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Abstract a-Tocopherol is a classical lipophilic antioxidant 
well known as a scavenger of free radicals in a hydrophobic 
milieu. However, it can develop both anti- and prooxidant 
activity in isolated low density lipoprotein (LDL). It is un- 
known how these activities are balanced in vivo in human 
plasma. We studied oxidation of plasma and LDL isolated 
from healthy donors or from a patient with familial isolated 
vitamin E deficiency and supplemented with a-tocopherol in 
vivo or in vitro. We found that a-tocopherol supplementation 
decreased plasma and LDL oxidizability under strong oxida- 
tive conditions when oxidation was initiated by high amounts 
of C U ~ +  or 2,2’-azobis-(2-amidinopropane) hydrochloride 
(AAPH). The effect was independent of the presence of as- 
corbate in the samples. Under conditions of mild oxidation 
by low amounts of Cu2+ or AAPH, a-tocopherol supplemen- 
tation decreased plasma oxidizability only in the presence of 
physiological amounts of ascorbate. A prooxidant effect of 
a-tocopherol was found under mild oxidative conditions in 
highly diluted (150-fold) plasma and in isolated LDL.I These 
results indicate that the level of oxidative stress and concen- 
tration of co-antioxidants, such as ascorbate, capable of re- 
generating a-tocopherol in the oxidizing lipoprotein particle, 
appear to represent major factors determining a-tocopherol 
activity towards oxidation both in human plasma and LDL. In 
vivo, in the presence of high concentrations of co-antioxi- 
dants and under mild oxidative conditions, a-tocopherol 
should normally behave as an antioxidant. This antioxidant 
activity is also expected to prevail under strong oxidative 
conditions independently of the presence of co-antioxidants 
but it may evolve into prooxidant, when the co-antioxidants 
are exhausted under conditions of mild oxidation. It remains 
to be shown whether such a transformation is physiologically 
relevant and can occur in vivo.-Kontush, A., B. Finckh, B. 
Karten, A. Kohlschiitter, and U. Beisiegel. Antioxidant and 
prooxidant activity of a-tocopherol in human plasma and low 
density lipoprotein.]. Lipid Res. 1996. 37: 1436-1448. 
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LDL undergoes oxidation in vivo is not yet fully under- 
stood but there is little doubt that it involves free radical 
oxidation of LDL lipids (3,4). Preventing the oxidation 
of LDL using antioxidants is widely discussed at present 
as a promising antiatherosclerotic therapy (2, 5). This 
implies that LDL-associated lipid-soluble antioxidants 
able to efficiently protect the lipoprotein against oxida- 
tion may represent important antiatherosclerotic agents. 

a-Tocopherol is a classical lipid-soluble antioxidant 
well known as a scavenger of free radicals in a hydropho- 
bic milieu (6). It is well established that a-tocopherol is, 
on a molar base, the major antioxidant in LDL (3,4). All 
other antioxidants (y-tocopherol, carotenoids, ubiqui- 
nol-10) are present in LDL in much smaller amounts. 
Inhibiting LDL oxidation by increasing its a-tocopherol 
content would be a very attractive way to prevent athero- 
genesis. Data on the antioxidant function of a-toco- 
pherol in lipoproteins are, however, contradictory. The 
rate of LDL oxidation is generally expected to be low in 
the presence and high in the absence of a-tocopherol 
(lag-phase and propagation phase of the oxidation, re- 
spectively) (3). However, LDL oxidizability by Cu2+ has 
only been found to correlate negatively with LDL a-to- 
copherol when the lipoprotein is enriched with this 
antioxidant (7-10) and when conditions of a relatively 
strong oxidative stress are used (11). No significant 
correlation between a-tocopherol content and suscepti- 
bility to oxidation in native LDL unsupplemented with 
antioxidants has been found under such oxidative con- 
ditions (7, 8, 12-18). When mild oxidative conditions 

There is increasing evidence that suggests that the 
oxidation of low density lipoprotein (LDL) in the arte- 
rial wall is an important step in the early development 
of atherosclerosis (1,2). The exact mechanism by which 

Abbreviations: AAPH, 2,2’-azobis-(2-amidopropane) hydrochloride; 
DMSO, dimethylsulfoxide; EDTA, ethylenediaminetetraacetic acid 
FIVE, familial isolated vitamin E deficiency; HPLC, high performance 
liquid chromatography; LDL, low density lipoprotein; PBS, phos- 
phate-buffered saline; PUFA, polyunsaturated fatty acid. 
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TABLE 1. Antioxidant and PUFA content of plasma samples obtained from donors supplemented with 
vitamin E 

Plasma Concentration 
Donor, Sample a-Tocopherol Ubiquinol-10 PUFAs 

Ilk' 

FIVE patient 
Day 0 3.09 1 .oo 4273 

Day 1 15.5 0.94 4140 

Day 2 32.6 1.02 3518 

Day 3 65.7 0.98 3457 

Healthy donor A 
Oh 16.2 n.d. 2846 
2 h  20.0 n.d. 3184 

4 h  27.4 n.d. 3134 

Plasma samples were obtained from a FIVE patient on 4 different days before and during his supplemen- 
tation with vitamin E and from healthy donor A immediately before and 2 and 4 h after his singledose 
supplementation with 1500 IU vitamin E; n.d., not determined. 

are used to oxidize LDL, increasing LDL a-tocopherol 
has paradoxically been shown to increase LDL oxi- 
dizability (11,  19). This effect has been ascribed to the 
prooxidant activity of a-tocopheroxyl radical formed at 
early oxidation stages. This radical, if present in the LDL 
particle for a sufficient time, i.e., at low free radical 
fluxes, can directly oxidize LDL polyunsaturated fatty 
acids (PUFAs) (1 1, 19). Nevertheless, the potentially 
harmful a-tocopheroxyl radical can be efficiently elimi- 
nated from the LDL particle by so-called co-antioxidants 
(20,21), such as ascorbate (21) or bilirubin (20), capable 
of recycling it back into a-tocopherol. Such a recycling 
is expected to inhibit the prooxidant activity of a-toco- 
pherol. These findings indicate that a-tocopherol can 
develop both anti- and prooxidant activity in isolated 
LDL, depending on oxidative conditions and presence 
of co-antioxidants. Our recent data suggest that a net 
effect of a-tocopherol on LDL oxidation is determined 
by a subtle balance of its anti- and prooxidant effects (16, 
18). It is unknown, however, how these effects are 
balanced in vivo in human plasma. 

In the present study we aimed to characterize a net 
activity of a-tocopherol towards oxidation in human 
plasma and LDL. We oxidized plasma and LDL contain- 
ing different amounts of a-tocopherol under different 
oxidative conditions and in the presence of different 
amounts of ascorbate. Plasma and LDL a-tocopherol 
content was varied by supplementing the donors 
(healthy normolipidemic subjects and a patient with 
familial isolated vitamin E deficiency (FIVE) (22-24)) or 
isolated plasma with a-tocopherol. We found that all 
kinds of a-tocopherol supplementation decreased 
plasma and LDL oxidizability under strong oxidative 
conditions independently of the presence of ascorbate 

in the samples. Under conditions of mild oxidation, 
a-tocopherol supplementation decreased plasma oxi- 
dizability only in the presence of physiological amounts 
of ascorbate, suggesting that in vivo, in the presence of 
high concentrations of co-antioxidants, a-tocopherol 
behaves as an antioxidant independently of the oxida- 
tive conditions. 

MATERIALS AND METHODS 

Chemicals 

Chelex 100 resin (50-100 mesh) was obtained from 
Bio-Rad (Richmond, CA). All other chemicals and sol- 
vents were from Sigma (Deisenhofen, Germany) or 
Merck (Darmstadt, Germany). All reagents used for 
plasma and LDL oxidation were made up in Chelex- 
treated, double-distilled deionized water to minimize 
contamination with transition metal ions. 

Plasma and LDL isolation 

Plasma and LDL were obtained from a 27-year-old 
FIVE patient (22-24) and from several healthy nor- 
molipidemic donors not on a special antioxidant or fatty 
acid diet. To obtain plasma and LDL enriched with 
a-tocopherol, supplementation of the donors with vita- 
min E in vivo and supplementation of the plasma with 
a-tocopherol in vitro were used. 

The FIVE patient and healthy donor A were given 
vitamin E. The vitamin was given as capsules containing 
generic a-tocopherol acetate (La Roche, Basel, Switzer- 
land). The FIVE patient was homozygous for defect in 
the a-tocopherol transfer protein gene (24) and re- 
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Fig. 1. Accumulation of Conjugated dienes (0) and oxycholesterols (7~hydroxycholesterol (O), 20-hydroxycholesterol (A) and 25-hydroxy- 
cholesterol (W); A) and consumption of PUFAs (linoleic (0) and arachidonic (A) acids; B) in heparin plasma of a healthy donor A. The plasma 
was diluted 150-foldwith PBS containing 0.16 M NaCl and oxidized by 50 ~ L M  Cu2' at 37°C in a spectrophotometrical cuvette to measure conjugated 
dienes or in a water bath to measure oxycholesterols and PUFAs. The results shown are means of two independent experiments. 

quired regular vitamin E supplements (1800 mg daily). 
He was completely withdrawn from his oral vitamin E 
supplementation 5 days before the first blood sample 
was taken (day 0). Then, he was resupplemented with 
increasing amounts of vitamin E (400, 1200, and 1800 
mg on the first, second, and third days of the resupple- 
mentation). Blood was taken from the patient for the 
first 3 days after resuming the supplementation (days 1, 
2, and 3). All patient's blood samples were taken into 
heparin- or ethylenediaminetetraacetic acid (EDTA)- 
containing tubes (Sarstedt, Numbrecht, Germany) after 
an overnight fast. To control for changes in plasma 
a-tocopherol and fatty acid levels in the course of the 
supplementation, the latter was repeated (see Results). 
Fasted donor A was supplemented with a single dose of 
1500 IU vitamin E and the blood was taken immediately 
before and 2 and 4 h after supplementation. Plasma was 
obtained by centrifugation of the blood at 4°C for 10 
min. 

In separate experiments, plasma of healthy donors A 
(unsupplemented with vitamin E) and B was supple- 
mented with a-tocopherol in vitro. The blood was taken 
after an overnight fast into heparin- or EDTA-containing 
tubes. The plasma was incubated for 3 h at 4°C with 
a-tocopherol, added as a solution in dimethyl sulfoxide 
(DMSO) to a final concentration of 167 and 333 pM (25). 
Control incubations contained a corresponding amount 
of dimethylsulfoxide (1% v/v) which was the same in all 
plasma samples used. All plasma samples were frozen at 
-80 "C under nitrogen immediately after isolation and 
stored under these conditions for no longer than 2 
months. 

LDL was isolated by density gradient ultracentrifuga- 
tion of the EDTA plasma for 20 hat  4°C (26). All density 
gradient solutions contained 1.5 mM EDTA. The result- 
ing EDTA-containing LDL suspensions were stored at 

4°C under nitrogen in the dark and used for experi- 
ments within 24 h of isolating the LDL. 

Characterization of plasma and LDL chemical 
composition 

Plasma and LDL content of a-tocopherol and ubiqui- 
nol-10 were quantified by reversed-phase high perform- 
ance liquid chromatography (HPLC) with electrochemi- 
cal detection using SuperPack Pep-S RF C2/Cl8 
HPLC-column (250 x 4.0 mm i.d., 5 pm particle size, 
Pharmacia, Fine Chemicals, Uppsala, Sweden) as de- 
scribed elsewhere (27). y-Tocotrienol, ubiquinol-9, and 
ubiquinone-7 were used as internal standards. In some 
experiments, plasma content of a-tocopherol was deter- 
mined by reversed-phase HPLC with fluorescence detec- 
tion and &tocopherol as an internal standard. Briefly, 
100 pl plasma or 100 p1 LDL (0.85 mg total choles- 
terol/ml) was mixed with 100 pl ethanol containing the 
necessary amount of &tocopherol. After adding 500 p1 
hexane, the mixture was vortexed and centrifuged and 
the hexane extract was collected and evaporated under 
nitrogen. The residue was dissolved in 100 fl methanol 
and subjected to HPLC with a fluorescent detector 
(Shimadzu RF-535 Fluorescence HPLC Monitor, Shi- 
madzu, Japan) adjusted at 294 nm excitation and 325 
nm emission. As a mobile phase, methanol-water 98:2 
(v/v) mixture at a flow rate of 2.0 ml/min was used. 

Fatty acid composition of plasma and LDL was char- 
acterized by capillary gas chromatography (28). One 
hundred pl plasma or 100 pl LDL (0.85 mg total choles- 
terol/ml) was mixed with 400 pl toluene and 1.6 ml 
methanol. Tricosanoic acid and t-butylhydroxytoluene 
solutions in ethanol were added as an internal standard 
and antioxidant, respectively. After vortexing, 200 p1 
acetylchloride was added. The reaction mixture was 
incubated for 1 h at lOO"C, cooled, mixed with 5 ml of 

1438 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


! I  ; 0.20 

0 100 i 200 300 400 500 600 700 800 

Time of oxidation. min 

I _ _ _ _  ---p__------ 

0 100 200 300 400 500 6M) 700 800 
Time of oxldabon. min 

6% Na2C03, and centrifuged for 10 min at 3000 rpm. 
Two hundred pl toluene phase was removed, evapo- 
rated under nitrogen at room temperature, and dis- 
solved in 20 p1 hexane. One pl of the hexane extract was 
injected into a Hewlett-Packard 5890 Series I1 gas chro- 
matograph (Hewlett-Packard, Palo Alto, CA) equipped 
with a flame ionization detector. Fatty acid methyl esters 
were chromatographed on a 30 m HP-5MS column 
(Hewlett-Packard, Palo Alto, CA) with an internal diame- 
ter of 0.25 mm. Helium was used as carrier gas at a flow 
rate of 1.2 ml/min. The injection port temperature was 
250°C and the detector was 300°C. The column tem- 
perature was held at 170°C for 2 min, increased to 220°C 
at a rate of 4”C/min, held at 220°C for 4 min, and 
increased to 310°C at a rate of 15”C/min. The peak 
quantification was based on peak area comparison with 
the internal standard. Plasma and LDL content of PU- 
FAs were calculated as a sum of their content of linoleic, 
linolenic, ylinolenic, eicosadienoic, eicosatrienoic, arachi- 
donic, eicosapentaenoic, docosadienoic, docosatetraenoic, 
docosapentaenoic, and docosahexaenoic acids. 

LDL total cholesterol was determined by a commer- 
cially available enzymatic test (Boehringer Mannheim, 
Mannheim, Germany). To recalculate the values ob- 
tained into mol/mol LDL, LDL molecular mass of 2.5 
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Fig. 2. Accumulation of conjugated dienes in heparin plasma of a 
FIVE patient supplemented with vitamin E. The plasma was obtained 
on days 0 (0), 1 (O), and 3 (M) of the supplementation, diluted 
150-fold with PBS containing 0.16 hi NaCl and oxidized in a spectre 
photometrical cuvette at 37°C by Cu*+ (A,B) or AAPH (C). Cu2’ 
concentration, 50 FM (A) or 0.5 p~ (B); AAPH concentration, 333 Fhl 
(0 

MDa and its total cholesterol content of 31.6% of the 
total weight were used (3, 29). 

Plasma and LDL oxidation 
Cu2+ and 2,2’-azobis-(2-amidinopropane) hydrochlo- 

ride (AAPH) were used to oxidize plasma and LDL in 
our study. Plasma was oxidized by Cu2+ as described by 
Regnstrom et al. (30). Heparin plasma sample (20 pl) 
was diluted with 2950 pl phosphate-buffered saline 
(PBS) containing 0.16 M NaCl. The oxidation was then 
started by adding 30 p1 of 50 pM or 5 mM CuSO4 
solution, corresponding to the mild and strong oxida- 
tive conditions, respectively. To oxidize plasma by 
AAPH, 20 p1 of the heparin plasma were diluted with 
2880 pl PBS containing 0.16 M NaCl and 100 pl of 10 
mM AAPH solution were added. The oxidation was 
performed in a spectrophotometrical cuvette at 37°C to 
register an accumulation of conjugated dienes in the 
samples at 234 nm. Plasma dilution (150-fold in both 
cases) was necessary to provide absorbance low enough 
to be reliably measured (30, 31). To provide a direct 
measure of lipid peroxidation in the samples, plasma 
was oxidized at the same dilution in a 37°C water bath 
and consumption of PUFA and accumulation of oxy- 
cholesterols were measured (see below). To investigate 
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an effect of such a high dilution on oxidation, the plasma 
was diluted 2-fold with PBS containing 0.16 hl  N a C l  and 
oxidized at 37°C in the presence of 25 n i ~ l  A4PI-I. 
Accumulation of oxycholesterols and ;in increase of' 
fluorescence at 360/430 r i m  were ~ised to characterize 
the oxidation under these conditions (see below). The 
final AAPH concentration calculated per plasma vol- 
ume was the same for both 150-fold and 2-fold dilutions 
(50 m ~ ) .  

To oxidize LDL, EDTA and potassium broniide w e i r  
removed from the LDL suspensions by gel filtration on 
Sephadex PD-10 columns (Sephadex C-25hI, Pharmacia 
Fine Chemicals, Uppsala, Sweden) imniecliatcly before 
oxidation. The EDTA-free LDL suspensions w e i r  di- 
luted with PRS to 0.12 mg total cholesterol,/'ml (approxi- 
mately 0.14 p~ LDL). Oxidation by Cu2+ was perforined 
at :W"C: in a spectrophotometrical ciivettc at ;I C : u 2 +  
concentration of 0.01, 0.1, or 3.0 p ~ .  Oxidation b y  
AAPH was performed at 37°C in ii spectropliotoiiietri(.~il 
cuvette at an .MPH concentration of 70 piu. In sonic' 
experiments, a small volume of' fi-eshly prepared aqut%- 
ous solution of ascorbate was added t o  the plasiria or 
LDL immediately before oxidation. 

Fig. 3. .4ccuniulation of conjugated diene5 i l l  liepariii ~ J I A S I I L ~  ot 
healthy donor B. l h c  plasma was suppleniented with a-to(-ophet.ol i i i  

vitro by incubating for 3 h at 4'C with 0 (0), 167 (O) ,  anti 
cc-tocopherol (added as a solution in DMSO). Unsiippleriw 
c.ontained 15.8 p h ~  a-tocopherol. 
I'BS containing 0. I( i  h! NaCl aiic 

0.5 p! (13): .AAPH conccnrr;itioi 

a s  diluted 150-fold with 

c'nvrtte at 3 7 < c  by Cu?' o r  .LAP 

Characterization of the level of plasma and LDL 
oxidation 

' T o  characterize the level of  plasma oxidatic )ti,  ~ I C C I I -  

mulation of conjugated dienes ; i d  oxycliolesterols, c'c)ti- 
suniption of' a-tocopherol antl kitty acids a wcll ;is 
fluorescence of the samples were measured. Ax:utiiulx 
tion of conjugated dienes was evaluated a1 234 nni :I\ 

ibed by Regnstr6tn et al. (30). 'l'inie-course 0 1  
conjugated diene accuniulation under strong ()xitlativt~ 
conditions was characterized b y  ii distinct 1;ig-pliasc. 
followwl by a propagation phase (30 ,  :3 1). I'reeiing ant1 
tliawing of plasina had no significant inf1uenc.c. o t i  its 
oxidation course as judged by the duration of'tlic ositl:i- 
tion phases measured in freshly obtaitied sanip1t.s an t1  
i t i  plasma samples frozen foi. 24 11 f ioi i i  six Iic.al11ij 
donors (lag-phase 2'12 k 132 and :3 I 1  f I15 m i i i .  pt-op:i- 
gation phase 125 k 22 and 107 k 8 min, tot;il Lig-pliasc. 
+ propagation phase 417 f I42 antl 418 k 113 inin. 
respectively). 

Accuinulation of oxycholesterols was nieasurctl ~rsiiig 
capillary gas chromatography (32, 33) .  T w o  Iiut~li-ctl pl 
plasma (diluted 2-fold) w a s  mixed with 900 p1 cliloi-o- 
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Fig. 4. Influence of ascorbate on the accumulation of conjugated 
dienes in heparin plasma of a FIVE patient supplemented with vitamin 
E. The plasma was obtained on days 0 (0), 1 (O), and 3 (H) of the 
supplementation, diluted 150-fold with PBS containing 0.16 M NaCl 
and oxidized in a spectrophotometrical cuvette at 37°C by 333 p~ 
AAPH. Ascorbate was added to the plasma immediately before oxida- 
tion to the final concentration of 100 p~ (A) or 10 mM (B). 

form-methanol 2: 1 (v/v) mixture. 5a-Cholestane solu- 
tion in chloroform-methanol 2: 1 (v/v) mixture and 
t-butylhydroxytoluene solution in ethanol were added 
as an internal standard and antioxidant, respectively. 
Chloroform plasma extract was evaporated under nitro- 
gen and dissolved in 500 pl of diethyl ether-methanol 
1: 1 (v/v) mixture containing sodium borohydride (20 
mg/ml) to reduce hydroperoxides to hydroxides. The 
reduction was performed for 30 min at room tempera- 
ture. Diethyl ether phase was collected, evaporated un- 
der nitrogen, and the residue was dissolved in 250 p1 
toluene. After adding 500 pl of 0.5 M sodium methoxide 
solution in methanol, the reaction mixture was incu- 
bated for 15 min at 50"C, cooled, mixed with 1 ml of 
2.5% acetic acid, and extracted with hexane. The hexane 
phase was evaporated under nitrogen and the residue 
was dissolved in 80 p1 acetone and 20 pl bis(trimethy1- 
sily1)trifluoroacetamide containing 1% trimethylchlo- 
rosilane. The reaction mixture was incubated for 45 min 

at room temperature, evaporated under nitrogen, and 
the residue was dissolved in 20 pl toluene. One pl of the 
toluene solution was injected into the same gas chroma- 
tograph that was used to measure plasma fatty acids. 
Plasma content of oxycholesterols was calculated as the 
sum of its content of 7phydroxy-, 20-hydroxy-, and 
25-hydroxycholesterols, 7-ketocholesterol and choles- 
tadien-7-one. Individual oxycholesterols were identified 
by gas chromatography-mass spectrometry using a 
Hewlett-Packard MS 5972 mass selective detector 
(Hewlett-Packard, Palo Alto, CA) (32, 33). 

a-Tocopherol and PUFAs in oxidized plasma samples 
were quantified chromatographically as described 
above. Plasma fluorescence was measured with an exci- 
tation at 360 nm and an emission at 430 nm (34,35). Slit 
width of 5 nm was used for both emission and excitation 
slits. To prove whether the plasma fluorescence at 
360/430 nm was indicative of the lipoprotein oxidation, 
non-oxidized and oxidized (for 24 h at 37°C in the 
presence of 7.5 mM Cu2') plasma from healthy donor A 
was ultracentrifuged to isolate lipoproteins as described 
above and the fluorescence of lipoprotein fractions was 
measured at 360/430 nm. 

LDL oxidation was evaluated as an accumulation of 
conjugated dienes in the samples. Conjugated dienes 
were measured according to Puhl, Waeg, and Ester- 
bauer (29) and Esterbauer et al. (36) by continuous 
registration of sample absorption at 234 nm. The dura- 
tion of the lag-phase of diene accumulation was calcu- 
lated from the curves thus obtained (16,29, 36). 

Statistical analysis 

Unless specified, the data shown represent typical 
results obtained in four independent experiments. Sig- 
nificance of the differences in the oxidation rates be- 
tween a-tocopherol-supplemented and non-supple- 
mented samples was evaluated using the Friedman 
two-way analysis of variance (ANOVA). 

RESULTS 

Antioxidant and prooxidant activity of a-tocopherol 
in human plasma 

Withdrawal of the FIVE patient from his regular 
vitamin E supplementation for 5 days resulted in a 
dramatic decrease in plasma a-tocopherol to a hardly 
detectable level (3.09 pM) (Table 1). Resupplementation 
of the patient with increasing amounts of vitamin E for 
3 days restored the plasma concentration to a high level. 
Marked increase of plasma a-tocopherol was not accom- 
panied by any consistent change in the level of ubiqui- 
nol-10, an important antioxidant influencing lipopro- 
tein oxidizability (16,18,37,38). Plasma PUFAs, another 
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Fig. 5. Accumulation of oxycholesterols (circles) and increase of 
fluorescence at 360/430 nm (triangles) during oxidation of heparin 
plasma of a FIVE patient supplemented with vitamin E. The plasma 
was obtained from FIVE patient on days 0 (opened symbols) and 3 
(closed symbols) of the vitamin E supplementation. The plasma was 
diluted 2-fold with PBS containing 0.16 M NaCl and oxidized at 37°C 
in the presence of 25 mhi AAPH. The results shown are means of two 
independent experiments. 

important determinant of lipoprotein oxidizability (16, 
39), were decreased after a-tocopherol supplementa- 
tion. However, the latter effect was inconsistent and was 
not found when the supplementation of the patient with 
vitamin E was repeated (data not shown). Single supple- 
mentation of healthy donor A with a high dose of 
a-tocopherol (1500 IU) also increased the plasma level 
considerably (measured 2 and 4 h after the supplemen- 
tation; Table 1). This increase was accompanied by a 
slight elevation of the plasma PUFA level. 

Incubation of the plasma with Cu2+ resulted in an 
increase in its absorbance at 234 nm (Fig. 1). Such an 
increase is related to the accumulation of conjugated 
dienes in the samples (30, 36) and has been shown to 
correlate with other indices of plasma lipid peroxidation 
(30). Plasma oxidation measured as an increase in absor- 
bance at 234 nm has also been found to reflect oxidation 
of plasma lipoproteins (30, 31). We found that the 
time-course of conjugated diene accumulation paral- 
leled those of oxycholesterol formation (Fig. 1, A) and 
PUFA consumption (Fig. 1, B) directly measured in the 
same samples by gas chromatography. We also found 
that the rates of conjugated diene accumulation meas- 
ured in 23 plasma samples negatively correlated with 
initial plasma concentrations of different antioxidants, 
such as a-tocopherol, ubiquinol-10, ascorbate, bilirubin, 
and albumin (Spranger, T., U. Beisiegel, and A. Kon- 
tush, unpublished data), and that the in vitro supple- 
mentation of plasma with physiological amounts of 
these antioxidants resulted in a considerable delay of the 
oxidation under identical experimental conditions 
(Karten, B., A. Kontush, and U. Beisiegel, unpublished 

data). Taken together, these data justified using an 
increase in absorbance of oxidizing plasma at 234 nm as 
a measure of plasma lipoprotein oxidation. 

Oxidation of plasma samples with different a-toco- 
pherol content revealed that increasing a-tocopherol 
concentration in the FIVE patient's plasma decreased 
the rate of conjugated diene accumulation in the sam- 
ples (Fig. 2, A). Oxidation rate was significantly de- 
creased both within the lag-phase and propagation 
phase of conjugated diene accumulation (n = 4, P <  0.05). 
The antioxidant activity of a-tocopherol was seen in 
highly diluted (150-fold) plasma under strong oxidative 
conditions (in the presence of 50 pM Cu2+). This activity 
was independent of changing plasma levels of PUFAs 
and was found irrespectively of whether plasma PUFA 
concentration decreased or not in the course of the 
vitamin E supplementation (data not shown). Adding 
ascorbate (100 p M )  to the plasma samples also did not 
qualitatively change the dependence of plasma oxi- 
dizability on a-tocopherol concentration (data not 
shown). 

Using milder oxidative conditions reversed the de- 
pendence of the oxidizability of highly diluted plasma 
on its a-tocopherol concentration. Plasma samples with 
higher a-tocopherol level were oxidized faster than 
those with lower a-tocopherol in the presence of 0.5 PM 
Cu2+ (n = 4, P < 0.05; Fig. 2, B). Enrichment with 
a-tocopherol also increased oxidizability of the patient's 
plasma when it was diluted 150-fold and oxidized in the 
presence of 333 pM AAPH (n = 4, P < 0.05; Fig. 2, C). 
Such oxidative conditions (50 mM AAPH calculated per 
plasma volume) are generally considered to be strong 
enough to lead to an antioxidant activity of a-tocopherol 
(1 1, 40,41). The prooxidant activity found in our study 
suggests that the actual level of oxidative stress applied 
to plasma under these conditions was greatly diminished 
due to the high dilution of the reaction mixture and that 
these conditions should be considered as mild. 

Similar dependences of the oxidizability of highly 
diluted plasma on its a-tocopherol concentration were 
observed, when plasma samples from healthy donors A 
and B were enriched with a-tocopherol in vitro and 
oxidized under strong (50 pM Cu2+; Fig. 3, A) and mild 
(0.5 pM Cu2+, 333 pM AAPH; Fig. 3, B, C )  oxidative 
conditions (n = 5,  P < 0.05; Fig. 3). A prooxidant activity 
of a-tocopherol was also found under mild oxidative 
conditions in highly diluted plasma from healthy donor 
A supplemented with vitamin E in vivo (data not shown). 
Slightly increased concentration of plasma PUFAs could 
also contribute to the latter effect (Table 1). 

Supplementing the FIVE patient's plasma with a physi- 
ological amount of ascorbate (100 pM) did not prevent 
the prooxidant activity developed by a-tocopherol in 
highly diluted plasma under mild oxidative conditions 
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Fig. 6. Increase of fluorescence at 360/430 nm during oxidation of 
heparin plasma of a FIVE patient (A) and of healthy donor A (B), both 
supplemented with vitamin E. The plasma was obtained from FIVE 
patient on days 0 (0), 1 (O), and 3 (m) of the vitamin E supplementa- 
tion (A) or from healthy donor A immediately before (0), 2 h (O), 
and 4 h (m) after a single-dose supplementation with 1500 IU vitamin 
E (B). The plasma was diluted 2-fold with PBS containing 0.16 M NaCl 
and oxidized at 37'C in the presence of 25 mhi AAPH. 

(n = 4, P < 0.05; Fig. 4, A). However, supplementing the 
plasma with an unphysiologically high amount of ascor- 
bate (15 mM, resulting in the physiological final concen- 
tration of 100 pM in the reaction mixture) restored the 
antioxidant activity of a-tocopherol (n = 4, P < 0.05; Fig. 
4, B). 

a-Tocopherol was also found to possess an antioxi- 
dant activity in the presence of physiological amounts 
of ascorbate under strong oxidative conditions. Such 
conditions were provided by changing a high plasma 
dilution (150-fold) to a low one (2-fold) at the same 
AAPH concentration calculated per plasma volume (50 
mM) (1 1,40, 41). To characterize plasma oxidizability at 
such a low dilution, plasma oxycholesterols and fluores- 
cence at 360/430 nm were measured. In a separate 
experiment we found that an increase of the plasma 
fluorescence at 360/430 nm was closely associated with 
a corresponding increase of the fluorescence of plasma 

lipoproteins, which is known to reflect the level of 
oxidative modification of apolipoproteins by secondary 
products of lipid peroxidation (34, 35). While plasma 
fluorescence increased from 3.51 f. 0.23 to 17.1 f 2.3 
arbitrary units/mg total cholesterol after 24 h oxidation 
of the plasma at 37°C by 7.5 mM Cu2+, the lipoprotein 
fluorescence increased from 1.24 f 0.22 to 9.15 f 0.66 
for VLDL, from 0.29 f 0.04 to 5.93 f 1.54 for LDL, and 
from 0.22 f 0.05 to 29.2 f. 3.5 arbitrary units/mg total 
cholesterol for HDL (means f. SD for four experiments). 
Vitamin E supplementation of the FIVE patient de- 
creased the oxidizability of his plasma samples under 
strong oxidative conditions, when measured either as an 
accumulation of oxycholesterols or as an increase of 
fluorescence at 360/430 nm (Fig. 5). Vitamin E supple- 
mentation of both the FIVE patient and healthy donor 
A decreased the oxidizability of their plasma samples 
under identical oxidative conditions, when measured as 
an increase of fluorescence at 360/430 nm (n = 4, P < 
0.05; Fig. 6). Additional supplementation of the plasma 
with a physiological amount of ascorbate (100 pM) did 
not significantly influence the vitamin E antioxidant 
activity under these oxidative conditions (data not 
shown). Increased plasma protection against oxidation 
provided by a-tocopherol was also seen when a- tom 
pherol consumption was measured. In accordance with 
previous findings, absolute concentration of a-toco- 
pherol was consistently higher in the samples with 
higher initial a-tocopherol content at all time points 
until total a-tocopherol oxidation (Fig. 7). On the other 
hand, no consistent differences in the consumption of 
plasma PUFAs among samples with different a-toco- 
pherol content were found (Fig. 7). This could be due 
to the fact that the oxidizability differences between 
samples were too small to be seen as differences in 
plasma PUFA levels (accuracy of the determination +7%, 
Le., about f.200 pM PUFAs at their initial level about 
3000 pM; see Fig. 7). 

Antioxidant and prooxidant activity of a-tocopherol 
in human LDL 

Increasing the concentration of a-tocopherol in the 
FIVE patient's plasma paralled the increasing LDL a-to- 
copherol content (Table 2). N o  consistent change in the 
level of LDL ubiquinol-10 and PUFAs during vitamin E 
supplementation was found. When the FIVE patient's 
LDL was oxidized under strong oxidative conditions (in 
the presence of 3.0 pM Cu2+), a-tocopherol revealed an 
antioxidant activity. This was seen as a prolonged lag- 
phase of conjugated diene accumulation (Table 2). Simi- 
lar antioxidative action of a-tocopherol supplementa- 
tion was also found in LDL isolated from healthy donor 
plasma supplemented with a-tocopherol in vitro (data 
not shown). a-Tocopherol retained its antioxidant activ- 
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Fig. 7. Consumption of a-tocopherol (circles) and PUFAs (triangles) 
during oxidation of heparin plasma of a FIVE patient supplemented 
with vitamin E. The plasma was obtained on days 0 (opened symbols) 
and 3 (closed symbols) of the repeated supplementation of the patient 
with vitamin E (see Materials and Methods). The plasma was diluted 
2-fold with PBS containing 0.16 M NaCl and oxidized at 37'C in the 
presence of 25 mM AAPH. The results shown are means of two 
independent experiments. 

ity towards LDL oxidation under strong oxidative con- 
ditions (3.0 pM Cu2+), when ascorbate was added to the 
samples before oxidation (data not shown). These re- 
sults were in a good agreement with data reported 
elsewhere (3, 7-10, 25, 42). 

Decreasing Cu2+ concentration in the reaction mix- 
ture prolonged the lag-phase of diene accumulation in 
almost all samples studied (Table 2). The only exception 
was LDL with the highest a-tocopherol content, where 
the lag-phase duration remained almost constant when 
Cu2+ concentration was decreased from 0.1 to 0.01 pM. 
As the lag-phase prolongation by decreasing Cu2+ con- 
centration in the samples was much more pronounced 
for LDL with low than with high a-tocopherol content, 
decreasing Cu2+ concentration paradoxically switched 
the antioxidant activity of a-tocopherol into prooxidant. 
When LDL was oxidized by 0.01 p~ Cu2+, two samples 
with higher a-tocopherol content revealed shorter lag- 
phase in comparison with two samples with lower a-to- 
copherol (Table 2). This switching between anti- and 
prooxidative activities on changing oxidative conditions 
was further demonstrated in experiments with LDL 
supplemented with a-tocopherol in vitro. Again, when 
Cu2+ concentration decreased from 3.0 to 0.1 pM, the 
antioxidant activity of a-tocopherol evolved into prooxi- 
dant (n = 4, P < 0.05; Fig. 8, A, B). Similar prooxidative 
action of a-tocopherol was found in isolated LDL, when 
AAPH was used instead of Cu2+ to oxidize LDL under 
mild oxidative conditions (n = 4, P < 0.05; Fig. 8, C). 
These findings were in accordance with a mechanism of 
the a-tocopherol-mediated peroxidation demonstrated 
to occur in isolated LDL under similar conditions (4,11, 
19, 21). The prooxidant activity of a-tocopherol found 

in isolated LDL under mild oxidative conditions could, 
however, be switched back into antioxidant, if the LDL 
was oxidized in the presence of physiological amounts 
of ascorbate (n = 4, P < 0.05; Fig. 9). 

DISCUSSION 

a-Tocopherol was found to develop both anti- and 
prooxidant activity in human plasma and isolated LDL, 
depending on oxidative conditions and presence of 
ascorbate in the samples. Antioxidant activity prevailed 
in plasma and LDL incubated under strong oxidative 
conditions (incubation of the diluted 150-fold and 2-fold 
plasma with 50 p M  cu2+ and 25 mM AAPH, respectively, 
and incubation of the diluted to 0.14 p~ LDL with 3.0 
pM Cu2+). Under such conditions, a-tocopherol behaved 
as an antioxidant independently of the presence of 
ascorbate in the samples, based on the observation that 
a-tocopherol supplementation reduced oxidation both 
in the plasma and in isolated LDL independently of their 
supplementation with different amounts of ascorbate. 

The antioxidant activity of a-tocopherol was switched 
into prooxidant when milder conditions were used to 
initiate oxidation. Supplementation with a-tocopherol 
accelerated oxidation in plasma and LDL under mild 
oxidative conditions (incubation of the diluted 150-fold 
plasma with 0.5 pM Cu2+ or 333 pM AAPH and incuba- 
tion of the diluted to 0.14 pM LDL with 0.1 or 0.01 pM 
Cu2+ or 70 pM AAPH). However, such a prooxidant 
effect of a-tocopherol was only found if the samples 
were virtually free of ascorbate (such as LDL subjected 
to the gel filtration on Sephadex columns) or if the final 
concentration of ascorbate in the samples was unphysi- 
ologically low (such as that in plasma diluted 150-fold). 
Adding ascorbate to a near-physiological final concen- 
tration restored the antioxidant activity of a-tocopherol 
also under mild oxidative conditions. 

a-Tocopherol is a well-known lipid-soluble antioxi- 
dant able to scavenge free radicals in a hydrophobic 
milieu (6). The major mechanism of its antioxidative 
action includes inactivation of one radical (R') by one 
molecule of a-tocopherol (TocH), 

TocH + R' + RH + Toc', Reaction 1) 

with a subsequent scavenging of a second radical by 
the a-tocopheroxyl radical (Toc' ) formed: 

Toc' + R' -+ non-radical products, Reaction 2 )  

Resulting inactivation of two radicals per one mole- 
cule of a-tocopherol underlies the classical antioxidant 
activity of this compound. This mechanism is operative 
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TABLE 2. Antioxidant, PUFA content and oxidative resistance of LDL samples isolated from a FIVE 
patient supplemented with a-tocopherol in vivo 

LDL Content Lag-Phase Duration 

mol/mol LDL min 
Sample a-Tocopherol Ubiquinol-10 PUFAs 3.0 pM c u  0.1 pM C u  0.01 pM Cu 

Day 0 0.37 0.107 1319 47 73 186 
Day 1 3.13 0.154 1263 60 192 216 
Day 2 6.31 0.125 1402 82 153 171 
Day 3 7.89 0.060 1041 84 146 144 

LDL was isolated using density gradient ultracentrifugation of the patient EDTA plasma for 20 h at 4'C. 
The plasma was obtained on 4 different days before and during patient supplementation with vitamin E. LDL 
antioxidant and PUFA content and the lag-phase of conjugated diene accumulation were measured within 24 
h of isolating the LDL. Lag-phase duration was measured at LDL concentration of 0.12 mg total cholesterol/ml 
and Cuz+ concentrations shown. The results shown are means of two experiments. 

when free radicals are formed at a relatively high rate, 
i.e., under strong oxidative conditions (1 1,21). It is likely 
responsible for the antioxidant activity of a-tocopherol 
found under strong oxidative conditions in our study, 
Antioxidant activity of a-tocopherol has been shown to 
evolve into prooxidant when mild oxidative conditions 
are used to oxidize isolated human LDL (11, 19, 21). 
This prooxidant activity is ascribed to the chain propa- 
gation by a-tocopheroxyl radical formed in reaction 1 at 
an early oxidation stage (11, 19). If no additional free 
radical hits the LDL particle for a certain time and 
interacts with the a-tocopheroxyl radical (i.e., under 
mild oxidative conditions), the latter can directly oxidize 
LDL PUFA moieties: 

Toc' + LH -+ TocH + L', Reaction 3) 

where LH and L&, denote the PUFA moiety and its 
radical. This mechanism could underlie the prooxidant 
activity of a-tocopherol found towards oxidation of 
diluted 150-fold plasma and isolated LDL in the pres- 
ence of AAPH (which provided a steady and mild flux 
of free radicals under our experimental conditions (1 1)). 
a-Tocopheroxyl radical can also be formed in the course 
of plasma and LDL oxidation by Cu2+ via direct interac- 
tion between Cu2+ and a-tocopherol (43,44): 

Cu*+ + TocH + Cu' + Toc' + H'. Reaction 4 )  

Reactions 3 and 4 could be responsible for the prooxi- 
dant activity of a-tocopherol found in our study in the 
presence of low amounts of Cu2+. This scheme of the 
a-tocopherol-mediated peroxidation (1 1, 2 1) suggests 
that the fate of a-tocopheroxyl radical is crucial for the 
net a-tocopherol activity towards oxidation. Rapid elimi- 
nation of a-tocopheroxyl radical via reaction with an- 
other lipid radical leads to the net antioxidant activity 
of a-tocopherol. Prolonged residence of a-tocopheroxyl 
radical in the lipoprotein particle results in its slow 
reaction with lipoprotein PUFAs and in the net prooxi- 

dant activity of a-tocopherol. It appears that a-tocopher- 
oxy1 radical must be efficiently eliminated from the 
lipoprotein particle to allow a-tocopherol to develop its 
antioxidant activity. Elimination of a-tocopheroxyl radi- 
cal by recycling it directly back into a-tocopherol repre- 
sents an important mechanism of action of a wide group 
of compounds called a-tocopherol co-antioxidants (2 1). 
Ascorbate (21) and bilirubin (20) seem to be physiologi- 
cally the most important amongst them because of their 
high concentrations in human plasma (45). Reaction 
between ascorbate and a-tocopherol might be responsi- 
ble for the restoration of the antioxidant activity of 
a-tocopherol under mild oxidative conditions in the 
presence of the former, as it was found in our study: 

Toc' + AscH TocH + Asc', Reaction 5) 

where AscH and ASCch denote ascorbate and its radical. 
This reaction has been shown to occur at a high rate in 
vitro under physiological conditions (46, 47). Our re- 
sults indicate that the concentration of ascorbate in the 
reaction mixture must be high enough (within the physi- 
ological range) to provide an efficient elimination of 
a-tocopheroxyl radical via reaction (5). 

Taken together, our data suggest that the level of 
oxidative stress and concentration of co-antioxidants, 
such as ascorbate, represent major factors governing 
a-tocopherol activity towards oxidation in human 
plasma and LDL. Increasing oxidative stress and/or 
co-antioxidant concentrations appear to promote an 
antioxidant activity of a-tocopherol. Decreasing oxida- 
tive stress encounters the a-tocopherol antioxidant ac- 
tivity and can reverse it into prooxidant. It seems, how- 
ever, that decreasing co-antioxidant concentrations can 
only turn a-tocopherol into a prooxidant under mild 
oxidative conditions. Under strong oxidative condi- 
tions, a-tocopherol is expected to behave antioxidatively 
independently of the presence of ascorbate in the sam- 
ples. 
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This analysis points out that a-tocopherol should 
always function as an antioxidant, if the concentration 
of co-antioxidants is high enough to efficiently recycle 
a-tocopheroxyl radical back to a-tocopherol. Remark- 
able efficiency of ascorbate and bilirubin in eliminating 
a-tocopheroxyl radical (20, 2 1) together with their high 
concentration in human plasma, implies that, in vivo, in 
the presence of high concentrations of highly effective 
co-antioxidants, a-tocopherol should normally behave 
as an antioxidant independently of the oxidative condi- 
tions. Indeed, a-tocopherol typically acts antioxidatively 
under in vivo conditions (48). On the other hand, no 
antioxidative action of a-tocopherol has been repeatedly 
found in vitro in isolated LDL unsupplemented with this 
antioxidant (7, 8, 11-18). Our scheme of a-tocopherol 
action explains this contradiction simply by the presence 
of high concentrations of co-antioxidants in biological 
fluids in vivo and by their virtual absence in vitro in 
oxidizing LDL samples (except ubiquinol-10 which is 
quantitatively not the major co-antioxidant for a-toco- 
pherol(21,46)). 

We postulate that the antioxidant activity of a-toco- 
pherol is its major activity in human plasma and plasma 
lipoproteins in vivo. It may, however, evolve into prooxi- 
dant, when the co-antioxidants are exhausted under 
mild oxidative conditions. Such a transformation might 
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Fig. 8. Accumulation of conjugated dienes in LDL isolated 
from EDTA plasma of healthy donor A. The plasma was 
supplemented with a-tocopherol in vitro by incubating for 
3 h at 4°C with 0 (0) and 333 (W) KM a-tocopherol (added 
as a solution in DMSO). LDL was isolated using density 
gradient ultracentrifugation for 20 h and contained 5.04 (0) 
and 15.18 (W) mol a-tocopherol/mol LDL. EDTA and KBr 
were removed from the LDL by gel filtration. LDL (0.12 mg 
total cholesterol/ml) was oxidized at 30°C by Cu2+ (A,B) or 
at 37°C by AAPH (C) in a spectrophotometrical cuvette. 
Cuz' concentration, 3.0 pM (A) or 0.1 KM (B); AAPH concen- 
tration, 70 KM (C). 

occur in vivo at chronic oxidative stress induced, for 
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Fig. 9. Influence of ascorbate on the accumulation of conjugated 
dienes in LDL isolated from EDTA plasma of healthy donor A. The 
plasma was supplemented with a-tocopherol in vitro by incubating 
for 3 h at 4'C with 0 (0) and 333 (W) p~ a-tocopherol (added as a 
solution in DMSO). LDL was isolated using density gradient ultracen- 
trifugation for 20 h and contained 5.04 (0) and 15.18 (W) mol 
a-tocopherovmol LDL. EDTA and KBr were removed from the LDL 
by gel filtration. LDL (0.12 mg total cholesterol/ml) was oxidized at 
37°C by 70 p~ AAPH in the presence of ascorbate. Ascorbate was 
added to the LDL immediately before oxidation to the final concen- 
tration of 20 PM. 
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example, by iron overload in thalassemia (49) or by 
copper overload in Wilson's disease (50). It appears that 
plasma lipoproteins can be sequestered from water-sol- 
uble antioxidants in the extracellular fluid within the 
arterial wall (2). It is therefore likely that such a switching 
between anti- and prooxidant activities of a-tocopherol 
might occur in the arterial wall rather than in whole 
plasma. It remains to be shown whether this process is 
physiologically or pathologically re1evant.U 
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