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Abstract LDL resistance to oxidation is characterized by the 
lag time that precedes the rapid generation of conjugated 
dienes in copper-induced oxidation. Lag time (y)  is described 
by the equation y = b + a, where k is the efficacy constant of' 
a-tocopherol (a-TOH), x the a-TOH content of LDL, and n 
the a-TOH-independent variable, all of which show consider- 
able between-subject variability. To answer the question of 
whether loading of LDL with Trolox can substitute fbr the 
more time-consuming loading with RRR-a-TOH in large scale 
studies focusing on determination of k and n values, L,DL 
from 15 healthy subjects was loaded in vitro with 0-50 mol 
Trolox/mol LDL or 0-250 mM RRR-a-TOH. In addition, five 
of these subjects were supplemented in vivo with 800-1200 
IU/d Rl2R-a-TOH for 17 days and k and a were determined. 
The ratios k.lrn&ka:I.f)H and aTr,o]l,r:n,.T(,H were calculated. 
The kTrolox was only slightly higher than %.ToH, in contrast to 
O L T ~ ~ , , ~ , ~ ,  which was almost twice as high as n , : r ~ ~ ,  indicating 
that, in the case of Trolox, a includes the contribution of a- 
TOH to the lag time. In the case of a-TOH, a includes only 
the additional antioxidants that occur naturally in LDL. The 
ratios k.rr<,lox:&.TOH and U T ~ , , ~ , , ~ : ~ ~ : ~ O H  showed little variability, 
both between subjects and between in vitro and in vivo exper- 
iments. A close correlation was found between k.T()H and ae. 
.rOH, calculated using this ratio, and and na.T,,H, ob- 
tained in our experiments. We conclude that from this ratio, 
~ u - . ~ ~ ~ ~ ,  and f&,<)H can be reliably calculated when kTro,,,x and 
nT,ol,,x are determined experimentally, thus allowing 11s to ob- 
tain k and n values in a more convenient way.-Bergmann, A. 
R., P. Ramos, H. Esterbauer, and B. M. Winklhofer-Roob. 
RRR-cx-tocopherol can be substituted for by Trolox in  detei-. 
mination of kinetic parameters of LDL oxidizability by cop- 
pcr.,J. 1,ipid h. 1997. 38: 2580-2588. 
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Resistance of isolated LDL in vitro to a defined oxi- 
dative stress that is generated by Cu(I1) ions is fre- 
quently determined in a well-described model system 
(1). LDL resistance to oxidation is characterized by i) 
the lag time that precedes the rapid generation of con- 
jugated dienes (CD), ii) the maximum rate of oxida- 

tion, and iii) the maximum formation of conjugated 
dienes. That LDL resistance to oxidation in this model 
shows substantia1 between-subject variability in healthy in- 
dividuals has been reported in a growing number of stud- 
ies (2-8). Major contributing factors are the LDL content 
of endogenous antioxidants such as a-tocopherol (2-5), 
ubiquinol (9), and carotenoids (5,6), along with the fatty 
acid content of LDL (7, 8 ) ,  apolipoprotein B (IO) and 
the presence of dense LDL subfractions (1 1). 

The most frequently used index of resistance to oxi- 
dation of LDL is the lag time. Even though there is a 
linear relation between lag time and a-tocopherol con- 
tent of LDL in subjects supplemented with vitamin E 
(12), the a-tocopherol content of LDL does not, by it- 
self, predict the length of the lag time of a given LDL 
sample (12). Lag time (y) has been described by the 
equation y = kx + n where k is the efficacy constant of 
a-tocopherol, x the a-tocopherol content of LDL, and 
n the a-tocopherol-independent variable (12, 13). I n  
line with the above, the a-tocopherol-independent vari- 
able, for instance, may comprise different antioxidants 
present in LDL other than a-tocopherol. Also, the effi- 
cacy of 1 mol a-tocopherol in protecting a single L,DL 
particle is likely to be influenced, for instance, by  the 
PUFA content of LDL, perhaps as a direct function of 
the number of bisallylic double bonds. However, it has 
been observed that both IE and a show extrc'mc. 
between-subject variability (1 3 ) ,  indicating that more 
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variables may be involved, as recently reviewed (1 2). It 
has been suggested that both k and a are indeed char- 
acteristic subject-specific constants that determine the 
individual LDL resistance to in vitro oxidation, but an 
individual’s constants may change with dietary habits 
and age (12). Clearly, further work is needed and large 
groups of subjects should be studied repeatedly. 

So far, in studies that focused on the effect of a- 
tocopherol on LDL resistance to oxidation, subjects 
have been supplemented in vivo (2-4), or plasma has 
been incubated with a-tocopherol in vitro (5, 14). On 
the other hand, the vitamin E analog Trolox (&hydroxy- 
2,5,7,&tetramethylchroman-2-carboxylic acid) (15) has 
been used in different in vitro (16-20) and in vivo stud- 
ies (20-22), because of its water-solubility due to the ab- 
sence of the phytyl side chain, which constitutes an ad- 
vantage over a-tocop h e rol . 

We proposed that this advantage can also be applied 
for loading of LDL samples with vitamin E in vitro. The 
aim of this study was, therefore, to answer the question 
of whether loading of LDL with Trolox can substitute 
for the more timeconsuming in vitro loading with CY- 

tocopherol for large-scale studies, focusing on determi- 
nation of k and a values. 

METHODS 

Subjects 

Fifteen clinically healthy subjects, seven males and 
eight females, aged 22 to 34 years, living in the area of 
Graz, Austria, donated plasma which was used for the 
experiments that focused on in vitro loading of LDL 
with Trolox and RRR-ol-tocopherol. All subjects were on 
a usual diet and did not take vitamin supplements. Five 
of these subjects, two males and three females, aged 22 
to 34 years, volunteered also for oral supplementation 
with =-a-tocopherol (subjects #11-15). The study 
was conducted according to the Declaration of Hels- 
inki and informed consent was obtained from the sub- 
jects who volunteered for this study. 

Reagents 

All reagents used were of analytical grade or better, 
and were purchased from Merck (Darmstadt, Ger- 
many) or Sigma Chemicals (St. Louis, MO). All solu- 
tions were prepared using ionexchanged laboratory 
water filtered through a Millipore Norganic cartridge 
(Millipore Corporation, Bedford, MA). 

Preparation of plasma and LDL 

Blood was drawn after an overnight fast and col- 
lected into plastic tubes containing an aqueous solu- 

tion of 10% EDTA to give a final concentration of 0.1% 
EDTA. Plasma was obtained by three consecutive steps 
of centrifugation: 1.800 gfor 10 min, 5.000 gfor 5 min, 
13.000 gfor 10 min, at 4°C. If the plasma was not imme- 
diately processed, a 60% sucrose solution was added to 
give a final concentration of 0.6%, and the samples 
were kept at -80°C (23). Plasma treated like this can 
be processed within 2 weeks without a detectable loss of 
antioxidants and changes in lag time (24). LDL was 
prepared according to Gieseg and Esterbauer (25) with 
a minor modification, i.e., the plasma solution was pre- 
pared by dissolving 1.5264 g of solid potassium bromide 
in 4 ml of defrosted EDTA-plasma. LDL was prepared by 
a single-step discontinuous gradient ultracentrifugation 
in a Beckman NVT65 rotor at 60.000 rpm for 2 h at 10°C 
(23). LDL was finally filtered through a 0.45 km sterile 
filter (Corning, Japan) into an evacuated glass vial 
(Techne Vial, Mallinckrodt-Diagnostica, Petten, Hol- 
land) and stored at 4°C under argon in the dark for a 
maximum of 2 weeks (24). 

Determination of antioxidants in plasma and LDL 
and lipid composition of LDL 

Vitamin E and carotenoid content of plasma and 
LDL were determined by HPLC, as described recently 
(26). The antioxidant content of LDL was expressed as 
mol antioxidant/mol LDL and that of plasma as kmol/ 
L plasma, respectively. The lipid composition of LDL 
was determined as described (26). 

LDL oxidation 

A volume of 0.5 mL LDL was desalted and made 
EDTA-free by gel-filtration, using Econo-Pac IODG col- 
umns (Bio-Rad, Richmond, CA). The columns were 
equilibrated with 20 mL PBS (10 mM sodium phos- 
phate buffer, pH 7.4, containing 0.15 M sodium chlo- 
ride). The same PBS served as eluting buffer. Then the 
LDL concentration in the PBS solution was estimated 
by determination of total cholesterol with a CHOD-PAP 
enzymatic test kit (Boehringer-Mannheim, Mannheim, 
Germany). The LDL concentration was expressed as 
KM, assuming an LDL molecular weight of 2.5 X lo6 Da 
and a cholesterol content of 31.6% by weight. For the 
oxidation experiments, LDL was used at a concentra- 
tion of 0.1 FM in PBS equal to 0.25 mg LDL total mass/ 
mL. The oxidation process was induced with an aque- 
ous solution of 100 mM CuS04. This solution was pre- 
pared fresh for each experiment and added to the 
quartz cuvettes to give a final concentration of 1.67 KM.  

Reagents were pipetted into the cuvettes in the se- 
quence PBS-LDL-Trolox (when used)-CuS04. Oxida- 
tion was monitored by recording the CD absorbance at 
234 nm (1) in Beckman DU-640 spectrophotometer, 
equipped with an auto-cell holder. CD absorbance 
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curves for six samples could be measured simulta- 
neously. Reaction temperature was kept at 37°C and the 
absorption was measured every 2 to 5 min. From the 
CD absorbance curve, lag time, maximum rate of oxi- 
dation and maximum CD absorbance were determined 
as the indexes of LDL oxidation, as described (27). 

In vitro loading with a-tocopherol 

To increase the vitamin E content of LDL in vitro, 
plasma of 15 different subjects was loaded with RRR-a- 
tocopherol. For this purpose, RRR-cw-tocopherol was 
dissolved in ethanol to give solutions of 50, 75, 150, and 
250 mM, which were covered with argon gas and kept in 
the dark at 4°C for no longer than 2 weeks. For the 
loading experiments, 4 mL of plasma from each subject 
was incubated with 20 (*.L of the a-tocopherol solution 
in pyrex tubes in a slow-shaking water-bath at 37°C for 3 
h, according to Esterbauer et al. (14). A blank with 
plasma and ethanol alone was simultaneously prepared 
in the same way. Where necessary, the ratio p1asma:eth- 
anol was reduced to 3 ml:15 pL. In each individual LDL 
sample, the concentration of a-tocopherol reached in 
LDL during loading was determined. 

In vitro loading with Trolox 

Trolox was obtained from Aldrich Chemical Com- 
pany Inc., Milwaukee, WI. A stock solution of 0.1 mM 
was prepared, covered with argon gas, and stored in the 
dark at 4°C for a maximum of 2 weeks, Immediately be- 
fore the addition of CuSO,, Trolox was added to LDI, 
of the 15 different donors to give a final concentration 
of 0, 10, 30, and 50 mol Trolox/mol LDL, respectively, 
in the sequence described above. 

In vivo supplementation with a-tocopherol 

Blood was drawn after an overnight fast at study en- 
try, and 3,  6, 10, and 17 days after oral supplementation 
with RRR-a-tocopherol. Two of the five subjects en- 
rolled took 800 I.U. per day (2 softgels) and three 1200 

I.U. per day (3  softgels) RRR-cw-tocopherol for 17 days 
(Etocovit, Richter Pharma, Wels, Austria). These sup- 
plements were taken with meals and the subjects were 
asked riot to change their usual dietary habits during 
the study. In addition, antioxidant content and resis- 
tance to oxidation of LDL obtained at day 0, 3, 6, 1 0 ,  
and 17 of in vivo supplementation were determined. 

Determination of k and a values 

From the equation y = hx + a (12, 13), where y is thc 
lag time, k as the efficacy constant of vitamin E and u as 
the vitamin E-independent variable were determined 
for a-tocopherol and, similarly, for Trolox. Ratios of k 
values for Trolox and a-tocopherol ( kTrolox:ka-~c~H) and 
of n values ( uT,-olox:aa.ToH) were calculated for both in 
vitro and in vivo experiments. 

Statistical analysis 

Comparisons were made using one-way ANOVA, re- 
peated measures ANOVA, and Student’s t-tests, respec- 
tively. Sigmastat, version 2.0 (Jandel Scientific, Sari 
Rafael, CA), was used for all statistical procedures. P 
values <0.05 were considered significant. Values are ex- 
pressed as mean ? SD. 

RESULTS 

Reproducibility 

In order to test the reproducibility of LDL oxidation 
in the presence of 0-50 mol Trolox/mol LDL, experi- 
ments were performed with four different LDL sam- 
ples, isolated from a plasma pool used in our laboratory 
and oxidized under conditions described above. Re- 
sults are shown in Table 1. With increasing Trolox con- 
centrations, lag times increased from 77.0 +- 2.94 min 
to 416.0 ? 10.68 min. The coefficient of variation (CV) 
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TABLE 2. Indexes of resistance to oxidation of LDL loaded in vitro with different 
Trolox concentrations in 15 independent experiments 

1.0 

E 0.8 

0.6 
3 
8 

s 
9 0.2 

0.4 

Maximum Rate of Oxiciation 

Trolcix Lag Time AA/min At Time A'234 n m  At Time 

Maximum CD Ahsorbanre 

.- 

0 moUmol 
10 moUmol 

- - 
30 moVmol 

- - - 50m0Um0l 

- 

: 
- 

mol/mol LBL min 
0 100 2 24 0.0131 ? 0.0022 

10 178 t 26 0.0131 2 0.0014 
30 338 t 49 0.0127 t 0.0020 
50 438 t- 65 0.0124 2 0,0018 
P value" <0.001 n.s. 

mzn min 
133 ? 34 0.732 t- 0.050 181 2 44 
206 t 34 0.721 2 0.044 257 -t 31 
368 2 64 0.715 t 0.051 419 2 54 
476 t- 67 0.717 2 0.051 529 ? 67 
<0.001 0.01 <0.001 

Results are given as mean 2 SD of 15 individual 

OOne-way ANOVA. 
tocopherol concentrations were 5.74 2 0.62 mol/mol. 

of lag times was 2.5%-3.8%. In the regression equation 
k as the Troloxdependent and a as the Trolox-indepen- 
dent variables were 6.85 ? 0.21 (CV 3.1%) and 80.29 ? 
2.10 (CY 2.6%), respectively, and the average regres- 
sion coefficient (r2)  was 0.99. 

Indexes of resistance to oxidation of LDL 

In 15 independent experiments, LDL was loaded in 
vitro with 0-50 mol Trolox/mol LDL, and plasma was 
incubated with 0-250 mM RRR-a-tocopherol. Indexes 
of resistance to oxidation of LDL loaded in vitro with 
Trolox are shown in Table 2, and typical CD absor- 
bance curves are presented in Fig. 1. There was a signif- 
icant increase ( P  < 0.001) in lag time (100 _f 24 min vs. 
438 f 65 min), time of maximum rate of oxidation 
(133 ? 34 min vs. 476 ? 67 min), and time of maxi- 
mum CD absorbance (181 f 44 min vs. 529 ? 67 min), 
The maximum rate of oxidation (propagation rate) did 
not change significantly, whereas the maximum CD ab- 
sorbance showed a significant decrease from 0.732 -+ 
0.050 to 0.717 ? 0.051 ( P  = 0.01). The corresponding 
results for in vitro a-tocopherol loading are shown in 
Table 3 (upper panel). In contrast to the significant in- 
creases ( P  < 0.001) in lag time, time of maximum rate 
of oxidation, and time of maximum CD absorbance, 
with increasing a-tocopherol concentrations the maxi- 
mum rate of oxidation decreased significantly from 
0.0137 ? 0.0029 to 0.0116 -+ 0.0026 ( P  < 0.001), 
whereas the maximum CD absorbance did not change. 
Supplementation of five different donors (subjects 
#11-15) with 800-1200 IU/d RRR-a-tocopherol for 17 
days gave similar results (Table 3, lower panel), 
compared with the in vitro loading of plasma with RRR- 
a-tocopherol. 

Variables of the regression equation 

In Table 4, the efficacy constants ( k )  and the in- 
dependent variables (a )  of Trolox and a-tocopherol 
for lag times obtained from in vitro loading of plasma 
from donors #1-10 are presented. Both k and a for 

experiments; ns., not significant. Note that LDL a- 

Trolox and a-tocopherol, respectively, showed consider- 
able variability, whereas Trolox to a-tocopherol ratios 

to a lesser extent. The efficacy constant k of Trolox was 
only slightly higher than that of a-tocopherol ( k ~ ~ ~ ~ ~ ~ : k ~ .  
ToH, 1.17 ? 0.17), in contrast to the Trolox-indepen- 
dent variable a, which was almost twice as high as the 
a-tocopherol-independent variable a, as shown by 
aTrolox:aa.TOH of 1.89 f 0.08. Table 5 shows the efficacy- 
constants and independent variables for Trolox and a- 
tocopherol in vitro ( k ,  a)  and in vivo ( k ' ,  a')  in subjects 
#11-15. Also for these subjects, k values for Trolox and 
a-tocopherol (both in vitro and in vivo) did not differ 
from each other, whereas a values were almost twice as 
high for Trolox compared with a-tocopherol. 

In Table 6, antioxidant combinations in plasma and 
LDL of five donors (#11-15) and the lipid composition 
of LDL during supplementation with RRR-a-tocopherol 
are shown. As expected, a-tocopherol concentrations 
increased significantly in plasma and LDL ( P  < 0.001). 

(kTrolox:ka-TOH) and (aTrolox:aa-TOH) turned Out to Vary 

1 . /  - 0.0 
t . . . . . . .  . . I  . . . .  I .  . . .  . . . . . I . .  . . I  
0 100 200 300 400 500 600 

Time (min) 

Fig. 1. 
dition of 10, 30, and 50 mol Trolox/mol LDL. 

CD absorbance curves for LDL without and with the ad- 
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TABLE 3 Indexes of re%tance to oxidation of LDL loaded 111 vitrn with different a-tocopherol Concentrations 1 1 1  15 independent expel i- 
inents (upper panel) dnd of I DL from five donors supplemented with RRR-cY-tocopherol for 17 days (lower panel), i n  dddttion, 

the respective a-tocopherol concentrations of LDI, are show 11 
~~ ~~~ ~~ ~~ -. ~ - -- 

Mduintutn ( 0 4huirh.tirci 
-~ 

M.ixiinuiii Katt 111 Oxidation 
~ - -~~ ~ 

It Illric \ 244 Il l l l  \l 11111i 
- ~ . ~~ _ _  I 'ig Tiritt AA/nilll 

~ ~~ 

I Dl n tincrphrrcd 
~~ 

mol/tnol vi 1 ri Il l  7 I1 111171 

In vitro loaded," 
Concentration" (IIIM) 

0 5 7 4 t O h 2  9 h t  19 0 0187 t 0 0020 123 I! 25 0 751 2 0 049 Ib9 t 29 
5 0  10 58 2 2 76 118 t 25 0 0132 t 0 0023 148 5 28 0 744 t 0 046 1c.h t 
75 11 55 -c 2 51 1% t 24 0 0125 t 0.0018 157 t 27 o 749 t o 051 205 i- 

1 50 12 47 2 2 28 135 t 26 0 0120 5 0 0021 167 t 30 0 748 2 0 048 210 2 10 
2 50 15 19 t 4 57 152 i- 14 0 01 16 t 0 002h 190 t 40 0 755 t 0 052 240 2 48 

I' value" < 0 00 1 <o 00 1 10 00 I <o 001 II \ <o 00 1 

In VIVO 

Time (days)/ 
0 5 74 2 0 62 98 t 2 0 0120 t 0 0019 113 5 7 0 768 t 0 084 164 -t 15 
3 1259 ,127  134 t 24 00124 t 00018 146 t 21 0 798 IT 0 036 199 t 23 
6 14 19 t 197 154% 11 0 01 10 5 0 0016 167% 17 0816 t 0091 221 - 1') 

1 0  1299 t 1 5 2  151 t I 1  0 0100 t 0 0012 186 t 11 0 752 % 0 064 217 i 17 
17 1 3 2 7 %  165  158 i h 0 0100 t 0 0010 190 t 12 0 782 t 0 025 261 + 17 
P \ d l l I e ~  <i) 00 1 <o 00 I 0 001 <o 00 I I1 \ <i) 001 

" r  + 

~ -~ _ _  ~ -~~ ~ 

"Medn t SD of 15 individuai experimtnts 
I' Concentration of a-tocopherol for loading 
'Concentration of a-tocopherol reached in LDL 
"One-way ANOVA 
' Mean 2 SI) Of 5 subjectr 
/Days of \tipplementation with RRK-c-Locophero1 (2 rnbjects took 800, 8 t o o k  1200 ILJ/d) 
*Repeated measures ANOVA 

Simultaneously, a significant ( P <  0.001) decrease in y- 
tocopherol concentrations in both plasma and LDL 
was observed. No significant changes were noted for 
the other antioxidants. There were no changes in lipid 
composition of LDL, except a decrease in cholesterol 
concentrations from day 0 to day 6 ( P  < 0.05), and a de- 
crease in protein concentrations from day 0 to day 10 

and day 0 to day 17, respectively ( P  < 0.05). To test the 
validity of calculating k and avalues for a-tocopherol for 
different donors, the calculated k and n values for a- 
tocopherol were compared with those obtained experi- 
mentally (Fig. 2).  For both k and a, close correlations 
were observed ( r  = 0.70, P = 0.003 and r = 0.97, I' < 
0.0001, respectively). 

TABLE 4. Efficacy conslants ( k )  and independent variables ( a )  of Trolox and a-tocopherol, respectively, 
for lag times obtained from in vitro loading of LDL from 10 individual donors 

~~~ ~ ~~ ~~~ ~~~~ ~~~~~ ~ ~ ~ 

L ) i J i l O l .  I (1 1,<,101 (4,. I 1  It1 Ll, 1 1 1  
~~~~ .... ~~~ ~ ~ ~ ~ ~ ~ ~ ~~~~ .. _ _  

1 5.93 5.56 I . 0 i  82.5 42.0 1.97 
9.03 9.02 1 .oo 153.5 H I  .J 1.89 

3 5.54 4.x1 1.15 78.4 42.0 I .87 
2 

4 5.60 3.03 1.43 115.6 61 .ti 1-88 
5 6.04 6.09 0.9'3 95.6 26.7 2.05 
6 8.59 6.24 I .3x 11 6.7 64.5 1.81 
I 6.85 4.95 1.38 149.2 80. I 1 .86 
X 5.9 1 6.63 I .04 125.3 67.4 1.8i 
9 6.86 6.59 I .04 121.3 62.9 1 .<PI 

I O  6.30 5.38 1.17 100.3 .X.7 1 .77 
Mean i- SD 6.77 t 1.19 5.92 t 1.38" 1.17 i- 0.17 113.9 i- 25.4 60.5 ? 14.1" 1.81) 2 0.08 

r 

C.V. (%) 1 7.6 23.3 14.5 22.3 23.3 4.2 
~ ~~~ ~ ~ ~~~ ~~ ~~~~ . ~~~~ ~ _ _  

To describe the relation between k and (1 of Trolox and a-tocopherol, respectively, ratios of k.rr,,lt,y:/t<x.l ( ) I (  

and of q,olc,h:aa:rOH were calculated. Note that LDI, a-tocopherol concentrations of  donors 1-10 were 6.08 t 
0.78 mol/mol (mean t SI)). 

"Not significantly different vs. kT,l,lcrh (Student's t-test). 
" P <  0.001 vs. II (Stndent's t-trst). 
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DISCUSSION 

The results of this study show that loading of LDL 
with Trolox can be used for in vitro experiments that 
focus on determination of the regression equation vari- 
ables, k and a, for characterization of the lag time as an 
index of LDL resistance to oxidation. In a reproducible 
manner, k and a for a-tocopherol can be predicted 
from k and a derived from Trolox-loading experiments, 
which are considerably less time-consuming than equiv- 
alent experiments with a-tocopherol. Therefore, these 
results provide the basis for investigation of larger s u b  
ject populations within a reasonable time frame. 

As also reported by others (2-8), the present study 
demonstrates that substantial between-subject variabil- 
ity exists in lag times of different individuals. In con- 
trast, maximum rate of oxidation and maximum CD 
absorbance, two additional indexes of LDL resistance 
to oxidation, showed much less variability. Loading 
LDL with a-tocopherol, both in vitro and in vivo, in- 
creased LDL a-tocopherol concentrations, as expected. 
A plateau effect appeared when LDL was loaded with 
50 mM a-tocopherol in vitro, and at day 3-6 of supple- 
mentation in vivo. While other antioxidant concentra- 
tions did not change during in vivo supplementation 
with a-tocopherol, LDL y-tocopherol concentrations 
decreased, following an inverse pattern compared with 
that of a-tocopherol, confirming previous reports (3, 
28). Also, LDL lipid composition did not change dur- 
ing a-tocopherol supplementation. In contrast, the 
protein content of LDL, expressed as % of total LDL by 
weight, decreased successively throughout the observa- 
tion period. Due to standardization of LDL concentra- 
tions on cholesterol content (vide supra), changes in 
protein content of LDL need to be interpreted in rela- 
tion to LDL cholesterol content. Consequently, the 
changes observed should be regarded as changes in the 
protein to lipid ratio of LDL during vitamin E supple- 
mentation, the underlying mechanisms of which need 
to be further explored. 

Simultaneously, all three: lag time, time of maximum 
rate of oxidation, and time of maximum CD absor- 
bance, increased significantly. The increase in LDL a- 
tocopherol concentrations by - 10 mol a-tocopherol/ 
mol LDL during in vitro loading with 250 mM m a -  
tocopherol for 3 h was accompanied by a 1.5-fold in- 
crease in lag time as compared to an increase in LDL a- 
tocopherol concentrations by -8.5 mol/mol that was 
accompanied by a 1.Cifold increase in lag time during 
in vivo supplementation with 800-1200 IU/d for 6 
days. This finding is consistent with published data (3) .  
Also, loading LDL samples with 10 mol Trolox/mol 
LDL in vitro caused a 1.8-fold increase in lag time over 
baseline values. Overall, the average efficacy of Trolox 
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TABLE 6. Antioxidants i n  plasma and LDI. of live donors ( # I  1-15) and lipid composition 01' 1.1)l. 
during supplrmentatioti with 800-1 200 I U/day RRRa-tocopherol 

~Antioxida[ih 

Plasnia (pmol/L) 
a-Tocopherol 
y-Tocopherol 
a-Carotene 

.. 

p-C:aro tene 
Lycopene 
I,u tein/Zeaxan th i 11 
(:an thaxanthin 
(kyptoxanthin 

1.DI. (mol/mol) 
e-Tocopherol 
y-Tocopherol 
a-C:arotenc 
p-Carotene 

~,iltein/~eaxanthill 
Cant haxan th i n 
Cryptoxanthin 

Total cholesterol 
Triglycerides 
Flee cholcsterol 
(:holcsteryl ester 
Phospholipids 
1'1-otein 

1 ~ycopen' 

L,DL. coinposition (weight %I) 

19.45 1 2.4.5 
1.11 I 0.33 
0.07 t 0.02 
0.34 t 0.13 
0.32 I 0.19 
0.47 2 0.31 
0 .1  4 I 0.07 
0 . 3 1  t 0.29 

5.74 1 0 . 6 2  
0.29 -c 0.07 
0.04 t 0.02 
0.20 1 0.07 
0.14 t 0.07 
0.08 2 0.05 
0.05 t 0.02 
0.10 2 0.10 

31.51 t 1.83 
6.70 rt 2.46 
8. IO I 3.24 

:i9.31 2 9.79 
18.52 I 0 80 
27.37 I I 27 
.- -~ 

47.26 t 11.55 
0.55 t 0 .  I 1  
0.08 t 0.02 
0.31 i 0.12 
0.31 t 0.10 
0.48 i 0.26 
0.15 t 0.09 
0.29 t 0.29 

12.59 i 1.27 
0.12 2 0.OJ 
0.04 2 0.01 
0.17 t 0.03 
0 .1  7 ? 0.07 
0.08 2 0.04 
0.06 i 0.02 
0.10 t 0.0C) 

31.24 t 1.24 
6.95 t 1.18 
0.47 t 1.87 

36.54 i 2.63 
19.04 i- 1.31 
24.03 ? 3.64 

"Repeated measures ANOVA with Tiikey multiple comparison test. 
"Day 0 vs. days 3 ,  6, 10, and 17. 
'Day 0 vs. cia\. ti. 
Qay 0 vs. day 10 arid day 0 vs. clay 15. 

was 1.17 times the efficacy of a-tocopherol, as is evident 
from the ratio kTrolox:&-T~~~3 in Table 4, suggesting that, 
on a molar basis, a slight advantage for Trolox exists in 
protecting against the onset of oxidation in LDL. 

While loading LDL with a-tocopherol, both in vitro 
and in vivo, was accompanied by a significant decrease 
in the maximum rate of oxidation, Trolox did not have 
such an effect. The lack of effect of Trolox on oxida- 
tion rate is clearly evident from the characteristics of 
the CD absorbance versus time curves in Fig. 1, where 
no changes in CD formation were observed during the 
lag time, and all CD absorbance curves were similar in  
shape during the propagation phase, i.e., regarding the 
oxidation rate. On the other hand, maximum CD ab- 
sorbance decreased significantly with increasing Trolox 
concentrations, but not when LDL was loaded with a- 
tocopherol. These differences suggest that a-tocopherol 
and Trolox act differently in protecting LDI, against 
oxidation. 

A high between-subject variability of k and a for a- 
tocopherol had been observed previously (12), and was 
confirmed by the results of this study. When the data 
of the 15 subjects of this s~udy were combined, the 

15.06 t 7.89 
0.51 i 0.14 
0.08 t 0.02 
0.34 t 0.14 
0.s4 i 0.19 
0.46 t 0.28 
0.13 t 0.06 
0 . 2 )  t 0.36 

14.19 t 1.97 
0 . 1 3  -c 0.02 
0.04 5 0.01 
0.21 2 0.07 
0 .  I t i  t 0.06 
0.10 5 0.0.5 
0.06 t 0.03 
0.1 1 2 0.13 

30.37 i 0.88 
8.46 i 0.94 
!1.,55 t 0.36 

34.94 t 1.41 
19.93 f 0.50 
22.:39 i 3.58 

IO 

49.22 i 16.10 
0.m i- 0.26 
0.08 t 0.03 
0.35 t 0.15 
0.37 t 0.18 
0.45 t 0.24 
0.15 2 0.08 
0 30 t 0.32 

12.90 t 1.52 
0. I 2  2 0 02 
0.04 t 0.02 
0.20 i 0.05 
0. I 8  t 0.07 
0.08 t 0.04 
0.05 f 0.02 
0. IO t 0.12 

9 I .54 t 0.40 
7.82 i- 1.01 

10.13 t 0.47 
35.95 t 0.89 
18.27 i 037 
21.45 ? 3.42 

~~ 

~ ~~ 

l i  

43..38 i 8.97 
0.50 t 0 .  IO 
0.07 t 0.01 
0.31 t 0.16 
0 3 1  t 0.18 
0.52 t 0.29 
0. I 4  t 0.09 
0.20 2 0. I 7  

13.27 5 1.65 
0. I 1 ? 0 . 0 2  
0.04 t 0.01 
0. I7 i- 0.06 
0 .  I7 t 0.07 
0. IO t 0.0.5 
0.05 i 0.03 
0.09 t 0.09 

32.11 t 1.21 
8.10 t 1.51 
9.12 t 1.34 

.?8.60 t 2.87 
18.68 t 0.67 
10.96 ? 4.35 

between-subject cv was 20.6% for kuurl.OH and 20.7% for 
/L~.TOH. In this study, k and a values obtained through 
loading LDL with Trolox are shown for the first time. 
They also showed substantial betweensubject wariabil- 
ity, Le., CV of 14.3% for kn-,,l,,x and 19.6% for aT,.(,lOx. 
However, compared with a-tocopherol, the between- 
subject variability of the efficacy ( k )  of Trolox was con- 
siderably smaller, perhaps as a result of variability in- 
duced, for instance, by between-subject variability in 
a-tocopherol incorporation into LDL. The overall rela- 
tively high variability in k and n is not surprising, be- 
cause several variables have been shown to affect LDL 
susceptibility to oxidation (5-1 1 ) .  These variables may 
both affect the efficacy of a-tocopherol in protecting 
LDL and, in concert, constitute the a-tocopherol-inde- 
pendent variable a. For investigation of the effects o f  
one or more of these additional Variables that contrib- 
ute to the lag time in general, arid to either k and n o r  
both in particular, the approach of obtaining k and (1 

values presented in this study can be recommended. 
This study focused on the efficacy of Trolox versus 

RRR-a-tocopherol in protecting L.DL from oxidation in 
the ex vivo model o f  copper ion-induced oxidation of 

2586 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


uation. Also, it remains to be investigated whether or 
not these antioxidants are equally effective in other 
types of oxidative stress, such as cell-mediated oxida- 
tion of LDL.I  

7 .  

6 :  

5 -  

4/ 

/ e .  e *  

e 
r = 0.70 
P= 0.003 
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