would expect MUFA, 
which lowers cholesterol as much as PUFA [164'165] 
would be more beneficial in preventing athero- 

sclerosis. Yet, a low fat diet, with predominant 
intake of PUFA is recommended by the AHA for 
lowering plasma cholesterol. Rudel and asso- 
ciates have convincingly established that feeding 
of PUFA to cholesterol-fed monkeys decreases the 
formation of atherosclerotic lesions as compared 
to animals fed MUFA or saturated fatty acids. [166] 
On the contrary, MUFA appears not only to be 
ineffective but seem to increase the severity of 
lesions as observed in mutant mouse models. [1671 

There might be several mechanism(s) by which 
PUFA might protect against CAD. There is over- 
whelming evidence to suggest that increased 
consumption of PUFA impose an oxidative stress 
and even in the monkeys in which PUFA retarded 
the progression of the lesions, there was evidence 
of oxidative stress. [168'169] 

S U M M A R Y  

In summary, it can be concluded that physical 
activity, estrogens, and the consumption of PUFA 
could be an oxidative stress. If so, either such a 
stress is beneficial or the overwhelming benefits 
derived from these override the deleterious 
effects of oxidative stress. How can the oxidative 
stress be beneficial? Long time ago, the induction 
of prostacyclin synthesis by oxidized LDL was 
reported ]17°'171] but went unnoticed. A number 
of recent studies have documented the induction 
of antioxidant enzymes by oxidants. Superoxide 
dismutase (SOD), [172"173] heme oxygenase, [174-1761 

N O S  [177] and catalase, L178] have been shown to be 

induced by H 2 0  2 and lipid peroxides. In addition, 
a number of potentially anti-atherogenic effects of 
oxidized lipids could be viewed as anti-athero- 
genic ]171 (Table II). For example, the induction of 
VCAM-1, an adhesion molecule that might be 
involved in the recruitment of sub-endothelial 
monocytes, by oxidants has been well estab- 
lished.L179"180] On the other hand, the soluble form 
of VCAM-1 that is released into the plasma, has 
been recognized as an angiogenic factor and 
thus could help to promote neovascularization. 
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TABLE II Anti-atherogenic effects of oxidized lipids 
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Oxidized lipid Gene induced Anti-atherogenic effect 

Hydroperoxy linoleic acid VCAM-1Isl s-VCAM-1, the soluble form of VCAM-1 is an 
(13-HPODE), 13-HODE, angiogenic factor that would 
oxidized LDL promote neo-vascularization f2°71 

13-HPODE Potent vasodilator and antioxidant t2°81 
13-HPODE Generates antioxidant products such as 

bilirubin, biliveridin, and carbon monoxide [2°9] 
Causes cholesterol efflux from cells [21°] 
Generated in vast quantities by LCAT and 
might promote de novo HDL synthesis by liver E781 

Inhibit cholesterol synthesis I2111 
Could potentially inhibit smooth muscle 
cell growth? 

Quench superoxide radicals, which may be 
involved in the oxidation of LDL 

Increased glutathione synthesis [2121 

Catalase Antioxidant enzyme [213"2141 

Lyso PtdCho 

Cholesterol oxidation 
products 

Unknown components 
of oxidized LDL 

Unknown components 
of oxidized LDL 

13-HPODE, 13-HODE 

NOS~177I 
Heme oxygenase [1761 

Mn_SOD [173] 

Similarly, the oxys tero l  of  ox id ized  LDL could  

he lp  to r educe  cholesterol  synthesis ,  ilsll 

F r o m  the above  discuss ion,  one  can imag ine  a 

scenar io  in w h i c h  low and  sus ta ined  levels of  

oxida t ive  stress in the extracel lular  mi l ieu  a n d  

in p l a sma  m i g h t  help  to ma in t a in  a d e q u a t e  anti-  

ox idan t  e n z y m e  p resence  in the arterial  cells 
(Scheme 2). W h e n  there  is o v e r w h e l m i n g  oxida-  

tive stress or  w h e n  the an t iox idan t  e n z y m e  genes  

fail to r e spond ,  there  m i g h t  be a need  for external  

s u p p l e m e n t a t i o n  of  ant ioxidants .  A g i n g  p o p u l a -  

t ion and  those  wi th  es tabl ished disease  states in 

w h i c h  the oxidat ive  stress is exacerba ted  as in 

diabetes  or  chronic  h y p e r t e n s i o n  or  those  wi th  

phys ica l  inact iv i ty  m i g h t  thus  d e p e n d  on  external  
an t iox idan t  supp lemen ta t i on .  Aga in ,  the ant ioxi-  

d a n t  s h o u l d  be avai lable w h e r e  it is n e e d e d  a n d  at 

concen t ra t ions  suff icient  e n o u g h  to o v e r w h e l m  

the  oxidat ive  stress. More  impor tan t ly ,  the anti-  

ox idan t  itself s h o u l d  no t  b e c o m e  an oxida t ive  

p r o b l e m  b y  i m p o s i n g  an  oxida t ive  metabol ic  
threat.  
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