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ABSTRACT It is well known that ubiquinone-10 (coen-
zyme Q1o, ubiquinone 50) acts as an electron carrier of the
respiratory chain in mitochondria. In this paper we show that
ubiquinol-10, the reduced form of ubiquinone-10, also effi-
ciently scavenges free radicals generated chemically within
liposomal membranes. Ubiquinol-10 is about as effective in
preventing peroxidative damage to lipids as ae-tocopherol,
which is considered the best lipid-soluble antioxidant in hu-
mans. The number of radicals scavenged by each molecule of
ubiquinol-10 is 1.1 under our experimental conditions. In
contrast to a-tocopherol, ubiquinol-10 is not recycled by ascor-
bate. However, it is known that ubiquinol-10 can be recycled
by electron transport carriers present in various biomem-
branes and possibly by some enzymes. We also show that
ubiquinol-10 spares a-tocopherol when both antioxidants are
present in the same liposomal membranes and that ubiquinol-
10, like a-tocopherol, does not interact with reduced glu-
tathione. Our data together with previous work on the antiox-
idant function of ubiquinol reported in the literature strongly
suggest that ubiquinol-10 is an important physiological lipid-
soluble antioxidant.

Ubiquinone (2,3-dimethoxy-5-methyl-6-multiprenyl-1,4-ben-
zoquinone), or coenzyme Q, is a lipid-soluble compound
comprised of a redox-active quinoid nucleus and a hydro-
phobic side chain containing a number of monounsaturated
trans-isoprenoid units. Ubiquinol is the two-electron reduc-
tion product of ubiquinone. The predominant form of ubiq-
uinone in animals and humans is ubiquinone-10, containing 10
isoprenoid units in the side chain (this has also been called
ubiquinone 50 for the total number of carbons in the side
chain). The main function of ubiquinone in biology is to act
as redox component of transmembrane electron transport
systems, such as the respiratory chain of mitochondria.
Ubiquinone has also been suggested to transport protons
across the inner mitochondrial membrane by transverse
diffusion, resulting in the conservation of energy ("proton-
motive Q cycle") (1).
As early as 1961 Kaufmann and Garloff (2) suggested that

ubiquinone exerts yet another function in biology: to act as a
membrane antioxidant. In a pioneering study in 1966, Mellors
and Tappel (3) showed that ubiquinol-6, in contrast to ubi-
quinone-6, is a good antioxidant and is slightly more efficient
than a-tocopherol in inhibiting hemoglobin-catalyzed peroxi-
dation of arachidonic acid. They also demonstrated that ubi-
quinone reduced to ubiquinol through the electron transport
chain strongly inhibits lipid peroxidation in isolated mitochon-
dria. This finding has been corroborated by other in vitro
studies (4, 5). Booth et al. (6) showed that ubiquinol in
phosphatidylcholine (PtdCho) liposomes strongly inhibits lipid
peroxidation and suggested that in the inner mitochondrial

membrane, ubiquinol is at least as active as a-tocopherol in
removing free radicals because of its similar antioxidant effi-
ciency and the 10-fold greater molar concentration of ubiqui-
none plus ubiquinol than of a-tocopherol.
Good evidence for in vivo antiperoxidative activity of

ubiquinol came from studies with experimental endotoxemia
in mice (7, 8). Endotoxin-induced lipid peroxidation in liver
was found to be associated with drastic decreases in hepatic
levels of ubiquinol-9, a-tocopherol, and glutathione (GSH).
Injected ubiquinone-10, after accumulation in the liver and
reduction to ubiquinol-10, prevented the decreases in endog-
enous antioxidants, completely suppressed lipid peroxida-
tion, and markedly increased the survival rates of endotoxin-
administered mice. Other findings indicating in vivo antiox-
idant activity of ubiquinol include decreased tissue levels of
ubiquinol-9 and -10 and decreased levels of a-tocopherol in
rat liver (9) and brain (10) following ischemia and reoxygen-
ation and in spinal cord following impact trauma (11). Both
postischemic reoxygenation and trauma injuries have been
associated with oxidant stress (12). In addition, administered
ubiquinone-10 has been shown to protect against acute post-
ischemic hepatic (9, 13) and myocardial (14, 15) injury and
against carbon tetrachloride-induced lipid peroxidation (16)
in experimental animals.
There is some evidence for antioxidant activity of ubiqui-

nol also in humans (17-19). For example, it has been shown
that preoperative administration of ubiquinone-10 to patients
can increase the tolerance of the heart to ischemia (17) and
that patients with adult respiratory distress syndrome, a
condition known to be associated with oxidant stress (12),
have decreased plasma levels of ubiquinol-10 and very low
plasma levels of ascorbate (18). There are some excellent
recent reviews on the function of ubiquinol as antioxidant in
vitro and in vivo (19-21).

In view of all the evidence for an antioxidant role of
ubiquinol, relatively little is known about the mechanism by
which it acts as antioxidant in biomembranes and about
whether ubiquinol-10 acts alone or in concert with other
physiological antioxidants. Therefore, we investigated the
hydrogen-donating, antiperoxidative activity of physiological
concentrations of ubiquinol-10 in a well-defined model system
of membranous lipid peroxidation and the possible interaction
of ubiquinol-10 with a-tocopherol, ascorbate, and GSH.

MATERIALS AND METHODS
Materials. Ubiquinone-10, d,l-a-tocopherol, L-ascorbic

acid, GSH, sodium borohydride, soybean PtdCho, silica gel
(100-200 mesh), isoluminol, and microperoxidase MP-11

Abbreviations: AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile);
GSH, glutathione; n value, number of radicals trapped by each
molecule of an antioxidant; O°-, superoxide radicals; PtdCho, phos-
phatidylcholine; t',nh, length of the induction period as determined by
our method.
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were purchased from Sigma. 2,2'-Azobis(2,4-dimethylvale-
ronitrile) (AMVN) was obtained from Polysciences, and
Chelex 100 (200-400 mesh, sodium form) was from Bio-Rad.
All other chemicals used were of the highest purity commer-
cially available. PtdCho was purified by silica gel chroma-
tography (22). AMVN was recrystallized from methanol.
Phosphate-buffered saline (136 mM NaCl/2.6 mM KCl/1.4
mM KH2PO4/8.0 mM Na2PO4, pH 7.4) was treated with
Chelex 100 to remove trace amounts of transition metal ions.

Preparation of Ubiquinol-10. Ubiquinone-10 in methanol
was quantitatively reduced to ubiquinol-10 by addition of an
equimolar amount offreshly prepared sodium borohydride in
methanol. After 5 min at 4°C, an aliquot of this mixture was
subjected to HPLC on a semipreparative LC-18 column (25
cm x 10mm I.D.) (Supelco) with methanol as eluant at aflow
rate of 7.0 ml/min; the eluate was monitored at 210 nm.
Ubiquinol-10, which was eluted as a single peak with a
retention time of26 min, was collected and immediately used.

Preparation and Incubation of Multilameliar Liposomes. An
aliquot of a stock solution ofPtdCho (64 mM in benzene) was
mixed with 2 ml of methanol, an aliquot of 2 mM AMVN in
benzene, and, if appropriate, an aliquot of freshly prepared
ubiquinol-10 in methanol or a-tocopherol in ethanol or both.
The mixture was dried under vacuum in a rotary evaporator
to give a thin homogenous film. Phosphate-buffered saline
was added, and liposomes were prepared by shaking. The
final concentrations were 20 mM PtdCho, 0.2 mM AMVN,
and 5 or 10 ,uM ubiquinol-10 or a-tocopherol. Where indi-
cated, the saline buffer contained 50 ,uM ascorbate or 50 ,M
GSH. Incubations were started by placing the tubes contain-
ing the reaction mixtures under air into a shaking 50°C
waterbath. AMVN is a lipid-soluble azo compound that
thermally decomposes and thereby generates radicals at a
known and constant rate (23), which initiates formation of
PtdCho hydroperoxides in the liposomes. Since the concen-
tration of AMVN has to be kept low to avoid disrupting the
membrane structure, the incubation temperature has to be
raised to 50°C to obtain a sufficient rate of radical production.
The elevated temperature neither affects the liposome struc-
ture nor impairs the efficacy of antioxidants (22).

Determination of PtdCho Hydroperoxides. HPLC was used
to determine PtdCho hydroperoxides, with detection at 234
nm (22).

Determination of c-Tocopherol, Ubiquinol-10, and Ubiqui-
none-10. A 50-Al aliquot was withdrawn from the liposomal
incubation mixture and extracted with 200 ,ul of ice-cold
methanol and 1 ml of ice-cold hexane. After brief centrifu-
gation at 13,600 x g, 0.8 ml of the upper hexane phase was
removed and evaporated to dryness under reduced pressure.
The sample was dissolved either in 100 ,l of ethanol or 150
,ul of methanol/tert-butyl alcohol (1:1 by volume).

a-Tocopherol in 50 ,ul of the ethanol solution was quanti-
tated by reversed-phase HPLC with electrochemical detec-
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tion (24). Ubiquinone-10 and ubiquinol-10 were measured by
HPLC with UV and chemiluminescence detection (25).
Briefly, 100 ul of the methanol/tert-butyl alcohol solution
was subjected to reversed-phase HPLC. The eluate was
analyzed at 210 nm (for quantitation of ubiquinone-10) and
then mixed with an alkaline reaction solution containing
isoluminol and microperoxidase. Under these conditions
ubiquinol-10 generates light, which is measured in a fluorom-
eter used as a photon detector (25). Ubiquinol-10 and ubi-
quinone-10 were eluted from the HPLC column as single
peaks with retention times of 7.2 and 10.0 min, respectively.
A small amount (5-10%) of ubiquinol-10 was oxidized to
ubiquinone-10 during work-up. The data shown in Figs. 1
Right and 4 (see Results) have been corrected accordingly.

RESULTS
To investigate the antioxidant activity of physiological con-
centrations of ubiquinol-10 in PtdCho liposomes, we first
determined the concentration of ubiquinone-10 plus ubiqui-
nol-10 in membranes of human tissues using the data in refs.
26 and 27 and an average molecular weight for phospholipids
of790 g/mol. We calculated the molar ratios ofubiquinone-10
plus ubiquinol-10 to phospholipids in human skeletal muscle,
heart, and liver to be about 1:3000, 1:200, and 1:1700,
respectively. Therefore, we decided to use ubiquinol-10 in
our experiments at 1/2000th the concentration of PtdCho.
When PtdCho liposomes (20 mM) in aqueous dispersion

were exposed to radicals generated within the liposomal
membranes by 0.2 mM AMVN at 500C under air in the
absence of an antioxidant, PtdCho was peroxidized immedi-
ately at a constant rate (Fig. 1 Left). Ubiquinol-10 or a-
tocopherol incorporated into the liposomes at 1/2000th the
concentration of PtdCho initially markedly inhibited lipid
peroxidation (Fig. 1 Left). In the presence ofubiquinol-10 and
a-tocopherol, the amounts ofPtdCho hydroperoxides formed
after 60 min of incubation were decreased by 79.8 ± 4.8%
(mean value ± SD; three separate experiments) and 71.6 ±
5.9%o (three experiments), respectively, compared with the
amounts of PtdCho hydroperoxides formed in the absence of
these antioxidants. Thus, under our experimental conditions,
ubiquinol-10 traps free radicals and thereby inhibits lipid
peroxidation with about equal efficacy as a-tocopherol.
Ubiquinone-10 showed no antioxidant activity (Fig. 1 Left).
The length of the induction period-i.e., the time during

which lipid peroxidation is inhibited-was shorter in the
presence of ubiquinol-10 than in the presence of a-tocopherol
(Fig. 1 Left). During the induction period, ubiquinol-10 (Fig.
1 Right) and a-tocopherol (not shown) were oxidized com-
pletely. Ubiquinol-10 was oxidized quantitatively to ubiqui-
none-10 (Fig. 1 Right), as confirmed by indistinguishable
chromatographic behavior and UV absorbance spectra of the
single oxidation product of ubiquinol-10 and an authentic

FIG. 1. Antioxidant activity of
ubiquinol-10 and a-tocopherol in
PtdCho liposomes. (Left) AMVN-
induced formation of PtdCho hy-
droperoxides (PC-OOH) in the ab-
sence of an additive (control) (o)
and in the presence of 10 ,uM ubi-
quinone-10 (e), 10 AM ubiquinol-
10 (o), or 10 ,tM a-tocopherol (A).
(Right) AMVN-induced consump-
tion of ubiquinol-10 (o) and forma-
tion of ubiquinone-10 (e) in Ptd-
Cho liposomes. The oxidation of
10 tLM ubiquinol-10 in PtdCho lip-
osomes incubated in the absence
of AMVN is also shown (o).
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standard of ubiquinone-10. After the complete oxidation of
ubiquinol-10 or a-tocopherol, the induction period came to an
end, and lipid peroxidation proceeded at the same rate as in
the control incubation without antioxidants (Fig. 1 Left). In
the absence of AMVN, ubiquinol-10 autoxidized at a con-
siderable rate (Fig. 1 Right).

Since the rate of lipid peroxidation during the induction
period in the presence ofubiquinol-10 was not linear (see Fig.
1 Left), we were unable to determine the length of the
induction period by the conventional method (28). As a
measure of it, we instead used the distance between the
control curve in the absence ofan antioxidant and the parallel
curve of uninhibited lipid peroxidation after the induction
period in the presence of an antioxidant had come to its end
(t!nh; see Fig. 1 Left). From the data of Fig. 1 Left and another
two identical experiments, trnh values for ubiquinol-10 and
a-tocopherol were found to be 84 ± 8 min (three experiments)
and 149 ± 10 min (three experiments), respectively. The
shorter t! h for ubiquinol-10 indicates that the number of
radicals trapped by each molecule of ubiquinol-10 (its n
value) is lower than a-tocopherol's n value. Since the n value
of a-tocopherol is known to be 2.0 (23, 28) and the n value of
an antioxidant is directly proportional to the length of the
induction period it produces, the n value of ubiquinol-10 can
be calculated to be (84 min/149 min) x 2.0 = 1.1 under our
experimental conditions.

It has been shown previously that a-tocopherol in lipid
bilayers can be regenerated from the a-tocopheroxyl radical
by reduction with ascorbate at the water/lipid interface (29).
Such synergistic interaction does not take place between
a-tocopherol and water-soluble GSH (22, 30), another im-
portant physiological antioxidant. We investigated whether
ubiquinol-10 in liposomal membranes can interact with ascor-
bate or GSH in the aqueous medium. First, we sought to
confirm the cooperative antioxidant activity of a-tocopherol
and ascorbate in our experimental system. We found that 50
AM ascorbate inhibits AMVN-induced oxidation of PtdCho
only slightly (see Fig. 2) because ascorbate present in the
aqueous phase has no access to the radicals generated within
the liposomes. When 5 AM a-tocopherol was incorporated
into the liposomes, tnh was 78 min. This induction period was
extended to 163 min in the additional presence of 50 ,uM
ascorbate, and the rate of lipid peroxidation during the
induction period was lowered by =70%. These results show
that there is a strong synergistic antiperoxidative effect of
ascorbate and a-tocopherol in our experimental system.

Time (min)

FIG. 2. Inhibition of AMVN-induced peroxidation of PtdCho
liposomes by ubiquinol-10 in the presence of ascorbate. Formation
of PtdCho hydroperoxides (PC-OOH) in the absence of an additive
(control) (o) and in the presence of 50 AM ascorbate (o), 10 jM
ubiquinol-10 (o), or 50 ,uM ascorbate together with 10 ,uM ubiquinol-
10 (e).

We did not observe such synergism between ubiquinol-10
and ascorbate (Fig. 2). On the contrary, in the presence of
ascorbate the length of the induction period for ubiquinol-10
decreased. The oxidation of ubiquinol-10 was accordingly
faster in the presence of ascorbate than in its absence (not
shown). When ascorbate was replaced by GSH, there was no
adverse effect on the antiperoxidative potency of ubiquinol-
10 (Fig. 3). GSH had little inhibitory effect on AMVN-
induced oxidation ofPtdCho whether or not ubiquinol-10 was
present in the liposomes.

Finally, we investigated the antioxidant activity of ubiqui-
nol-10 and a-tocopherol present in the same lipid bilayer. The
combined presence ofubiquinol-10 and a-tocopherol, each at
1/4000th the concentration of PtdCho, very strongly inhib-
ited AMVN-induced lipid peroxidation (Fig. 4); the effect
was much stronger than with each antioxidant alone at
1/2000th the concentration of PtdCho (see Fig. 1 Left).
Ubiquinol-10 efficiently spared a-tocopherol: a-tocopherol
was oxidized only after a major portion of ubiquinol-10 had
been oxidized (Fig. 4). As expected, a-tocopherol was oxi-
dized at a lower rate than ubiquinol-10, reflective of a-
tocopherol's higher n value.

DISCUSSION
In this paper we have used a lipid-soluble radical initiator in
liposomal membranes to study the antiperoxidative activity
of ubiquinol-10. The radical initiator initially generates car-
bon-centered radicals, which rapidly react with molecular
oxygen to form peroxyl radicals in the membrane (23). These
free radicals initiate radical chain oxidation of the liposomal
lipids. A compound capable of donating hydrogen atoms to
the initiating or propagating radicals will trap these radicals
and thereby inhibit lipid peroxidation.
We found that in this assay system (i) ubiquinol-10 at

1/2000th the concentration of PtdCho (i.e., at about physi-
ological concentrations found in human tissues; refs. 26 and
27), traps free radicals and inhibits lipid peroxidation with
similar efficiency as a-tocopherol (see Fig. 1 Left); (ii) the n
value ofubiquinol-10 is 1.1; (iii) ubiquinol-10 is quantitatively
oxidized to ubiquinone-10 during its antiperoxidative action;
(iv) ubiquinone-10 exerts no antioxidant activity (Fig. 1 Left);
(v) ubiquinol-10 spares a-tocopherol (Fig. 4); (vi) ubiquinol-
10 is not recycled by ascorbate (see Fig. 2); and (vii) there is
no synergism between ubiquinol-10 and GSH (Fig. 3).

120
Time (min)

FIG. 3. Inhibition of AMVN-induced peroxidation of PtdCho
liposomes by ubiquinol-10 in the presence of GSH. Formation of
PtdCho hydroperoxides (PC-OOH) in the absence of an additive
(control) (o) and in the presence of 50 ,uM GSH (o), 10 ,uM
ubiquinol-10 (o), or 50 ,uM GSH together with 10 ,uM ubiquinol-10
(*).
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FIG. 4. Sparing effect of ubiquinol-10 on a-tocopherol (a-Toc)
present in the same liposomal membranes. Consumption of 5 AM
ubiquinol-10 (o) and 5 AM a-tocopherol (A) and lipid peroxidation (n)
in PtdCho liposomes exposed to AMVN.

Since our assay measures hydrogen-donating activity, the
mechanism by which ubiquinol-10 acts as antioxidant is
presumably as follows:

Q10H2 + L(OO) -* Qjo + H+ + L(OO)H,
where QjoH2 represents ubiquinol-10 with the two phenolic
hydrogen atoms; Qli-, the ubisemiquinone-10 radical; and
L(OO)', the AMVN-derived or PtdCho (peroxyl) radicals.
The ubisemiquinone-10 radical can disproportionate to ubi-
quinone-10 (Qio) and ubiquinol-10 (19) or might scavenge
another (peroxyl) radical:

2Q,'- + 2H+ -+ Q10H2 + Q1o [2]

Qi& + H+ + L(0O) Qio + L(OO)H. [3]

Ubiquinol-10 and ubisemiquinone-10 radicals can also un-

dergo autoxidation (19):

Q10H2 + 02 -- Q1C + 2H+ + 0-j [4]

Q1T+ 02-Q1o+ °2 [5]

The superoxide radicals (0°-) formed in these reactions can

further oxidize ubiquinol-10 (19):

Q10H2 + O° -i + H202. [6]

Reactions 1 and 3 are radical-trapping (i.e., antiperoxidative)
reactions, whereas in reactions 4-6 ubiquinol-10 is "wast-
ed." Under our experimental conditions (incubation at 50°C
under air), a substantial portion of ubiquinol-10 is "wasted"
by autoxidation (Fig. 1 Right) and does not contribute to
radical-trapping. Thus, our estimate of the n value of ubiqui-
nol-10 of 1.1 is quite conservative. It is very likely that in vivo
in tissues, where the temperature and the oxygen partial
pressure are considerably lower than in our experimental
system, ubiquinol-10 undergoes much less autoxidation and,
therefore, has a higher n value.

In the presence of ascorbate, the antioxidant potency of
ubiquinol-10 is diminished. Obviously, ascorbate contributes
to "wasting" of ubiquinol-10. It is possible that under our
experimental conditions ascorbate autoxidizes, thereby gen-
erating Oi-, which then oxidizes ubiquinol-10 (reaction 6).
For the same reasons as mentioned above, these reactions
are much less likely to occur in vivo. Despite the relatively
unfavorable conditions in our experiments, ubiquinol-10 al-
ways exerted antiperoxidative activity and never promoted
lipid peroxidation. In this context it is noteworthy that the

site ofO°- production by the mitochondrial respiratory chain
appears not to be ubiquinol, as originally thought (31), but a
nonheme iron-sulfur function of the NADH dehydrogenase
complex (4, 21, 32). Thus, ubiquinol-10 acts as antioxidant
and not as prooxidant both in our liposomal system (see also
ref. 6) and in mitochondrial membranes (3-5).
An important finding of the present study is the sparing

effect of ubiquinol-10 on a-tocopherol. This effect appears
not to be due to much more rapid scavenging of free radicals
by ubiquinol-10, since we (see above) and others (3, 6) have
shown that ubiquinol is about as effective as a-tocopherol in
inhibiting lipid peroxidation. The sparing effect could reflect
site-specific antioxidant action within the membrane of the
two antioxidants in our experimental system. Ubiquinol-10,
owing to its long hydrophobic side chain, is primarily located
in the central plane of the lipid bilayer (33), whereas the
redox-active chromanol moiety of a-tocopherol is located
near the bilayer surface (34). Like ubiquinol-10, AMVN is
very lipophilic and can be expected to initiate lipid peroxi-
dation deep in the membrane. Thus, because of proximity,
ubiquinol-10 is likely to trap AMVN-derived and lipid (per-
oxyl) radicals before the peroxyl radicals diffuse towards the
bilayer surface (35), where they can then be scavenged by
a-tocopherol. Such antioxidant protection by ubiquinol-10
and a-tocopherol at different sites within the membrane
might also account for the virtually complete suppression of
PtdCho peroxidation during the induction period in the
presence of both antioxidants, as opposed to only partial
suppression by each antioxidant alone (compare Figs. 1 Left
and 4).

Alternatively, or additionally, the sparing effect could be
due to recycling of a-tocopherol by ubiquinol-10. Indeed, it
has been suggested recently that ubiquinone reduced to
ubiquinol by electron carriers in mitochondrial and microso-
mal membranes regenerates a-tocopherol from the a-
tocopheroxyl radical (36-38). The same mechanism has been
suggested for the reduction in mitochondria of a-tocoph-
erolquinone, a two-electron oxidation product of a-tocoph-
erol, to a-tocopherolhydroquinone (39). There is also evi-
dence for sparing of a-tocopherol by ubiquinol-10 in vivo-
namely, the observations that depletion of hepatic a-
tocopherol in endotoxin-administered mice and in rats after
hepatic ischemia and reoxygenation is prevented by pread-
ministered ubiquinone-10 after its reduction to ubiquinol-10
in the liver (8, 9).

Besides protecting cellular membranes, ubiquinol-10 might
also play a role in protecting lipoproteins against peroxidative
damage. Ubiquinone is distributed among all the lipoprotein
classes (40) and is present in human blood plasma mainly in
its reduced form-i.e., as ubiquinol-10 (25). In plasma ex-

posed to oxidants generated by activated neutrophils, ubiqui-
nol-10 is oxidized and a-tocopherol is not (18), suggesting
that ubiquinol-10 forms the first line of antioxidant defense in
lipoproteins.
The data of this study and all the evidences for antioxidant

function of ubiquinol published over the last 3 decades
strongly suggest that ubiquinol-10 contributes significantly to
antioxidant defenses in biology, complementing the antiox-
idant activities of a-tocopherol by scavenging free lipid
radicals and, possibly, by recycling a-tocopherol. The notion
that ubiquinol-10, like a-tocopherol, should be considered an

important physiological lipid-soluble antioxidant is but-
tressed by the following observations.

(i) Although ubiquinol-10 might have a lower n value than
a-tocopherol and cannot be recycled by ascorbate, it appears
to be equally reactive with free radicals as a-tocopherol and,
most importantly, can be recycled by the mitochondrial
respiratory chain. Thus, the recycling of ubiquinol-10 is
dependent on a source of reducing equivalents that is inex-
haustible in respiring organisms.

4882 Medical Sciences: Frei et al.
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(ii) Like a-tocopherol, ubiquinol is present in all mem-
branes of eukaryotic cells (26, 41) and all lipoprotein classes
(40). The molar ratio of ubiquinone plus ubiquinol to a-
tocopherol in the inner mitochondrial membrane is about 10:1
(3), close to or lower than 1:1 in other biomembranes (37) and
about 1:20 in lipoproteins.

(iii) Besides the various dehydrogenases feeding electrons
into the respiratory chain at the ubiquinone level, a NADH:
(quinone-acceptor) oxidoreductase (EC 1.6.99.5) in the inner
mitochondrial membrane (42), an NAD(P)H-dependent en-
zyme in microsomal membranes (37, 43), and an electron
transport chain in plasma membranes (44) are also likely to be
capable of recycling ubiquinol. In addition, there are enzymes
in the cytosol and the mitochondrial matrix that can potential-
ly regenerate ubiquinol from the ubisemiquinone radical or
ubiquinone, respectively-namely, superoxide dismutase (45)
or NAD(P)H:(quinone-acceptor) oxidoreductase (EC 1.6.99.2)
and NADPH:(quinone-acceptor) oxidoreductase (EC 1.6.99.6)
(42). There is no evidence for direct enzymatic recycling of
a-tocopherol in biological systems (36, 43).

(iv) Ubiquinol, unlike a-tocopherol (2), is an integral com-
ponent of virtually all living cells (26). For example, aerobic
microorganisms have ubiquinone and ubiquinol but no a-
tocopherol in their membranes. Yet, these organisms thrive
under atmospheric oxygen pressure and obviously cope
successfully with oxidant stress. Thus, it seems that ubiqui-
nol is the first lipid-soluble antioxidant in evolution and is of
universal importance for antioxidant defenses in biology.
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