
Free Rod. Re. ,  Vol. 24, No. 2, pp. 123-134 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B V. Published in the Netherlands by 

Harwood Academic Publishers GmbH 
Printed in Malaysia 

Inhibition of Oxidation of Low Density Lipoprotein by 
- -  

Vitamin E and Related Compounds 
NAOHIRO GOTOH, NORIKO NOGUCHI, JUNICHI TSUCHIYA, KAZWO MORITA, HIROKAZU SAKAI, 
HIROMJKI SHIMASAKI* and ETSUO NIKI** 

Research Centerfor Advanced Science and Technology, University of Tokyo, Komaba, Meguro, Tokyo 153; ‘Teikyo University School of 
Medicine, Department of Biochemistry, Kaga, Itabashi, Tokyo 173, japan 

Accepted by Professor T. Yoshikawa 

(Received May 2nd, 1995; infinal form, June 16th, 1995) 

The oxidation of low density lipoprotein (LDL) was 
carried out aiming specifically at elucidating the anti- 
oxidant action of a-tocopherol. Lipophilic and hydro- 
philic azo compounds and copper induced the 
oxidation of LDL similarly to give cholesterol ester and 
phosphatidylcholine hydroperoxides as major prod- 
ucts. The antioxidant potency of a-tocopherol in LDL 
was much poorer than in homogeneous solution. 
Doxy1 stearic acids were used as spin probe and in- 
corporated in LDL. The rate of reduction of doxy1 
nitroxide in LDL by ascorbate decreased with increas- 
ing distance from the LDL surface. From the compe- 
tition between the spin probe and a-tocopherol in 
scavenging radical, it was found that the efficacy of 
radical scavenging by a-tocopherol became smaller as 
the radical went deeper into the interior of LDL. On 
the other hand, 2,2,5,7,8-pentamethyl-6-chromal 
spared the spin label regardless of the position of 
nitroxide. The antioxidant activity of chromanols 
against LDL oxidation increased with decreasing 
length of isoprenoid side chain at the 2-position. All 
these results were interpreted by location and low 
mobility of a-tocopherol in LDL. The tocopherol me- 
diated propagation was observed notably at low rate 
of radical flux, but this was suppressed by reductant 
such as ascorbic acid and ubiquinol. 

Key words: Lipid peroxidation, low density lipoprotein, 
vitamin E, antioxidants, free radicals 

Abbreuiations: AAPH, 2,2‘-azobis(2-amidinopropane) di- 
hydrochloride; AMVN, 2,2’-azobis(2,4-dimethylvaleronitrile); 
CE, cholesterol ester; CEOOH, cholesterol ester hydro- 
peroxide; EDTA, ethylenediaminetetraacetic acid; ESR, elec- 
tron spin resonance; HPLC, high pressure liquid 
chromatography; LDL, low density lipoprotein; NS, N-oxyl- 
4,4’-dimethyloxazoiidine derivatives of stearic acid; NMS, 
methyl ester of NS; 5-NS, 2-(3-carboxypropyl)-2-tridecyl-4,4- 
dimethyl-3-oxazolidinyloxyl; 7-NS, 2-(5-caboxylpentyl)-2- 
undecyl-4,4-dimethyl-3-oxazolidynyloxyl; lO-NS, 2-(8- 
carboxyloctyl)-2-oc tyl-4,4-dimethyl-3-oxazolidinyloxyl; 
12-NS, 2-(l0-carboxyldecyl)-2-hexyl-4,4-dimethyl-3- 
oxazolidinyloxyl; 16-NS, 2-(14-carboxytetradecyl)-2-ethyl- 
4,4-dimethyl-3-oxazolidinyloxyl; PBS, phosphate buffered 
saline; PC, phosphatidylcholine; PCOOH, phosphatidyl- 
choline hydroperoxide; PMC, 2,2,5,7,8-pentamethyl- 
6-chromanol; UQiH2, ubiquinol-1; probucol, 4,4‘- 
(isopropylidenedithio)bis(2,6-di-tert-b~ tylphenol). 

INTRODUCTION 

There is now an increasing evidence which sug- 
gests that oxidative modification of low density 

**Correspondence should be made to: Etsuo Niki, RCAST, University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153, Japan, Fax: 
+ 81-3-3481-4574 
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124 N. GOTOH ET AL. 

lipoprotein (LDL) increases its atherogenic prop- 
ertiesI4: that is, the oxidatively modified LDL is 
recognized by a scavenger receptor of macro- 
phage5r6 rather than normal LDL receptor: which 
results in its unregulated uptake and eventual 
formation of cholsteryl ester-loaded cells. In fact, 
polyclonal and monoclonal antibodies directed 
against LDL modified by oxidation, 
malonaldehyde or Phydroxynonenal were found 
in atherosclerotic plaques of hyperlipidemic rab- 
bits.'-" Furthermore, the oxidatively modified 
LDL is thought to play a role in recruitment and 
retention of rnonocytes/macrophages:* and has 
the potential to damage endothelial  cell^.'^,'^ Ac- 
cordingly, the protection of LDL from oxidation 
by antioxidant received much attenti~n.'~''~ 

LDL has several antioxidants in itself such as 
vitamin E (a- and y-tocopherol), ubiquinol, P- 
carotene and 1yc0pene.l~ On a molar base, a- 
tocopherol is the most abundant, lipophilic 
radical-scavenging antioxidant contained in 
LDL." The action of vitamin E as an antioxidant 
in homogeneous solution has been studied exten- 
sively and is now well understood,19r20 but the role 
of vitamin E against the oxidative modification of 
LDL is not well elucidated and has been the sub- 
ject of controversy. Esterbauer and his co- 
workers found that the oxidation of 
polyunsaturated lipids occurred only after a sig- 
nificant drop in vitamin E,25 and Jessup et al." 
showed that oxidative modification of LDL by 
cultured macrophages or Cu(II) ions did not occur 
unless LDL was depleted of vitamin E. It has been 
found that oral supplementation with a- 
tocopherol increased both vitamin E content of 
LDL and its resistance to oxidationB and also that 
the supplementation of culture media with vita- 
min E prevents oxidative modification of LDL by 
cells.% Similar protective effects of vitamin E have 
been reported re~ent ly?~ '~~ Epidemiological stud- 
ies also show that the incidence of ischemic heart 
disease mortality is inversely correlated with the 
level of plasma vitamin E.44,45 More recent, large- 
scale prospective studies show that the use of 
large doses of vitamin E supplements is associated 

18,2143 

with a significantly decreased risk of coronary 
heart 

On the other hand, it has been also found that 
the content of vitamin E did not fully correlate 
with the oxidizability or resistence of the LDL to 
oxidation.1s Gebicki et al." studied the oxidation 
of LDL induced by y-irradiation and observed no 
correlation between the initial levels of vitamin E 
in LDL and its oxidizability. Stocker and 

proposed recently that the peroxidation 
is propagated within lipoprotein particles by reac- 
tion of the vitamin E radical with polyunsaturated 
fatty acid moieties in the lipid and that vitamin E 
acts as a prooxidant. 
LDL has a heterogeneous structure, phos- 

phatidylcholine (PC) and free cholesterol com- 
pose an outer monolayer, while cholesteryl ester 
(CE) and triglyceride form core. A large protein 
termed apolipoprotein B-100 is embedded in the 
outer layer. It is generally thought that vitamin E 
is incorporated in the outer monolayer. However, 
there has been no clear experimental evidence to 
prove it. In a heterogeneous medium like LDL, the 
antioxidant efficiency will be determined not only 
by its chemical reactivity toward oxygen radicals 
but also by physical factors such as location and 
mobility. For example, probucol acts as a more 
potent antioxidant than a-tocopherol in LDL, al- 
though the chemical reactivity of probucol toward 
oxygen radicals is much smaller than that of a-to- 
copherol? The present study has been under- 
taken to elucidate the dynamics of action of 
vitamin E and related compounds as an antioxi- 
dant against oxidation of LDL. 

MATERIALS AND METHODS 

Materials 
LDL was separated from human plasma of 
healthy donors by ultracentrifugation as de- 
scribed previous ly  within a density cut-off of 
1.019 to 1.063 g/ml and then dialyzed with cellu- 
lose membrane in phosphate-buffered saline 
(PBS, pH 7.4) containing 100 pM EDTA. EDTA 
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INHIBITION OF OXIDATION OF LOW DENSITY LIPOPROTEIN 125 

was removed by dialysis prior to oxidation with 
copper. It was sterilized with Mille-GV filter after 
dialysis. The protein concentration of LDL was 
measured by Lowry’s method.49 

The spin probe, N-oxyl4,4’-dim&hyloxazolidine 
derivatives of stearic acid (NS) were purchased 
from Aldrich (Milwaukee, WI) and used as re- 
ceived. The azo radical initiators, 2,2’-azobis(2- 
amidinopropane) dihydrochloride (AAPH) and 
2,2’-azobis(2,4-dimethylvaleronitrile) (AMVN), 
were provided by Wako Pure Chemical Industries 
(Osaka, Japan) and used as received. 2R,4’R,8’R-a- 
Tocopherol and chromanols with different side 
chain length were kindly supplied from Eisai 
Company (Tokyo, Japan). The structure of spin 
probe and antioxidants used in this study is 
shown in Figure 1. 

Oxidation of LDL and its lipids 

The oxidation of LDL (0.25 mg protein/ml unless 
otherwise noted) was carried out at 37°C under air 
in PBS (pH 7.4). The oxidation was initiated by the 
addition of cupric chloride or AAPH dissolved in 

n=3: a-tocopherol(E3) 
n=2: E2 
n=l : El 
n=O: PMC(Eo) 

HOOC-(CHZ)~-~,C,~(CHZ)~-CH~ 

O q - O ’  n+m=l6 

n=4: 5-NS n = l l :  12-NS 
n=6: 7-NS n=15: 16-NS 
n=9: 1 0-NS 

6-0-palrnitoylascorbic acid ubiquinol-1 (UQIHP) 

FIGURE 1 Structure of antioxidants and spin probes used in this 
study and their abbreviations. 

PBS or by A W N  which was added into the LDL 
suspensions as an ethanol solution. The hydro- 
philic antioxidant was added as its aqueous solu- 
tion, while lipophilic antioxidant was added as an 
ethanol solution. The spin probe was also added 
into LDL suspensions as an ethanol solution, fol- 
lowed by incubation. The final concentration of 
ethanol was always kept below 2%. The aliquots 
of the reaction mixture were taken out at appro- 
priate time intervals and subjected to analyses for 
antioxidants and lipid hydroperoxides, after stop- 
ping the oxidation by the addition of 100 pM 
EDTA and freezing. 

The lipids and lipophilic antioxidants were ex- 
tracted from LDL with twice as much chloroform 
and methanol mixture (21 by vol) and dissolved 
in hexane after removal of chloroform. The oxida- 
tion of this hexane solution was initiated by the 
addition of AMVN at 37°C under air. 

Analysis of oxidation products and 
antioxidants 

Lipid hydroperoxides and a-tocopherol were ex- 
tracted from reaction mixture with twice as much 
chloroform/methanol (2/1 by vol) by mixing 
with vortex mixer for 1 min followed by centrifug- 
ing for 3 min at 12,000 rpm. The aliquots of chloro- 
form phase containing smali amount of methanol 
were injected to HPLC. The lipid hydroperoxides 
were detected by an absorption at 234 nm and 
a-tocopherol by electrochemical detector (Model 
ECP-1, Kotaki, Chiba, Japan) set at + 1,050 mV. 
The analytical conditions for HPLC are 
summarized in Table 1. 

Electron spin resonance (ESR) study 

The ESR spectra were recorded on an X-band 
JEOL-FE1X spectrometer. The spin probe was 
incorporated into LDL by incubation with 
13.1 mg LDL/ml containing 1% ethanol. The con- 
sumption of spin probe was followed by measur- 
ing its ESR signal intensity. The conditions were 
as follows: magnetic field, 327f 1 mT; sweep time, 
8 mT/min; microwave power, 1 mW; modulation 
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126 N. GOTOH ET AL. 

TABLE 1 Typical analybcal conditions for PC and CE hydroperoxides, a-tocopherol and its analogues, 

a- tocopherol a-tocopherol analogues PCOOH CEOOH 

Column LC-Si (5 cm) + LC-Si (15 cm) LC-8 (5 cm) + LC-8 (25 cm) LC-18 (25 cm) LC-18 (5 cm) + LC-8 (25 cm) 
(Supeclo, Tokyo) (Supelco, Tokyo) (Supelco, Tokyo) (Supelco, Tokyo) 

MeOHlHzO (9614) Eluent MeOHlt-BuOHPB (6.3:l) MeOHlt-BuOH (95:5) MeOHlf-BuOH (9:l) 
1.0 mllmin 1.0 mllmin containing 50 mM NaC104 containing 50 mM NaC104 

1.0 ml/min 1.0 mllmin 
~ 

MeOH methanol; t-BuOH tert-butyl alcohol; PB: phosphate buffer 

frequency, 100 kHz; and modulation amplitude, 
0.02 mT. 

Reproducibility and error in oxidations and 
analyses 

The oxidation run was carried out repeatedly sev- 
eral times. Although the content of a-tocopherol 
was different and accordingly lag time and rate of 
oxidation varied with LDL samples from different 
donors, they showed the similar pattern of oxida- 
tion. The experimental error in oxidations and 
analyses was within k 15%. 

RESULTS 

The oxidation of LDL was induced by either 
AAPH, AMVN or copper. The formations of PC 
and CE hydroperoxides and consumption of a- 
tocopherol were not observed appreciably in the 
absence of initiator, but the addition of any one of 
them immediately induced the lipid hydroperox- 
ide formation and a-tocopherol consumption. The 
examples are illustrated in Figure 2, which shows 
that, as observed and reported previously,27’30*48 
LDL was oxidized similarly by these initiators to 
give CE and PC hydroperoxides as major prod- 
ucts. One of the interesting points which is rele- 
vant to the aim of this study is that considerable 
lipid hydroperoxides were formed even during 
the presence of a-tocopherol. 

In order to estimate the antioxidant potency of 
a-tocopherol in LDL, the antioxidant activities of 
a-tocopherol were compared in solution and in 

LDL (Figure 3). The lipids and lipophilic antioxi- 
dants were extracted from LDL with chloroform- 
methanol and they were oxidized in hexane in the 
presence of AMVN. As observed previ0usly,3~,~~ 
PC was oxidized exclusively in hexane and the 
formation of CE hydroperoxide was small. Inter- 
estingly, a-tocopherol suppressed the oxidation 
almost completely in hexane but considerable for- 
mation of CE and PC hydroperoxides was ob- 
served in LDL, suggesting that the antioxidant 
activity of a-tocopherol in hexane solution is far 
better than that in LDL. 

In order to clarify the reason for such a marked 
difference in antioxidant potency of a-tocopherol 
in homogeneous solution and in LDL, the efficacy 
of radical scavenging by a-tocopherol in LDL was 
estimated by using a spin label. It has been found 
previously50 that the spin label, N-oxyl-4,4’- 
dimethyloxazolidine derivatives of stearic acid, 
acts as an antioxidant against lipid peroxidation 
and that it is consumed with an extent of oxida- 
tion. a-Tocopherol competes with the spin label 
and, when a-tocopherol scavenges radicals faster 
than the spin label, the spin label is spared. Thus, 
the efficacy of radical scavenging by a-tocopherol 
can be estimated from the relative effectiveness for 
sparing the spin label. Figure 4 shows the dis- 
appearance of two kinds of spin labels, 5-NS and 
16-NS, incorporated into LDL during the oxida- 
tion induced by AAPH in the absence and pres- 
ence of either a-tocopherol or PMC incorporated 
exogenously into LDL. In the absence of any 
added antioxidant, 5-NS was consumed slowly at 
first and then at a faster rate. Apparently, the 
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INHIBITION OF OXIDATION OF LOW DENSITY LIPOPROTEIN 

A B 
127 
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FIGURE 2 Oxidations of human LDL (0.25 mg protein/ml) in 10 mM phosphate buffered saline, pH 7.4, induced by either W H ,  
AMVN or copper (II) chloride at 37°C in air. The initiators were added 50 min after incubation at the point indicated by an mow and 
the consumption of endogenous a-tocopherol (VE, A) and formations of PCOOH (0) and CEOOH (0) were followed as described in 
Materials and Methods. The endogenous a-tocopherol concentration was 1.87 pM. A: 3.0 mh4 AAPH; B: 0.40 mM AAPH; C 2.0 mM 
AMVN; D: 0.40 mM AMVN; E 5.0 pM CuC12; F0.50 pM CuC12. 
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0 
0 60 120 180 240 300 360 420 480 

Erne. rnin Time. rnin 

FIGURE 3 Inhibition by a-tocopherol of oxidations of LDL (left) and lipids extracted from it (right) at 37OC in air. Left: LDL (0.25 mg 
proteinlml) was oxidized with AAFH (0.50 mM) in phosphate buffer saline, pH 7.4. The initial endogenous a-tocopherol was 1.26 @. 
Right: Lipids and a-tocopherol were extracted from 1 ml LDL suspensions containing 2 mg protein with 2 ml chloroform/methmol(2/1 
by vol). Chloroform layer (1 ml) was collected into a flask, from which chloroform was removed under reduced pressure and then 1 ml 
hexane was added. The hexane solution was oxidized by adding 3 mM (final concentration) AMVN. A: oxygen uptake; A: a-tocopherol 
(VE); 0 CEOOH; 0 PCOOH; 0 CEOOH + PCOOH 
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FIGURE 4 Effects of a-tocopherol (VE) and PMC on the con- 
sumption of 5-NS and 16-NS during the oxidation of LDL. The 
spin probe, a-tocopherol and PMC were incorporated into LDL 
as described in Materials and Methods and then LDL (1.69 mg 
proteinlml) was oxidized in the presence of 20 mM AAPH at 37°C 
under air. Tne consumption of (A) 5-NS or (B) 16-NS was fol- 
lowed with ESR signal intensity. 0: without antioxidant addition; 
0 with 10 pM a-tocopherol added exogenously; 0: with 10 pM 
PMC 

endogenous a-tocopherol spared 5-NS at the ini- 
tial stage. When either a-tocopherol or PMC was 
incorporated exogenously into LDL, 5-NS was 
spared quite markedly and then it was consumed 
at a similar rate as that in the absence of either 
a-tocopherol or PMC. The spin probe 16-NS was 
also consumed similarly, but, interestingly, a-to- 
copherol did not spare 16-NS, while PMC did. 
Substantially the same results were observed with 
only endogenous a-tocopherol without exoge- 
nously added antioxidant (data not shown). Fur- 
thermore, AMVN gave the same results as AAPH 
(data not shown). 

In order to prove that the spin probe NS was 
incorporated into LDL in such a way that the free 

12-NS 

Order Parameter. S (37 "C) 

Sz0.74 
L+----- 

b-----s=o*68 
s=o.44 

FIGURE 5 The ESR spectra of 5-NS, 7-NS, 10-NS, 12-NS and 
16-NS incorporated into LDL and measured as desaibed in 
Materials and Methods. 

carboxyl group was placed at the surface of LDL 
particle and the stearic acid chain was embedded 
perpendicularly into the interior of LDL outer 
monolayer, the ESR spectra of the spin labels hav- 
ing nitroxide group at different positions of stearic 
acid chain and the interaction of these nitroxide 
groups of NSand ascorbate were studied. The ESR 
spectra of 5-NS, 7-NS, 10-NS, 12-NS and 16-NS are 
shown in Figure 5. The ESR parameters for the 
paramagnetic nitroxide moiety situated at differ- 
ent positions of the carbon chain give us informa- 
tion on fatty acid mobility and membrane fluidity. 
The ESR order parameters for 5-NS, 7-NS, 10-NS, 
12-NS, and 16-NS incorporated into LDL were 
obtained, respectively, as 0.71,0.75,0.74,0.68,0.44. 
The doxy1 stearic acid methyl ester (NMS) was 
also used. The ESR order parameters for both 
5-NMS and 12-NMS were 0.65. The rotational cor- 
relation time obtained by 16-NS in hexane, 
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INHIBITION OF OXIDATION OF LOW DENSITY LIPOPROTEIN 129 

benzene, decane, methyl linoleate aqueous emul- 
sions, soybean PC liposomes and human LDL 
was, respectively, 0.20 x lo-'', 0.32 x lo-'', 0.41 x 
lo-'', 2 . 7 ~  lo-", 4.3 x lo-", and 12.9 x l O - ' O s .  
These numbers suggest that the spin probe was 
incorporated into LDL as assumed and that the 
surface of LDL particle is quite rigid while the 
inner monolayer becomes more fluid. 

The nitroxide group of NS has been shown to 
interact quite rapidly with ascorbate in homoge- 
neous solution.50 However, as shown in Figure 6, 
when ascorbate was added into the aqueous sus- 
pensions of LDL into which the spin probe had 
been incorporated beforehand, the spin probe was 
consumed only slowly, the rate getting smaller as 
the nitroxide group went deeper into the interior 
of LDL. The spin probes 10-NS, 12-NS, and 16-NS 
were reduced by ascorbate at the similar rate. The 
spin probe 5-NMS was reduced slower than 5-NS. 
It may be noteworthy that cholesteryl 16- 
doxylstearate incorporated into LDL core was not 
reduced by ascorbate but it was reduced by 6-0- 
palmitoylascorbic acid (data not shown). 

The above results suggest that the efficiency of 

1 

. 
I 

c. - 12NS 
a o n  
rJY 0 ' 0 0  A A A  w 

0 

SNMS 
0 0  

0.2 ' 

0 n 

0 10 20 30 40 50 60 
Time, min 

FIGURE 6 Reduction of spin probes NS incorporated into LDL 
by ascorbate. The spin probe, 5-NS (0), 7-NS @), 10-NS (A), 
12-NS (0) or 16-NS 0, (final concentration 30pM) was incor- 
porated into LDL (13.1 30 mglml) by adding its ethanol solution, 
followed by incubation. The 5-doxyl stearic acid methyl ester 
(5-NMS, A) was also incorporated into LDL similarly. Ascorbate 
(5.2 rnM) was then added to the LDL suspensions and the 
disappearance of NS was followed with ESR at 37°C. [I10 and [I]t 
denote ESR signal intensity of the spin probe at time 0 and t 
respectively. 

radical trapping by a-tocopherol decreases as the 
radicals go deeper into the interior of LDL, as 
observed in liposomal membranes.% The results 
in Figure4 suggest that PMC may act as a stronger 
antioxidant than a-tocopherol in LDL. To test this, 
the effects of side chain length of chromanols on 
the antioxidant activity against LDL oxidation 
were studied. The data summarized in Table 2 
show clearly that the rates of formation of PC and 
CE hydroperoxides decreased as the length of side 
chain of chromanols decreased and that PMC in- 
hibited the oxidations of lipids almost completely. 

It has been known that vitamin E acts as an 
antioxidant not only by itself but also coopera- 
tively or even synergistically with other anti- 
oxidants. In the present study, the effects of 
ubiquinol and fatty acid ester of ascorbic acid were 
examined. It was found that ubiquinol-10 was not 
readily incorporated into LDL in nitro and hence 
ubiquinol-1 having much shorter side chain was 
used. When LDL was oxidized in the presence of 
10 pM (final concentration) ubiquinol-1 with ei- 
ther AAPH or AMVN, ubiquinol-1 was consumed 
faster than endogenous a-tocopherol and neither 
CE hydroperoxide nor PC hydroperoxide was 
formed appreciably during its presence (Figure 7). 
6-0-Palmitoylascorbic acid also spared a- 
tocopherol and suppressed the oxidation of LDL 
induced by either AAPH or AMVN efficiently 
(Figure 8). Ascorbic acid added into aqueous 
phase also suppressed a-tocopherol consumption 
and lipid hydroperoxide formation efficiently 
(data not shown) as observed pre~iously.~' 

DISCUSSION 

The above results obtained by using spin probe 
enable us to draw two important conclusions; 
firstly vitamin E is located predominantly in the 
outer monolayer placing active phenolic group at 
or near the surface of LDL particle and secondly, 
the efficiency of radical scavenging by vitamin E 
decreases as the radical goes deeper into the 
interior of LDL. 
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130 N. GOTOH ET AL. 

TABLE 2 Rates of formation of phosphatidylcholine and cholesterol ester hydroperoxides (PC-OOH and CE-OOH) in the oxidation 
of 0.25 mg proteinlml LDL induced by either 3 mM AAPH, 2 mM AMVN or 5 pM CuCh in the absence and presence of 10 pM 
a-tocopherol analogues at 37OC under air. 

AAPH AMVN CUCl2 

PCOOH CEOOH PCOOH CEOOH PCOOH CEOOH 

none 4.0 5.5 1.8 5.6 3.1 9.6 
EZ 1.5 3.8 3.9 5.9 0.36 1.5 
Ei 0.77 2.7 0.60 2.8 0.17 1.5 
Eo 0 0 0.67 3.0 0 0 

a-Tocopherol analogues were incorporated into LDL as described in Materials and Methods and then the LDL was subjected to 
oxidation by adding an initiator. 

A 
100 

FIGURE 7 Effects of ubiquinol-1 QJQiH2) on the oxidation of human LDL at 37°C in air. Ubiquinol-1 was prepared and incorporated 
into LDL by incubation asdescribedin Materials andMethods. The oxidation of LDL (0.25 mgproteinlml) was induced byeither AAPH, 
Ah4VN or Cu which was added at the time indicated by an arrow (50 min). The formations of PC (0) and CE (0) hydroperoxides and 
consumptions of a-tocopherol (VE) (A) and ubiquinol-1 (UQiH2) (U) were followed. A 3 mM AAPH, no UQiHr; B: 3 mM AAPH, 
10 pM UQ1H2; C 2 mM AMVN, no UQiH2; D 2 mM AMVN, 10 pM UQiH2; E 5 WM CuC12, no UQIHZ; F 5 pM CuCIz, 10 pM UQIH~.  
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A B 

0 0  

600 

Time. mm E 

Time, mm D 
I 1 40 

131 

FIGURE 8 Effect of 6-0-palmitoylascorbic acid on the oxidation of LDL (0.25 mg protein /mi) initiated by either (A) (B) 3 mM AAPH, 
(C) (D) 2 mM AMVN, or (E) (F) 5 pM CuCh at 37°C in air. The formation of PC (0) and CE (0) hydroperoxides and consumption of 
a-tocopherol (W,A) were followed as described in Materials and Methods. (A), (C), (E): no 6-0-palmit~ylascorbic acid; (B), (D), (F): 
10 pM 6-0-palmitoylascorbic acid. 

Ascorbic acid reduces the spin probe quite rap- 
idly in homogeneous solution.w Figure 6 shows 
that the rate of reduction of NS by ascorbate de- 
creased as the nitroxide radical went deeper into 
the interior of LDL, as observed with liposomal 
rnembranes:l The ESR spectra and parameters 
show that the spin probes are incorporated into 
LDL as assumed, that is, the free carboxyl group 
is placed at the LDL-particle surface and the stea- 
ric acid chain is embedded perpendicularly into 
the LDL interior. These results are in agreement 
with the reported ones5* It may be noteworthy 
that ascorbate alone did not suppress the oxida- 
tion of LDL efficiently when it was induced by 
lipophilic AMVN but that ascorbate acted as a 

synergist in the presence of a-tocopherol in LDL? 
These results and the fact that ascorbic acid spares 
a-tocopherol efficiently in LDL suggest that a- 
tocopherol is incorporated in the outer monolayer 
of LDL. It appears that such a location of a- 
tocopherol in LDL has been accepted considering 
the hydrogen bonding between phenolic hy- 
droxyl group and water, but no experimental 
evidence has been presented so far. 

The efficiency of a-tocopherol in sparing NS 
renders additional experimental proof for the 
above point. It was found previouslyw that the 
spin label NS acted as an antioxidant probably by 
scavenging radicals and it was consumed as the 
oxidation proceeded. a-Tocopherol when present 
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simultaneously competes with the spin label in 
scavenging radicals and spares it. The efficiency 
of radical scavenging by a-tocopherol can be esti- 
mated from the effectiveness for sparing NS by 
a-tocopherol. As shown in Figure 4, a-tocopherol 
spared 5-NS markedly but it could not spare 16- 
NS efficiently, implying that the active site of a- 
tocopherol is closer to the surface of LDL particles 
and that the vertical mobility of a-tocopherol is 
restricted. 

Another interesting feature of the results in 
Figure 4 is that PMC can spare 16-NS as well as 
5-NS quite efficiently in LDL as observed in 
liposomal membranesV5’ Furthermore, the anti- 
oxidant activity of chromanols against LDL 
oxidation increased with decreasing length of side 
chain (Table 2), and PMC suppressed AAPH and 
copper-induced oxidation completely. This must 
be ascribed to the higher mobility of chromanols 
with shorter side chain length. In support of this, 
it was found previously that the mobility of PMC 
was quite high within and between the 
membranes?3T54 

The overall potency of a-tocopherol as an anti- 
oxidant is determined not only by the rate of 
radical scavenging but also by a relative import- 
ance of several competing reactions of a- 
tocopheroxyl radical.55t56 It may attack substrate, 
scavenge another peroxyl radical to give an ad- 
duct, react with another vitamin E radical to give 
a dimer, or be reduced by a reductant such as 
vitamin C and ubiquinol to regenerate vitamin E. 
If the concentrations of the peroxyl and/or vita- 
min E radicals and reductant are low, a- 
tocopheroxyl radical might attack lipid and/or 
lipid hydroperoxide to initiate the chain oxidation 
of lipids. 

Figure 2 shows that the rate of formation of 
lipid hydroperoxides was fast right after the addi- 
tion of any initiator and that it then declined as 
a-tocopherol was consumed. This is especially 
evident at lower concentration of the initiator, that 
is, when the fluxes of radicals are low. Our earlier 
report (Figure 2 of ref. 30) also showed the similar 
trend but its significance was overlooked. Bowry, 

Stocker, and Ingold32r36’37 have also observed these 
phenomena and from the detailed and extensive 
discussion they proposed that a-tocopheroxyl 
radical acted as a chain-transfer agent: that is, 
a-tocopherol reacts with aqueous radicals more 
readily than the lipids in LDL to give a- 
tocopheroxyl radical, which attacks lipids and ab- 
stracts hydrogen to give lipid radical. In other 
words, a-tocopherol enhances the fraction of 
aqueous radicals that react with lipids in LDL. In 
agreement with this proposal named tocopherol 
mediated propagation, they found that the rate of 
AAPH-initiated peroxidation of LDL enriched 
with a-tocopherol either in vifro or by oral supple- 
mentation was larger than that of non-enriched 

Bowry et d3’ also found that the effi- 
ciency of chain initiation measured from the rate 
of a-tocopherol consumption was increased by 
a-tocopherol supplementation. Such a prooxidant 
effect of a-tocopherol is convincing when the oxi- 
dation of LDL is induced by aqueous radicals, that 
is, by assuming that a-tocopherol reacts with the 
radical at the LDL surface much more readily than 
the lipids in LDL particles and that the resulting 
a-tocopheroxyl radical attacks lipids. Such an at- 
tack of a-tocopheroxyl radical on polyunsaturated 
lipids has been observed in s0lution7~,~ although 
the rate should be much smaller in LDL than in 
homogeneous solution. 

The effects of ascorbic acid, ubiquinol and re- 
lated compounds also support the above conclu- 
sion. Bowry, Ingold and S t o ~ k e r ~ ” ~ ~  explained 
how the reagents such as ascorbic acid and 
ubiquinol which reduce a-tocopheroxyl radical 
strongly inhibit lipid peroxidation in vitamin E- 
containing LDL. Stocker et ~ 1 . ~ ~  found that the LDL 
oxidation was reduced significantly by the addi- 
tion of either ascorbic or ubiquinol-10. The data of 
the present study (Figures 7 and 8) also show that 
ascorbic acid ester and ubiquinol-1 inhibited the 
oxidation quite efficiently. 

In conclusion, it may well be stated that the 
efficiency of radical scavenging by vitamin E is 
small in LDL compared in homogeneous solution 
and becomes smaller as the radical goes deeper 
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into the interior of LDL, probably due to its low 
mobility within LDL and low fluidity of LDL. It 
may be assumed that the scavenging of radicals 
within LDL core by vitamin E is difficult. It may 
be also said that, as reported by Bowry et al., 
a-tocopherol might act as a prooxidant under cer- 
tain conditions, but such an effect may not be 
important in v i m  where the reductants such as 
ascorbic acid reduce a-tocopheroxyl radical. 

32.36.37 
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