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INTRODUCTION

Free radicals are now known to play an important role in
many areas of biology and are, therefore, being actively
investigated in connection with various human health
problems.1,2 Reactive oxygen species are also thought to
play an important role in cutaneous pathology, such as
skin carcinogenesis and skin aging.3–5 Skin has developed
several antioxidant defense mechanisms to protect itself
from free radical processes.6,7 Water-soluble antioxidants
include ascorbic acid, glutathione, and enzymes such as
superoxide dismutase, catalase, glutathione reductase and
glutathione peroxidase. Lipid soluble antioxidants include
α-tocopherol (TOH) and ubiquinones. Much attention has
been paid to the biological properties of vitamin E
because it is the major lipid-soluble chain-breaking anti-
oxidant of membranes. The biological antioxidant activity
of vitamin E is believed to be due to its ability to inhibit

lipid peroxidation in biological membranes by scavenging
the peroxyl radical (LOO•):

LOO• + TOH → LOOH + TO• Eq. 1

To be an effective antioxidant, oxidized tocopherol
must be recycled. Although enzyme systems capable of
reducing oxidized tocopherol have not been described at
present, the synergistic antioxidant effects of vitamin E
and vitamin C upon lipid peroxidation have been
observed in model systems,8–12 suggesting that vitamin C
can regenerate vitamin E from its oxidized form.

Ubiquinone (CoQ, oxidized coenzyme Q) is well-
known as a biological quinone-compound. The main func-
tion of ubiquinone in biology is to act as redox component
of transmembrane electron transport systems, such as the
respiratory chain of mitochondria. Ubiquinol (CoQH2,
reduced coenzyme Q) is the two-electron reduction prod-
uct of ubiquinone. Ubiquinol has been found to have a
strong activity in inhibiting lipid peroxidation in model
systems, such as liposomal systems,13 and in biological
systems such as low-density lipoproteins.14 Moreover,
CoQH2 has been shown to be an efficient regenerator of α-
tocopherol from the tocopheroxyl radical.15–19

It has been proposed that superoxide radical may serve
to reduce CoQ to the semiquinone radical (CoQ•–) which
can, in turn, regenerate α-tocopherol from its phenoxyl
radical.19 It is also possible that ascorbic acid could serve
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this function. The purpose of the present study was to
investigate the interactions of these antioxidants.
However, vitamin E and ubiquinone-10 are insoluble and
are poorly incorporated into membranes and within mem-
branes are often associated in clusters. For this reason,
research has been conducted with water-soluble vitamin E
and ubiquinone-10 analogues.15,20–22 In order to examine
directly their regeneration reactions using electron spin
resonance (ESR), we investigated the water-soluble
homologues Trolox and CoQ0 in a mouse skin homo-
genate system in which production of Trolox radicals was
initiated by Cu2+.

MATERIALS AND METHODS

Reagents

CuSO4•5H2O, 2,3-dimethoxy-5-methyl-1,4-benzoquinone
(CoQ0), superoxide dismutase (EC 1.15.1.1) from bovine
erythrocytes (SOD), ascorbate oxidase (EC 1.10.3.3),
dioleoylphosphatidylcholine (DOPC) and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) were obtained from Sigma (St
Louis, MO, USA). Trolox was from Aldrich (Milwaukee,
WI, USA).

Preparation of mouse skin homogenates

Skin was obtained from female 8–10-week-old hairless
mice (Charles River Laboratories, Wilmington, MA,
USA). After cervical dislocation of the mice, the skin
samples were dissected immediately from the side and
back. Adherent subcutis was gently removed by scraping
the dermal side. Skin homogenates were prepared as
reported previously with slight modifications.23 Briefly,
by using an Ultra-Turrax homogenizer (Ika-Works, Inc.,
Cincinnati, OH, USA), skin homogenates were prepared
in 100 mM phosphate buffer (pH 7.4) which had been
treated with Chelex-100 to remove transition metals.
Protein concentration was determined by Bio-Rad DC
protein assay (Bio-Rad, Hercules, CA, USA).

ESR study of the recycling of Trolox by CoQ0 in mouse
skin homogenates

Reactions were carried out in 50 mM phosphate buffer,
pH 7.4 containing skin homogenates (9.7 mg protein/ml),
CoQ0 (3.5–7.0 mM), Trolox (0.9–1.8 mM) and Cu2+

(0.35–7.0 mM). The reaction mixtures were immediately
introduced into a quartz capillary and fitted into a flat cell
and ESR spectra were recorded over time using an IBM
ER 200D-SRC ESR spectroscopy. ESR spectroscopy set-
tings: central field 3475 G; modulation frequency 100

kHz; modulation amplitude 2.5 G; microwave power 20
mW; scan width 100 G; gain 8.0 x 105; temperature 298ºK.

ESR detection of the interaction between CoQ0 and
ascorbic acid

ESR spectra were recorded after the mixtures containing
0.7 mM ascorbic acid and 2.2 mM CoQ0 in phosphate
buffer (pH 7.4) in the presence or absence of Cu2+ (0.7
mM) were transferred into a quartz capillary and fitted
into a flat cell. ESR spectroscopy settings were the same
as above except modulation amplitude 2 G and gain 5.0
x 105.

RESULTS

Trolox recycling by CoQ0 in mouse skin homogenates

Incubating skin homogenates with 0.7 mM Cu2+ and 0.9
mM Trolox resulted in the appearance of a typical
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Fig. 1. Time-dependent changes in ESR spectra of CoQ0 semiquinone
radicals and Trolox phenoxyl radicals generated by Cu2+-mediated
oxidation of mouse skin homogenates. Reaction medium contained skin
homogenates (9.7 mg protein/ml) in 50 mM phosphate buffer (pH 7.4), 0.9
mM Trolox and 0.7 mM Cu2+ without (A) or with 4.5 mM CoQ0 (B–E).
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Trolox phenoxyl radical ESR signal (Fig. 1A). The sig-
nal was observable for at least 60 min under the condi-
tions used. Upon addition of 4.5 mM CoQ0, this radical
signal immediately disappeared and was replaced by a
partially resolved (five lines) signal characteristic of
CoQ0

•– (Fig. 1B). Its hyperfine splitting constant (aH =
2.39 G) was the same as that reported in the literature.21

After the disappearance of the CoQ0
•– signal, the ESR

signal of the Trolox radical reappeared at about 5 min
and increased with time (Fig. 1D,E). The results indicate
that Trolox radicals can be recycled to Trolox by CoQ0

in skin homogenates.

Effects of Trolox and CoQ0 concentrations on the
recycling of Trolox

The effect of the Trolox concentration on the time course
of CoQ0

•– and of Trolox radical signals in the skin
homogenate containing 4.5 mM CoQ0 in the presence of
0.7 mM Cu2+ is shown in Figure 2. In the absence of
Trolox, the lifetime of the CoQ0

•– signal was 18 min (Fig.
2A). However, the presence of 0.9 mM Trolox decreased
the lifetime of the CoQ0

•– signal to 6 min (Fig. 2B). When
the concentration of added Trolox was increased to 1.8
mM, the life-time of the CoQ0

•– signal further declined to
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Fig. 2. Effect of Trolox concentration on the time course of the appearance and disappearance of
CoQ0

•– and Trolox radical signals in mouse skin homogenates. The reaction mixture contained
skin homogenates (9.7 mg protein/ml), 4.5 mM CoQ0 and the indicated concentrations of Trolox
in the presence of 0.7 mM Cu2+. (A) No Trolox, CoQ0

•–; (B) 0.9 mM Trolox, CoQ0
•–; (C) 1.8 mM

Trolox, CoQ0
•–; (D) 0.9 mM Trolox, Trolox radical; (E) 1.8 mM Trolox, Trolox radical.

Fig. 3. Effect of CoQ0 concentration on the time course of the appearance and disappearance of
CoQ0

•– and Trolox radical signals in mouse skin homogenates. The reaction mixture contained
skin homogenates (9.7 mg protein/ml), 0.9 mM Trolox and the indicated concentrations of
CoQ0 in the presence of 0.7 mM Cu2+. (A) 3.5 mM CoQ0; CoQ0

•–; (B) 7.0 mM CoQ0, CoQ0
•–;

(C) 3.5 mM CoQ0, Trolox radical; (D) 7.0 mM CoQ0, Trolox radical.
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3 min (Fig. 2C), consistent with the idea that CoQ0

regenerated Trolox from Trolox radical: Trolox in skin
homogenates was preserved through recycling of Cu2+-
induced Trolox radical back to Trolox at the expense of
CoQ0. So, addition of Trolox accelerated CoQ0 con-
sumption in a concentration-dependent manner. At the
same time, the delay in the re-appearance of the Trolox
radical signal decreased and the ESR signal intensity of
Trolox radical greatly increased (Fig. 2D,E).

The effect of CoQ0 concentration on this recycling
system was also tested in skin homogenates containing
fixed concentrations of Trolox (0.9 mM) and Cu2+ (0.7

mM). As shown in Figure 3, there was a concentration-
dependent prolongation of the lifetime of the CoQ0

•– sig-
nal (Fig. 3A,B), and the CoQ0

•–-induced delay in the
re-appearance of the Trolox radical signal was also con-
centration-dependent (Fig. 3C,D).

Effects of Cu2+ concentration and EDTA on the
recycling of Trolox

The results shown in Figure 4 indicate that when the
Cu2+ concentration was increased from 0.35 mM to 0.7
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Fig. 4. Effect of Cu2+ concentration on the time course of the appearance and disappearance
of CoQ0

•– and Trolox radical signals in mouse skin homogenates. Reactions were carried out
at room temperature in 50 mM phosphate buffer, pH 7.4 containing skin homogenates (9.7
mg protein/ml), 4.5 mM CoQ0, 0.9 mM Trolox and the indicated concentrations of Cu2+. (A)
0.70 mM Cu2+, CoQ0

•–; (B) 0.35 mM Cu2+, CoQ0
•–, (C) 0.70 mM Cu2+, Trolox radical; (D)

0.35 mM Cu2+, Trolox radical.

Fig. 5. Time course of the appearance and disappearance of CoQ0
•– and Trolox radical signals

in mouse skin homogenates with or without 0.3 mM EDTA (control). Reactions were carried
out at room temperature in skin homogenates (9.7 mg protein/ml) containing 4.5 mM CoQ0, 0.9
mM Trolox and 0.7 mM Cu2+.  (A) Control, CoQ0

•–; (B) Control + 0.3 mM EDTA, CoQ0
•–; (C)

Control, Trolox radical; (D) Control + 0.3 mM EDTA, Trolox radical.
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mM, the lifetime of the CoQ0
•– signal in this system was

shortened from 10 min to 6 min, indicating that increas-
ing Cu2+ concentration accelerated the consumption of
CoQ0. The delay in the reappearance of Trolox radical
was also shortened.

The effect of EDTA, a chelator of Cu2+, on this recy-
cling system was investigated (Fig. 5). When 0.3 mM
EDTA was added to the skin homogenate containing 4.5
mM CoQ0, 0.9 mM Trolox and 0.7 mM Cu2+, the decay
rate of the CoQ0 semiquinone radical was decreased,
suggesting that the presence of EDTA could inhibit the
consumption of CoQ0 by chelating Cu2+. In addition, the
lag period during which the Trolox radical ESR signal
could not be detected was longer than that in the control
(without EDTA). The Trolox radical ESR signal could

not be detected even after 24 min of incubation when the
EDTA concentration was increased up to 0.7 mM (data
not shown).

These results suggest that the extent of lipid peroxida-
tion induced by Cu2+ significantly influenced the recy-
cling of Trolox by CoQ0 in skin homogenates. The lower
the extent of lipid peroxidation, the lower the CoQ0

•–

decay rate and the weaker the signal intensity of Trolox
radical.

Interaction between CoQ0 and ascorbate

Addition of 0.7 mM ascorbate to phosphate buffer (pH
7.4) containing 0.7 mM Cu2+-generated ascorbyl radical
(Asc•–; Fig. 6A). The Asc•– signal and CoQ0

•– composite
signal appeared upon addition of 2.2 mM CoQ0 to this
mixture (Fig. 6B). The same ESR signal also appeared in
the absence of Cu2+, but the presence of Cu2+ accelerated
the decay of this signal. Only the CoQ0

•– signal was
observed in this system after the disappearance of the
Asc•– signal (Fig. 6C). No signals were detected in a
solution containing 2.2 mM CoQ0 and 0.7 mM Cu2+.
Also, addition of CoQ0 alone to skin homogenates pro-
duced both Asc•– and CoQ0

•– signals.

DISCUSSION

Ascorbic acid, α-tocopherol and coenzyme Q are impor-
tant antioxidants in skin. Ascorbic acid may perform its
antioxidant function either by quenching various free rad-
ical species directly or by reducing membrane-bound oxi-
dized vitamin E.8–12 The ability of reduced coenzyme Q to
regenerate the antioxidant form of vitamin E has also been
demonstrated.15–19 Trolox and CoQ0, the water-soluble
homologues of vitamin E and CoQ10, respectively, are
effective antioxidants.24 It has been reported that diets
supplemented with multiple antioxidants containing
Trolox, ascorbic acid and CoQ0 provided protection
against oxidative damage to rat blood and tissues in vivo.25

This work provides evidence that there is an interaction
between ascorbate, CoQ0 and Trolox; namely, CoQ0

•–,
formed by direct or indirect interaction of ascorbate and
CoQ0, can reduce the Trolox radical to Trolox (Fig. 7).

In this study, Cu2+ was used to initiate lipid peroxida-
tion of mouse skin homogenates. This oxidation system
is a simple and convenient system for investigating, by
ESR spectroscopy, the recycling of Trolox by CoQ0, and
indirectly by ascorbic acid present in mouse skin
homogenates. Phenoxyl radicals of exogenously added
Trolox can be directly generated in skin homogenates
either by interaction with peroxyl radicals produced by
Cu2+-induced lipid peroxidation, or by direct interaction
with Cu2+.
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Fig. 6. ESR spectra of radicals generated in pH 7.4 phosphate buffer in the
presence of 0.7 mM Cu2+. (A) Ascorbyl radical signal in the presence of
0.7 mM ascorbic acid; (B) ascorbyl radical and CoQ0 semiquinone radical
composite signal in the presence of 0.7 mM ascorbic acid and 2.2 mM
CoQ0; (C) CoQ0 semiquinone radical signal alone after the disappearance
of ascorbyl radical.
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The reduced form of CoQ, ubiquinol (CoQH2), is able
to recycle α-tocopherol. Thermodynamically, CoQ0 itself
can not reduce Trolox radical to Trolox, as seen from the
redox potentials for Trolox radical, H+/Trolox (0.48 V)
and CoQ/CoQ0

•– (–0.11 to –0.15 V).26 But, based on our
results, CoQ0, the oxidized form of ubiquinol, did appear
to recycle Trolox from its corresponding radical form,
because the Trolox radical signal re-appeared after the dis-
appearance of the CoQ0

•– signal (Fig. 1) and the lifetime of
the CoQ0

•– signal and the delay in the re-appearance of the
Trolox radical signal were dependent on the concentration
of Trolox or CoQ0 (Figs 2 & 3).

Why and how did CoQ0 apparently recycle Trolox in
mouse skin homogenates? This question was further
investigated. Addition of Cu2+ did not result in the for-
mation of CoQ0

•– or the recycling of Trolox by CoQ0 in
phosphate buffer (pH 7.4) or in DOPC liposomes (data
not shown). But, using mouse skin homogenates instead
of phosphate buffer or DOPC, we observed that the
CoQ0

•– signal appeared and Trolox was recycled. Why?
Roginsky et al.27 have demonstrated that ascorbic acid
can reduce CoQ to CoQ0

•– and/or CoQH2. The concentra-
tion of ascorbic acid is estimated to be 0.2–0.5 mM in
skin homogenates.28 Thus, it is possible that the presence
of endogenous ascorbic acid may be necessary for CoQ0

to recycle Trolox in skin homogenates.
To test this hypothesis, we studied the interaction of

CoQ0 and ascorbate. Both the CoQ0
•– signal and the

Asc•– signal appeared simultaneously after mixing
ascorbate with CoQ0 in phosphate buffer in the presence
or absence of Cu2+ (Fig. 6B). In addition, incubation of
skin homogenates and CoQ0 also generated the same sig-
nal. Thus, as shown in Figure 7, the following reactions
exist in this system:

CoQ0 + AscH– → CoQ0
•– + Asc•– + H+ Eq. 2: Fig. 7(I)

Cu2+ + AscH– → Cu+ + Asc•– + H+ Eq. 3

CoQ0 + Asc•– → DHA + CoQ0
•– Eq. 4: Fig. 7(II)

CoQ0
•– + CoQ0

•– → CoQ0 + CoQ0H2 Eq. 5: Fig. 7(III)

Stoyanovsky et al. have reported that one-electron
reduction of ubiquinone-10 by superoxide anion results in
the formation of ubiquinone-10 radicals causing redox-
recycling of α-tocopherol from its phenoxyl radical.19

However, in this investigation, it was found that superox-
ide dismutase (SOD) had no effects on Trolox recycling
by CoQ0 and no ESR signals of DMPO-OOH or DMPO-
OH adducts were detected in the presence of 0.25 M
DMPO in the incubation system (data not shown), sug-
gesting that superoxide anion was not involved in Trolox
recycling by CoQ0. Thus, ascorbic acid may provide
another mechanism for reducing CoQ0 to CoQ0

•– and/or
CoQ0H2, and may indirectly regenerate Trolox from its
phenoxyl radical (Fig. 7(IV),(V)). It was also found that
addition of exogenous ascorbic acid to DOPC liposomes
containing CoQ0 and Trolox, in the presence of Cu2+,
resulted in the recycling of Trolox by CoQ0, similar to the
results seen in skin homogenates. In contrast, addition of
CoQ0 to skin homogenates where endogenous ascorbate
was oxidized by ascorbate oxidase did not result in the
appearance of CoQ0 semiquinone radical signals in the
presence of Cu2+ (data not shown).

Thus, our results demonstrate that, in skin homo-
genates, endogenous ascorbic acid may mediate, directly
or indirectly, the formation of CoQ0 semiquinone radical
and/or CoQ0H2 (directly or via disproportionation of
CoQ0 semiquinone radicals), which, in turn, can recycle
Trolox (Fig. 7). This mechanism is in agreement with the
redox potentials for CoQ0

•–, 2H+/CoQH2 (0.15 to 0.20
V), CoQ/CoQ0

•– (–0.11 to –0.15 V), ascorbate•–,
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Fig. 7. Scheme of the proposed reactions for the reduction of CoQ0 and recycling of Trolox
indirectly by CoQ0 in skin homogenates.
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H+/ascorbate (0.282 V) and dehydroascorbic/ascorbate•–

(-0.174 V).26 In addition to superoxide anion-mediated
recycling of α-tocopherol by CoQ10, its homologue,
CoQ0, can participate in ascorbic acid-dependent recy-
cling of the vitamin E homologue Trolox. Usually both
lipophilic and aqueous oxygen reactive species are
responsible for oxidative damage to tissues in vivo.
Thus, synergistic interactions among these antioxidants
– CoQ or CoQH2, ascorbic acid and α-tocopherol or
Trolox – may strengthen their ability to protect tissues
from damage induced by reactive oxygen species.

ACKNOWLEDGEMENTS

The authors are grateful to Dr Eric Witt and Prof. Baolu
Zhao (Institute of Biophysics, Academia Sinica, Beijing,
China) for their very helpful review of the manuscript.

REFERENCES

1. Parks DA, Granger DN. Ischemia-induced vascular changes: role
of xanthine oxidase and hydroxyl radicals. Am J Physiol 1983;
245: G285–G289.

2. McCord JM. Oxygen derived free radicals in postischemic tissue
injury. N Engl J Med 1985; 312: 15: 159–163. 

3. Cross CC, Halliwell B, Borish ET, Pryer WA, Ames BN, Saul RL
et al. Davis Conference: oxygen radicals and human disease. Ann
Intern Med 1987; 107: 526–545.

4. Perchellet JP, Perchellet EM. Antioxidants and multistage carcino-
genesis in mouse skin. Free Radic Biol Med 1989; 7: 377–408.

5. Guyton KZ, Bhan P, Kuppusamy P, Zweier JL, Trush MA,
Kensler TW. Free radical-derived quinone methide mediates skin
tumor promotion by butylated hydroxytoluene hydroperoxide:
Expanded role for electrophiles in multistage carcinogenesis.
Proc Natl Acad Sci USA 1991; 88: 946–950.

6. Shindo Y, Witt E, Han D, Epstein W, Packer L. Enzymic and
non-enzymic antioxidants in epidermis and dermis of human
skin. J Invest Dermatol 1994; 102: 122–124.

7. Black HS. The defensive role of antioxidants in skin carcino-
genesis. In: Fuchs J, Packer L. eds. Oxidative Stress in Dermat-
ology. New York: Academic Press/Marcel Dekker, 1993; 243–269.

8. Kitazawa M, Podda M, Thiele J, Traber MG, Iwasaki K,
Sakamoto K, Packer L. Interactions between vitamin E
homologues and ascorbate free radicals in murine skin
homogenates irradiated with ultraviolet light. Photochem
Photobiol 1997; 65: 355–365.

9. Kagan V, Witt E, Goldman R, Scita G, Packer L. Ultraviolet
light-induced generation of vitamin E radicals and their
recycling: a possible photosensitizing effect of vitamin E in skin.
Free Radic Res Commun 1992; 16: 51–64.

10. Esterbauer H, Gebicki J, Puhl H, Jurgens G. The role of lipid
peroxidation and antioxidants in oxidative modification of LDL.
Free Radic Biol Med 1992; 13: 341–390.

11. Sharma MK, Buettner G. Interaction of vitamin C and vitamin E
during free radical stress in plasma: an ESR study. Free Radic
Biol Med 1993; 14: 649–653.

12. Kagan VE, Serbinova EA, Forte T, Scita G, Packer L. Recycling
of vitamin E in human low density lipoproteins. J Lipid Res
1992; 33: 385–397.

13. Frei B, Kim MC, Ames BN. Ubiquinol-10 is an effective lipid-
soluble antioxidant at physiological concentrations. Proc Natl
Acad Sci USA 1990; 87: 4879–4883.

14. Stocker R, Bowry VW, Frei B. Ubiquinol-10 protects human low
density lipoprotein more efficiently against lipid peroxidation
than does alpha-tocopherol. Proc Natl Acad Sci USA 1991; 88:
1646–1650.

15. Mukai K, Itoh S, Morimoto H. Stopped-flow kinetic study of
vitamin E regeneration reaction with biological hydroquinones
(reduced forms of ubiquinone, vitamin K, and tocopherolquinone)
in solution. J Biol Chem 1992; 267: 22277–22281.

16. Maguire JJ, Kagan V, Ackrell BAC, Serbinova E, Packer L.
Succinate–ubiquinone reductase linked recycling of α-tocopherol
in reconstituted systems and mitochondria: requirement for
reduced ubiquinone. Arch Biochem Biophys 1992; 292: 47–53.

17. Mukai K, Kikuchi S, Urano S. Stopped-flow kinetic study of the
regeneration reaction of tocopheroxyl radical by reduced
ubiquinone-10 in solution. Biochim Biophys Acta 1990; 1035:
77–82.

18. Kagan V, Serbinova E, Packer L. Antioxidant effects of
ubiquinones in microsomes and mitochondria are mediated by
tocopherol recycling. Biochem Biophys Res Commun 1990; 169:
851–857.

19. Stoyanovsky DA, Osipov AN, Quinn PJ, Kagan VE.
Ubiquinone-dependent recycling of vitamin E radicals by
superoxide. Arch Biochem Biophys 1995; 323: 343–351.

20. Ozawa T, Hanaki A. Spectroscopic studies on the reaction of
superoxide ion with tocopherol model compound, 6-hydroxy-
2,2,5,7,8-pentamethylchroman. Biochem Biophys Res Commun
1985; 126: 873–878.

21. Kagan VE, Arroyo A, Tyurin VA, Tyurina YY, Villalba JM,
Navas P. Plasma membrane NADH–coenzyme Q0 reductase
generates semiquinone radicals and recycles vitamin E
homologue in a superoxide-dependent reaction. FEBS Lett 1998;
428: 43–46.

22. Arai H, Nagao A, Terao J, Suzuki T, Takama K. Effect of d-
alpha-tocopherol analogues on lipoxygenase-dependent
peroxidation of phospholipid-bile salt micelles. Lipids 1995; 30:
135–140.

23. Winkler BS, Orselli SM, Rex TS. The redox couple between
glutathione and ascorbic acid: a chemical and physiological
perspective. Free Radic Biol Med 1994; 17: 333–349.

24. Knudsen CA, Tappel AL, North J. Multiple antioxidants protect
against heme protein and lipid oxidation in kidney tissue. Free
Radic Biol Med 1996; 20: 165–173.

25. Chen H, Tappel AL. Protection by vitamin E, selenium, Trolox
C, ascorbic acid palmitate, acetylcysteine, coenzyme Q, beta-
carotene, canthaxanthin, and (+)-catechin against oxidative
damage to liver slices measured by oxidized heme proteins. Free
Radic Biol Med 1994; 16: 437–444.

26. Buettner GR. The pecking order of free radicals and antioxidants:
lipid peroxidation, α-tocopherol, and ascorbate. Arch Biochem
Biophys 1993; 300: 535–543.

27. Roginsky VA, Mohr D, Stocker R. Reduction of ubiquinone-1 by
ascorbic acid is a catalytic and reversible process controlled by the
concentration of molecular oxygen. Redox Rep 1996; 2: 55–62.

28. Shindo YE, Witt HD, Packer L. Antioxidant defense mechanism
in murine epidermis and dermis and their responses to ultraviolet
light. J Invest Dermatol 1993; 100: 260–265.

Trolox recycling by coenzyme Q0 in skin homogenates 111

eRR14  23/7/99  1:42 pm  Page 111


