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ABSTRACT The temporal disappearance of natural an-
tioxidants associated with human low density lipoprotein (LDL)
in relation to the appearance of various classes of lipid hydro-
peroxides was investigated under three types of oxidizing con-
ditions. Freshly isolated LDL from plasma of healthy subjects
was free of detectable amounts of lipid hydroperoxides as
measured by HPLC postcolumn chemiluminescence detection.
Exposure of such LDL to a mild, constant flux of aqueous
peroxyl radicals led to rapid and complete oxidation of ubiqui-
nol-10, followed by slower partial depletion of lycopene, 13-car-
otene, and a-tocopherol. After an initial lag period of complete
inhibition of detectable lipid peroxidation, formation of hydro-
peroxides of cholesterol esters, triglycerides, and phospholipids
was observed. The onset of detectable lipid peroxidation corre-
sponded closely with the completion of ubiquinol-10 consump-
tion. However, small amounts of ascorbate, present as a con-
taminant in the LDL preparation, rather than ubiquinol-10 itself
were responsible for the initial lag period. Thus, complete
consumption of ubiquinol-10 was preceded by that of ascorbate,
and exposure of ascorbate-free LDL to aqueous peroxyl radicals
resulted in immediate formation of detectable amounts of lipid
hydroperoxides. The rate of radical-mediated formation of lipid
hydroperoxides in ascorbate-free LDL was low as long as
ubiquinol-10 was present, but increased rapidly after its con-
sumption, even though more than 80% and 95% of endogenous
carotenoids and a-tocopherol, respectively, were still present.
Qualitatively similar results were obtained when peroxyl radi-
cals were generated within LDL or when the lipoprotein was
exposed to oxidants produced by activated human polymorpho-
nuclear leukocytes. LDL oxidation was reduced significantly by
supplementing the lipoprotein preparation with physiological
amounts ofeither ascorbate or ubiquinol-10. Our data show that
ubiquinol-10 is much more efficient in inhibiting LDL oxidation
than either lycopene, ,B-carotene, or a-tocopherol.

Free radical-mediated lipid peroxidation may be of critical
importance in various degenerative diseases, including ath-
erosclerosis (1). Biochemical and clinical studies have sug-
gested that oxidatively modified low density lipoprotein
(LDL) is atherogenic (reviewed in refs. 2 and 3). Recent
epidemiological studies indicate that low levels of the natural
plasma antioxidants vitamins E and C may contribute to high
incidences of ischemic heart disease (4, 5), suggesting that the
prevention of LDL oxidation by antioxidants could diminish
the risk of developing atherosclerosis.
Ascorbate (the reduced form of vitamin C) and, in a

site-specific manner, bilirubin are more effective in inhibiting
aqueous radical-mediated lipid peroxidation in human plasma
than all of the other endogenous antioxidants, including
a-tocopherol (the most reactive form of vitamin E) (6-9).
a-Tocopherol is generally regarded as the only significant

lipid-soluble antioxidant present in human blood (10) and, on
a molar basis, it represents by far the major antioxidant in
LDL (11). In vitro studies on Cu2+-mediated oxidation of
LDL have shown that a-tocopherol was always consumed
before y-tocopherol and carotenoids, and that rapid LDL
oxidation occurred only after complete consumption of all
these antioxidants (12, 13). However, endogenous levels of
a-tocopherol in LDL correlate poorly with the lipoprotein's
resistance to oxidation (11, 13, 14), and the authors suggest
that such resistance may depend on more than one variable
and/or that additional, presently unrecognized antioxidants
are present in the lipoprotein. Although known for more than
20 years to protect biological membranes against oxidation
(15), ubiquinol-10 (the reduced form of coenzyme Q1o) has
recaptured interest as a natural, lipid-soluble antioxidant (16,
17). Ubiquinol-10 is consumed before a-tocopherol when
plasma is exposed to oxidants produced by activated human
polymorphonuclear leukocytes (PMN) (18), suggesting that
ubiquinol-10 is a highly reactive antioxidant.
We have attempted to determine the relative importance of

various physiological, LDL-associated antioxidants in pre-
venting peroxidation of the lipoprotein under different types
ofoxidative stress. Special emphasis has been placed both on
rapid isolation of LDL and analysis of lipid-soluble antioxi-
dants, combined with a highly sensitive and selective method
for the detection of lipid hydroperoxides (19). This is impor-
tant because we anticipate that the most efficient antioxidants
in LDL are particularly prone to autoxidation and therefore
may be "lost" during lengthy isolation procedures. We show
that ubiquinol-10 is an important natural antioxidant associ-
ated with human LDL that protects the lipoprotein from
peroxidative damage more effectively than either a-to-
copherol or carotenoids.

MATERIALS AND METHODS
Apart from the following ones, the chemicals used were the
same as described (7, 19). Ubiquinone-10 (coenzyme Q1o),
P-carotene (type IV), retinol palmitate, and ascorbate oxidase
(EC 1.10.3.3) were purchased from Sigma. Ascorbic acid
(Goldmark) was obtained from Aldrich; d-a-tocopherol, from
Kodak; and dodecyltriethylammonium phosphate, from Regis
(Morton Grove, IL). (all-E)-Lycopene and a-carotene were
generously given to us by H. Keller (Hoffmann-La Roche,
Basel). Lipid hydroperoxide standards were prepared as de-
scribed (19). Ubiquinol-10 was made from ubiquinone-10 by
dithionite reduction (20) and used within 24 hr. Organic
solvents of HPLC quality (Mallinckrodt) and "nanopure"
water were used for all experiments. All aqueous solutions and

Abbreviations: AAPH, 2,2'-azobis(2-amidinopropane) hydrochlo-
ride; AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile); LDL, low den-
sity lipoprotein; PMA, phorbol 12-myristate 13-acetate; PMN, poly-
morphonuclear leukocytes.
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buffers were treated with Chelex-100 (Bio-Rad) to remove
contaminating transition metals. Other chemicals were from
Sigma or Merck and of the highest quality available.
Plasma was prepared from freshly obtained heparinized

blood of nonfasted, healthy, and normolipidemic male sub-
jects (25-34 years old); LDL was isolated by a 30-min
centrifugation (Beckman TL-100 tabletop ultracentrifuge) as
described in "Procedure 7" (21) and was used immediately
for experiments. For some experiments, plasma was incu-
bated for 10 min at 25TC in the presence of ascorbate oxidase
(1 unit/ml) prior to isolation of LDL. Preliminary experi-
ments showed that at this concentration ascorbate oxidase
depleted plasma ascorbate completely within 5 min.

Oxidation of LDL was carried out in a shaking water bath
at 37TC under air. For chemical oxidation, 2.4 ml of freshly
prepared LDL (1.2-2.4 mg of protein per ml) was kept for 3
min at 37TC and then either 24 A.l of 100 mM 2,2'-azobis(2-
amidinopropane) hydrochloride (AAPH, dissolved in 0.154
M NaCI) or 12 A.l of 100 mM 2,2'-azobis(2,4-dimethylvale-
ronitrile) (AMVN, in methanol) was added. AAPH and
AMVN are water- and lipid-soluble azo compounds that
thermally decompose to produce peroxyl radicals at constant
rates within the water- and lipid-phase, respectively (22, 23).
For some experiments 12 A.l of freshly prepared 1 mM
ubiquinol-10 (in ethanol) was added to the LDL solution
immediately prior to initiation of oxidation with AAPH. At
various time points, 200-pI aliquots were withdrawn, added
to cold methanol (10 vol), and extracted by vigorous shaking
with hexane (50 vol). For cellular oxidation of LDL, human
PMN were isolated freshly from heparinized blood (24),
washed twice, and resuspended in 100 mM phosphate-
buffered saline containing 5 mM glucose (pH 7.4). LDL (4.2
ml of 0.3-0.6 mg of protein per ml) was then added to 6.8 ml
ofPMN to give a final concentration of 5 x 106 cells per ml.
After 5 min at 37TC, the LDL/PMN mixture was divided into
a 1-ml control sample to which 1 p.1 of dimethyl sulfoxide was
added and a 10-ml sample to which 10 pl of phorbol 12-
myristate 13-acetate (PMA, 1 mg/ml of dimethyl sulfoxide)
was added. For some experiments, an aliquot of a freshly
prepared ascorbate solution was added to the LDL/PMN
mixture prior to the addition of PMA (final ascorbate con-
centration, 50 A.M). At the time points indicated, a 500-;1
aliquot of the reaction mixture was removed and centrifuged
immediately for 2 min at 10,000 x g to remove cells; 400 A.l
of the supernatant was extracted with 5 vol of cold methanol
and 12.5 vol of hexane.

After centrifugation of the biphasic extract, the aqueous
methanol phase was filtered (0.2 gum; Gelman) and analyzed
immediately for ascorbate by HPLC as described (8). Urate
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was determined (25) within 2 weeks of storage of samples at
-20'C. For lipid-soluble antioxidants, the hexane layer was
removed, taken to dryness, resuspended in ethanol, and
analyzed immediately for c-tocopherol and ubiquinol-10 by
HPLC with electrochemical detection with an eluent com-
position of methanol/reagent alcohol of 22.5/77.5 (vol/vol)
and an applied potential of +0.6 V (20). This allowed simul-
taneous detection oftocopherols and ubiquinols as well as the
carotenoids retinol palmitate, lycopene, a-carotene, and
/3-carotene.

Lipid hydroperoxides were determined directly by HPLC
postcolumn chemiluminescence detection (19, 26) with an
ultra-sensitive CLD-100 chemiluminescence detector (To-
hoku Electronic, Sendai, Japan) equipped with a circulating
cooling system set at 40C. Phospholipid hydroperoxides pre-
sent in the aqueous methanol phase were analyzed as de-
scribed (26), while unoxidized cholesterol and hydroperoxides
of cholesterol esters and triglycerides were separated on an
LC-18 column (5 cm x 4.6 mm; 5-pum particle size) with
methanol (1 mI/min) as the mobile phase. HPLC analytical
and guard columns were from Supelco. Because of the ex-
tremely high sensitivity of the detector, the concentration of
microperoxidase was reduced by a factor of 25 to 1 pug/ml of
postcolumn chemiluminescence reagent. The detection limit
for methyl linoleate hydroperoxide was -40 fmol-i.e., about
25 times more sensitive than previously described (26). The
different classes of lipid hydroperoxides were quantitated by
assuming the same relative sensitivity in the assay as methyl
linoleate hydroperoxide (19). The amounts of cholesterol
ester- and triglyceride hydroperoxides were standardized
against endogenous cholesterol present in the organic phase.

RESULTS
To assess partially the quality of the LDL preparations used
in this study, LDL was analyzed by both sodium dodecyl
sulfate/polyacrylamide gel electrophoresis and size-
exclusion HPLC (TSK-G4000 WS column, 60 cm x 7.5 mm;
Pharmacia) (27). These analyses showed that apolipoprotein
B-100 represented more than 97% ofthe total protein present,
with albumin as the main proteinaceous contaminant. In
addition, LDL contained small amounts of the water-soluble
antioxidants urate and ascorbate, amounting to 9.0 ± 2.3%
(mean + SD, n = 13) and 2.1 + 0.8% (n = 3) respectively, of
that originally present in the corresponding plasma samples;
bilirubin was not detected. Analysis of both organic and
aqueous methanol extracts showed that LDL isolated and
used within =70 min of blood collection was free of detect-
able amounts of lipid hydroperoxides (Fig. 1).

_9'0 FIG. 1. Antioxidant defenses and lipid peroxidation
in freshly isolated human LDL exposed to the water-

; soluble radical generator AAPH. LDL was isolated
17. frnm ninemn nnA ;.inloatiarl mAatvr ni t '270r ;n than111)u1 piasma anu IncuUateU unaer ai1 aL -1 I 111n ine

, presence (solid lines) or absence (broken line) of 1 mM
- AAPH. Aliquots were extracted, and the hexane (A)
5.4 and the aqueous methanol (B) phases were analyzed for

, antioxidants and lipid hydroperoxides. Levels of the
0 antioxidants ubiquinol-10 (U, o; initial concentration,

36 V 1.26 AM), lycopene (*; 1.06 AM), a-carotene (A; 0.98
A,M), a-tocopherol (-; 36.0 ,M), ascorbate (*, 1.15
AMM), and urate (X, 26.6 ,M) are given as the percent-

1.8 f age of the initial concentrations (left ordinate). Levels
; of cholesterol ester hydroperoxides (o), triglyceride

hydroperoxides (ED), and phospholipid hydroperoxides
° (o) are given in MM (right ordinate). Note that hydro-

peroxides could not be detected within the first 30 min.
One experiment typical of nine experiments for the
hexane phase and three experiments for the aqueous
methanol phase are shown.
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Exposure of LDL to aqueous peroxyl radicals produced by
AAPH at the low rate of 60 pmol/ml per min {calculated by
using Ri(aq) = 1.0 x 10 -6 [AAPH] as described for aqueous,
protein-containing solutions (28)}, caused immediate deple-
tion of endogenous ubiquinol-10 which was complete within
75 min (Fig. LA). Consumption of ubiquinol-10 was primarily
the result of radical-mediated oxidation: in the absence of
AAPH, only 15-20% was lost within 75 min because of
autoxidation. The peroxyl radical-induced concurrent con-
sumption of a-tocopherol, lycopene, and 13-carotene as
shown in Fig. 1A and a-carotene and retinol palmitate (not
shown) was very slow; even after 4 hr of exposure, 80-90%
of these lipid-soluble antioxidants were still present. During
the first 30 min of the experiment, the antioxidant defenses
present in the LDL preparation completely protected all
lipids from detectable peroxidation. After this lag period,
hydroperoxides of cholesterol esters and triglycerides ap-
peared simultaneously at comparatively low rates while
ubiquinol-10 was present. Subsequent to complete consump-
tion of ubiquinol-10, rates of peroxidation were markedly
higher, despite the presence of physiological levels of endog-
enous a-tocopherol and carotenoids. In the absence of
AAPH, no lipid hydroperoxides were detected in LDL in-
cubated at 370C for 4 hr under air. When LDL was supple-
mented with 5 AM ubiquinol-10 prior to exposure to AAPH,
formation of LDL lipid hydroperoxides was reduced sub-
stantially (not shown).
Ascorbate is the only endogenous antioxidant in plasma

that can completely protect all plasma lipids from aqueous
peroxyl-mediated detectable oxidation (7, 8). As it was
present at -=1,ulM in the LDL preparation (see above), we
investigated the relationship between aqueous peroxyl radi-
cal-induced depletion of ascorbate and the onset of LDL lipid
oxidation. Analysis of the aqueous methanol phase (Fig. 1B)
showed that exposure of LDL to AAPH resulted in con-
sumption of 99% of ascorbate within 30 min. Complete
consumption of ascorbate coincided with onset of detectable
hydroperoxide formation of phospholipids (Fig. 1B), choles-
terol esters, and triglycerides (Fig. LA), suggesting that
ascorbate was effectively protecting LDL lipids from perox-
idation. Urate was consumed linearly over the duration of the
experiment (Fig. 1B).
To separate antioxidant protection of LDL by ascorbate

from that provided by ubiquinol-10, fresh plasma was treated
with ascorbate oxidase to remove endogenous ascorbate
prior to isolation of the lipoprotein and its exposure to
AAPH. Fig. 2 shows that removal of ascorbate did not change
the sequence of endogenous antioxidant consumption when
LDL wastexposed to AAPH (compare with Fig. 1). (Quan-
titative dcfferences between Figs. 1 and 2 most probably are
due to use of different LDL preparations.) However, no lag
period of detectable lipid peroxidation was observed in the
absence of ascorbate (Fig. 2). Immediately after initiation of
the reaction, hydroperoxides of cholesterol esters, triglycer-
ides, and phospholipids were formed at an initial rate of =13
pmol/ml per min. The corresponding rate was -450 pmol/ml
per min immediately after complete consumption of ubiqui-
nol-10 (i.e., between 2 and 3 hr). Thus, the rate of lipid
peroxidation increased =35-fold within the first 3 hr, when at
least 70%o of the endogenous levels of lycopene, /3-carotene,
and a-tocopherol were still present.
The relative importance of endogenous antioxidants in

inhibiting LDL lipid peroxidation under two additional types
of radical-generating conditions was examined. When the
lipid-soluble radical initiator AMVN was added to LDL,
ubiquinol-10 was again the first lipid-soluble antioxidant to be
consumed (Fig. 3). As was the case with aqueous peroxyl
radicals, in the presence of AMVN, lipid peroxidation in
LDL was inhibited markedly while ubiquinol-10 was present
and proceeded more rapidly subsequent to its complete
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FIG. 2. Antioxidant defenses and lipid peroxidation in ascorbate-
free human LDL exposed to the water-soluble radical generator
AAPH. LDL, isolated from plasma previously treated with ascorbate
oxidase (1 unit/ml) to deplete it of ascorbate but not other antioxi-
dants, was incubated under air at 370C in the presence of 1 mM
AAPH. Aliquots were extracted and the hexane and aqueous meth-
anol phases were analyzed for antioxidants and lipid hydroperoxides.
Levels of the antioxidants ubiquinol-10 (initial concentration, 0.85
tiM), lycopene (0.36 ,uM), ,8-carotene (0.50 ,AM), and a-tocopherol
(39.9 jM) are given as the percentage of the initial concentrations
(left ordinate). Levels of the lipid hydroperoxides are given in /AM
(right ordinate). Note that hydroperoxides were detected from the
beginning of the experiment. Symbols are the same as in Fig. 1. One
experiment typical of three is shown.

consumption, despite the presence of all other lipid-soluble
antioxidants. Hydroperoxides were not formed in the ab-
sence of AMVN. Water-soluble urate was not consumed,
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FIG. 3. Antioxidant defenses and lipid peroxidation in human
LDL exposed to lipid-soluble radical generator AMVN. LDL was

isolated from plasma and incubated under air at 37°C in the presence
of 0.5 mM AMVN. Aliquots were extracted and the hexane or

aqueous methanol phases were analyzed for antioxidants and lipid
hydroperoxides. The levels of the antioxidants ubiquinol-10 (initial
concentration, 0.92 PM), lycopene (0.39 p.M), ,/-carotene (0.51 AM),
a-tocopherol (24.4 AM), and urate (29.0 ,uM) are given as the
percentage of the initial concentrations (left ordinate). The levels of
the lipid hydroperoxides are given in AM (right ordinate). Symbols
are the same as in Fig. 1. One experiment typical of three is shown
for the hexane and aqueous methanol phases.
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confirming that under these experimental conditions radicals
were formed within LDL (29).

Fig. 4A shows that activation of human PMN with PMA
caused rapid and almost complete consumption of ubiqui-
nol-10 in LDL within the first 10 min of incubation, during
which period lipid peroxidation was inhibited strongly. Fol-
lowing this, peroxidation ofLDL lipids proceeded at relatively
high rates between 10 and 30 min and then continued at low
rates for the remaining duration of the experiment. a-Toco-
pherol, lycopene, and /-carotene were consumed steadily but
only partially (5-15%), while -40%o of urate was consumed
between 10 and 30 min. In contrast to the cell-free control (see
above), we consistently observed complete consumption of
ubiquinol-10 but not other antioxidants, together with forma-
tion of small concentrations of lipid hydroperoxides in LDL
coincubated with PMN for 2 hr in the absence of PMA.
Typically, the amounts of hydroperoxides formed in this
control incubation corresponded to 10%1o of those produced in
the appropriate PMA-containing sample. When LDL was
supplemented with 50 AuM ascorbate prior to exposure to
PMA-activated PMN, hydroperoxides of phospholipids and
triglycerides were not detected, and substantially reduced
amounts ofcholesterol ester hydroperoxides appeared after 30
min (Fig. 4B). Ubiquinol-10 consumption proceeded slowly
from the beginning of the reaction, indicating that ubiquinol-10
successfully competed with ascorbate for oxidants.

DISCUSSION
Recent reports (11, 13, 14) have suggested that one or more
presently unidentified antioxidants apart from a-tocopherol
and carotenoids may be responsible for the resistance ofLDL
to oxidation. Here we demonstrate that ubiquinol-10 is an
endogenous antioxidant of LDL with outstanding reactivity
towards oxidants. Regardless of the source and nature of the
oxidant used (Figs. 1, 3, and 4) or whether ascorbate was
present or not (Fig. 2), ubiquinol-10 was always the first
lipid-soluble antioxidant to be consumed. More importantly,
rates of LDL peroxidation were always low while ubiqui-
nol-10 was present but increased markedly after its consump-
tion, even though a-tocopherol, lycopene, and f-carotene
were still present at high concentrations. We conclude that
ubiquinol-10 is a more efficient antioxidant than either to-
copherols or carotenoids in inhibiting LDL oxidation.
The experimental approach chosen to investigate LDL-

associated antioxidant defenses differed from that of previ-
ous studies (3, 11-14, 30) in several important aspects: (i) in
view of the lability of reactive antioxidants towards autoxi-
dation, we used LDL isolated in the shortest feasible time (30
min); (ii) we placed special emphasis on rapid, selective, and

i FIG. 4. Antioxidant defenses and lipid peroxidation
X in human LDL exposed to activated PMN in the

absence (A) and presence (B) of supplemented ascor-
* bate (50 AM). LDL was incubated at 370C with freshly
o isolated PMN (5 x 106 cells per ml), and the cells were
X stimulated with PMA (1 pg/ml) at time zero. The levels
= of the antioxidants ubiquinol-10 (initial concentration,
X 0.81 AM), lycopene (0.58 AM), f8-carotene (0.34 AM),
j a-tocopherol (27.7 ,uM), and urate (19.8 AM) are given

as the percentage of the initial concentrations (left
ordinate). The levels of the lipid hydroperoxides are
given in AM (right ordinate). Note the difference in
scales for lipid hydroperoxides between this figure and
Figs. 1-3. Symbols are the same as in Fig. 1. One
experiment typical ofthree is shown for the hexane and
aqueous-methanol phases.

sensitive analysis of antioxidants and, in particular, lipid
hydroperoxides; and (iii) we employed mild oxidizing con-
ditions to increase the likelihood of detecting low concentra-
tions of reactive antioxidant(s) over a practical time scale.
The method for the rapid isolation ofLDL (21) used through-
out this study yielded preparations that were free of detect-
able amounts of lipid hydroperoxides. However, LDL prep-
arations were contaminated with small amounts of the water-
soluble antioxidants urate and ascorbate. Urate is inefficient
in inhibiting oxidation of lipids in plasma (7) and LDL (29),
whereas ascorbate is highly efficient in these activities (7, 8,
29). In line with this, a lag period in AAPH-induced appear-
ance of detectable LDL lipid hydroperoxides occurred only
when the lipoprotein preparation contained small amounts of
ascorbate (compare Figs. 1 and 2), and addition of ascorbate
to the LDL preparation significantly inhibited cell-mediated
lipid peroxidation (Fig. 4). These observations illustrate that
LDL-associated antioxidants lower the rate of lipid peroxi-
dation (by scavenging chain-propagating lipid peroxyl radi-
cals), while ascorbate prevents initiation of lipid peroxidation
(by trapping aqueous radicals before they can attack the LDL
lipids).
Although previously implied (18) and suggested (17), we are

unaware of studies directly demonstrating antioxidant activity
of LDL-associated ubiquinol-10. More importantly, whereas
ubiquinol-10 protected lipids from peroxidation about as effi-
ciently as a-tocopherol in studies using either artificial or
mitochondrial membranes (15, 17), our data indicate that in
LDL ubiquinol-10 is a more efficient antioxidant than vitamin
E. This may be best illustrated by the -35-fold increase in
chain length of lipid peroxidation in LDL following consump-
tion of ubiquinol-104 Taken together with the absence of
markedly increased a-tocopherol consumption following com-
plete oxidation ofubiquinol-10, an interaction between the two
antioxidants in LDL, i.e., a sparing effect of ubiquinol-10 on
a-tocopherol, seems unlikely. Therefore, our results suggest
that ubiquinol-10 may represent the primary lipid-soluble
antioxidant in LDL. However, to verify unambiguously such
a function of ubiquinol-10, an analysis and comparison of the
sum of the contributing antioxidant parameters of all individ-
ual antioxidants (i.e., ubiquinol-10, tocopherols, and ca-

tFrom the data in Fig. 2 we calculate that lipid peroxidation pro-
ceeded initially (0-15 min) with a chain length of -0.2 molecule of
lipid hydroperoxides formed per aqueous peroxyl radical generated,
whereas immediately after complete ubiquinol-10 consumption (2-3
hr), the chain length was -7 and remained constant for at least 2 hr
(not shown). We assume that this second phase of inhibited lipid
peroxidation represents the phase referred to as the "lag period" in
previous work on LDL oxidation (2, 3, 11-14).

Medical Scien'ces: Stocker et al.
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rotenoids) to the total radical trapping antioxidant parameter
(9, 31) of LDL remains to be completed.
The apparent higher antioxidant activity of LDL-associated

ubiquinol-10 in comparison to that in bilayers (15-17), or to
LDL-associated a-tocopherol (this study), raises a number of
interesting issues, including relative concentrations, intra-
versus inter-particle mobility and physical location of the
lipid-soluble antioxidants. Regarding the latter, the radical
scavenging activity of ubiquinols in homogeneous solution is
independent of the length of the isoprenoid chain, while in
microsomes or mitochondria it decreases strongly with in-
creasing isoprenoid chain length (32). The location of ubiqui-
none in membranes or lipoproteins is unknown. However,
there is some evidence that in biological membranes a sub-
stantial proportion of ubiquinol-10 is present in a separate
phase rather than intercalated between adjacent lipid chains or

concentrated at the center of the hydrocarbon core (33). Thus,
while the availability of the antioxidant active benzoquinol
moiety of ubiquinol-10 to react with lipid-centered radicals
could be limited in membranes, this may not be the case in
LDL. [Note that the length of the extended 10 isoprene groups
of ubiquinol-10 is longer than the thickness of a biological
membrane, whereas LDL is a particle with a diameter about
twice as thick as a membrane.]

Although we did not investigate the mechanisms of lipid
peroxidation induced by stimulated PMN, we noted that
LDL lipids were peroxidized by these cells even in the
absence of a stimulus, suggesting that LDL itself activated
oxidant production by PMN (see also ref. 34) and/or that lipid
peroxidation was partly due to oxidants other than those
produced following activation of the NADPH-oxidase. Cell
activation appeared to be independent of small amounts of
peroxides, as the LDL initially added to the PMN was free of
detectable amounts of lipid hydroperoxides.
For recognition by the scavenger receptors, substantial

oxidative modification of LDL is required. This is achieved
only after massive lipid peroxidation and complete consump-
tion of endogenous a-tocopherol (3, 13, 30). As we used
oxidative conditions that usually resulted in consumption of
not more than 20% of the endogenous a-tocopherol, our

finding that ubiquinol-10 is more potent than vitamin E in
protecting LDL lipids from peroxidation cannot directly be
interpreted as an important mechanism for inhibitory gener-
ation of high-uptake forms of LDL. However, LDL oxidized
to a lesser extent than that required for altered uptake by
macrophages may possess bioactivities of potential relevance
to atherogenesis (3, 35, 36). Furthermore, our results suggest
that oxidant-mediated consumption of a-tocopherol is always
preceded by that of ubiquinol-10. Considering the "oxidative
theory" of atherosclerosis (2, 3), our results suggest that
LDL-associated ubiquinol-10 is an important anti-risk factor
for the development of this disease. Tissues of humans
suffering from heart disease are deficient in coenzyme Q1o
(37). Since endogenous ubiquinol-10 is derived from both
dietary sources and biosynthesis via the mevalonate path-
way, our findings may have nutritional as well as clinical
implications, the latter regarding the use of cholesterol-
lowering drugs through inhibition of 3-hydroxy-3-methyl-
glutaryl CoA reductase (38).
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critically reading the manuscript. The technical assistance of Mrs. S.
Barsamian in the early parts of these studies is acknowledged.

1. Halliwell, B. & Gutteridge, J. (1989) Free Radicals in Biology and
Medicine (Clarendon, Oxford), 2nd Ed.

2. Steinberg, D., Parthasarathy, S., Carew, T. E., Khoo, J. C. &
Witztum, J. L. (1989) N. Engl. J. Med. 320, 915-924.

3. Steinbrecher, U. P., Zhang, H. & Lougheed, M. (1990) Free Rad.
Biol. Med. 9, 155-168.

4. Gey, K. F. & Puska, P. (1989) Ann. N. Y. Acad. Sci. 570, 268-282.
5. Riemersma, R. A., Wood, D. A., Macintyre, C. C. A., Elton, R.,

Gey, K. F. & Oliver, M. F. (1989) Ann. N.Y. Acad. Sci. 570,
291-295.

6. Stocker, R., Glazer, A. N. & Ames, B. N. (1987) Proc. Natl. Acad.
Sci. USA 84, 5918-5922.

7. Frei, B., Stocker, R. & Ames, B. N. (1988) Proc. Natl. Acad. Sci.
USA 85, 9748-9752.

8. Frei, B., England, L. & Ames, B. N. (1989) Proc. Natl. Acad. Sci.
USA 86, 6377-6381.

9. Stocker, R. & Frei, B. (1991) in Oxidative Stress: Oxidants and
Antioxidants, ed. Sies, H. (Academic, London), in press.

10. Burton, G. W., Joyce, A. & Ingold, K. U. (1983) Arch. Biochem.
Biophys. 221, 281-290.

11. Esterbauer, H., Dieber-Rotheneder, M., Waeg, G., Puhl, H. &
Tatzber, F. (1990) Biochem. Soc. Trans., in press.

12. Esterbauer, H., Quehenberger, 0. & Jurgens, G. (1988) in Free
Radicals: Methodology and Concepts, eds., Rice-Evans, C. &
Halliwell, B. (Richelieu, London), pp. 243-268.

13. Jessup, W., Rankin, S. M., De Whalley, C. V., Hoult, J. R. S.,
Scott, J. & Leake, D. S. (1990) Biochem. J. 265, 399-405.

14. Babiy, A. V., Gebicki, J. M. & Sullivan, D. R. (1990) Atheroscle-
rosis 81, 175-182.

15. Mellors, A. & Tappel, A. L. (1966) J. Biol. Chem. 241, 4353-4356.
16. Beyer, R. E. (1990) Free Rad. Biol. Med. 8, 545-565.
17. Frei, B., Kim, M. & Ames, B. N. (1990) Proc. Natl. Acad. Sci. USA

87, 4879-4883.
18. Cross, C. E., Forte, T., Stocker, R., Louie, S., Yamamoto, Y.,

Ames, B. N. & Frei, B. (1990) J. Lab. Clin. Med. 115, 396-404.
19. Yamamoto, Y., Frei, B. & Ames, B. N. (1990) Methods Enzymol.

186, 371-380.
20. Lang, J. K., Gohil, K. & Packer, L. (1986) Anal. Biochem. 157,

106-116.
21. Chung, B. H., Segrest, J. P., Ray, M. J., Brunzell, J. D., Hokan-

son, J. E., Krauss, R. M., Beaudrie, K. & Cone, J. T. (1986)
Methods Enzymol. 128, 181-209.

22. Yamamoto, Y., Haga, S., Niki, E. & Kamyia, Y. (1984) Bull. Chem.
Soc. Jpn. 57, 1260-1264.

23. Barclay, L. R. C., Locke, S. J., MacNeil, J. M. & VanKessel, J.
(1984) J. Am. Chem. Soc. 106, 2479-2481.

24. Stocker, R., Winterhalter, K. H. & Richter, C. (1982) FEBS Lett.
144, 199-203.

25. Grootveld, M. & Halliwell, B. (1987) Biochem. J. 243, 803-808.
26. Frei, B., Yamamoto, Y., Niclas, D. & Ames, B. N. (1988) Anal.

Biochem. 175, 120-130.
27. Hara, I. & Okazaki, M. (1986) Methods Enzymol. 129, 57-78.
28. Niki, E., Saito, M., Yoshikawa, Y., Yamamoto, Y. & Kamiya, Y.

(1986) Bull. Chem. Soc. Jpn. 59, 471-477.
29. Sato, K., Niki, E. & Shimasaki, H. (1990) Arch. Biochem. Biophys.

279, 402-405.
30. Esterbauer, H., Jurgens, G., Quehenberger, 0. & Koller, E. (1987)

J. Lipid Res. 28, 495-509.
31. Wayner, D. D. M., Burton, G. M., Ingold, K., U., Barclay,

L. R. C. & Locke, S. J. (1987) Biochim. Biophys. Acta 924, 408-
419.

32. Kagan, V. E., Serbinova, E. A., Koynova, G. M., Kitanova, S. A.,
Tyurin, V. A., Stoytchev, T. S., Quinn, P. J. & Packer, L. (1990)
Free Rad. Biol. Med. 9, 117-126.

33. Cornell, B. A., Keniry, M. A., Post, A., Robertson, R. N., Weir,
L. E. & Westerman, P. W. (1987) Biochemistry 26, 7702-7707.

34. Cathcart, M. K., Morel, D. W. & Chisolm, G. M. (1985) J. Leu-
kocyte Biol. 38, 341-350.

35. Rajavashisth, T. B., Andalibi, A., Territo, M. C., Berliner, J. A.,
Navab, M., Fogelman, A. M. & Lusis, A. J. (1990) Nature (Lon-
don) 344, 254-257.

36. Cushing, S. D., Berliner, J. A., Valente, A. J., Territo, M. C.,
Navab, M., Parhami, F., Gerrity, R., Schwartz, C. J. &
Fogelman, A. M. (1990) Proc. Natl. Acad. Sci. USA 87, 5134-5138.

37. Littarru, G. P., Ho, L. & Folkers, K. (1972) Int. J. Vitamin Nutr.
Res. 42, 413-434.

38. Folkers, K., Langsjoen, P., Willis, R., Richardson, P., Xia, L.-J.,
Ye, C.-Q. & Tamagawa, H. (1990) Proc. Natl. Acad. Sci. USA 87,
8931-8934.

Proc. Natl. Acad. Sci. USA 88 (1991)


