
www.elsevier.com/locate/mito

Mitochondrion 7S (2007) S34–S40
The importance of plasma membrane coenzyme Q in aging
and stress responses
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Abstract

The plasma membrane of eukaryotic cells is the limit to interact with the environment. This position implies receiving stress signals
that affects its components such as phospholipids. Inserted inside these components is coenzyme Q that is a redox compound acting as
antioxidant. Coenzyme Q is reduced by diverse dehydrogenase enzymes mainly NADH-cytochrome b5 reductase and NAD(P)H:quinone
reductase 1. Reduced coenzyme Q can prevent lipid peroxidation chain reaction by itself or by reducing other antioxidants such as a-
tocopherol and ascorbate. The group formed by antioxidants and the enzymes able to reduce coenzyme Q constitutes a plasma mem-
brane redox system that is regulated by conditions that induce oxidative stress. Growth factor removal, ethidium bromide-induced q�
cells, and vitamin E deficiency are some of the conditions where both coenzyme Q and its reductases are increased in the plasma mem-
brane. This antioxidant system in the plasma membrane has been observed to participate in the healthy aging induced by calorie restric-
tion. Furthermore, coenzyme Q regulates the release of ceramide from sphingomyelin, which is concentrated in the plasma membrane.
This results from the non-competitive inhibition of the neutral sphingomyelinase by coenzyme Q particularly by its reduced form. Coen-
zyme Q in the plasma membrane is then the center of a complex antioxidant system preventing the accumulation of oxidative damage
and regulating the externally initiated ceramide signaling pathway.
� 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Coenzyme Q or ubiquinone (CoQ) is constituted by a
benzoquinone ring and a lipid side chain constructed with
several isoprenoid units, the number of units being species
specific. Saccharomyces cerevisiae has six isoprene units
(CoQ6), Caenorhabditis elegans CoQ isoform contains nine
isoprenoid units (CoQ9), and mammalian species have dif-
ferent proportions of CoQ9 and CoQ10. Redox functions of
CoQ are due to its ability to exchange two electrons in a
redox cycle between the oxidized (ubiquinone, CoQ) and
the reduced form (ubiquinol, CoQH2). This redox reaction
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can be driven either by the simultaneous transfer of two
electrons in a single step, or by two sequential steps of
one electron transfer through a partially reduced semiqui-
none intermediate. These redox forms allow CoQ to act
as antioxidant but also as pro-oxidant mainly through
the semiquinone intermediate (Nakamura and Hayashi,
1994).

CoQ is the only lipid antioxidant that is synthesized in
mammals by all cells, and its biosynthesis is a very complex
process which involves the participation of at least nine
gene products in all the species studied (Johnson et al.,
2005; Tzagoloff and Dieckmann, 1990). Most of the pro-
teins encoded by these genes have not yet been purified
and the regulation of this biosynthesis pathway is still lar-
gely unknown (Rodriguez-Aguilera et al., 2003; Turunen
et al., 2004).
rch Society. All rights reserved.
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CoQ transports electrons from mitochondrial respira-
tory chain complexes I and II to complex III and acts as
antioxidant as well (Crane and Navas, 1997; Turunen
et al., 2004). In addition, it functions as a cofactor for
uncoupling proteins (Echtay et al., 2000), regulates the per-
meability transition pore opening (Fontaine et al., 1998),
and it is required for the biosynthesis of pyrimidine nucle-
otides because it is the natural substrate of dihydroorotate
dehydrogenase, an enzyme located at the inner mitochon-
drial membrane (Jones, 1980). CoQ also enhances survival
of chemotherapy-treated cells (Brea-Calvo et al., 2006) and
is required for the stabilization of complex III in mitochon-
dria (Santos-Ocana et al., 2002). Since the application of
the two-phase partition method to isolate high-purity
plasma membrane fractions from mammal cells (Navas
et al., 1989), it was confirmed that CoQ is present in all
the cellular membranes including plasma membrane
(Kalen et al., 1987; Mollinedo and Schneider, 1984). The
presence of CoQ in non-mitochondrial membranes sug-
gests not only an important role for CoQ in each mem-
brane but also the existence of specific mechanisms for its
distribution since the final reactions of CoQ biosynthesis
pathway are located exclusively at the mitochondria in
yeast (Jonassen and Clarke, 2000) and mammal cells (Fer-
nandez-Ayala et al., 2005). CoQ is then driven to the
plasma membrane by the brefeldin A-sensitive endomem-
brane pathway (Fernandez-Ayala et al., 2005).

CoQ contributes to stabilize the plasma membrane,
regenerates antioxidants such as ascorbate and a-tocoph-
erol, and regulates the extracellulary-induced ceramide-
dependent apoptosis pathway (Arroyo et al., 2004; Kagan
et al., 1996; Navas and Villalba, 2004; Turunen et al.,
2004). NAD(P)H-dependent reductases act at the plasma
membrane to regenerate CoQH2, contributing to maintain
its antioxidant properties (Navas et al., 2005). As a whole,
both CoQ and its reductases constitute a trans-plasma
membrane antioxidant system responsible of the above
described functions (Villalba et al., 1998).

This review will focus on the functions of CoQ and its
reductases in the plasma membrane, and its regulation
under aging and stress conditions. We will also emphasize
on the role of plasma membrane CoQ in the regulation of
stress-induced apoptosis.

2. The antioxidant system of the plasma membrane

2.1. CoQ is reduced at the plasma membrane by NAD(P)H-
oxidoreductases

The plasma membrane delimites the cell and different
insults from the environment, like oxidative stress, can
attack this structure. Diverse antioxidants are protecting
the cell under these conditions, particularly ascorbate at
the hydrophilic cell surface and both CoQ and a-tocoph-
erol in the hydrophobic phospholipid bilayer. The analysis
of CoQ at the plasma membrane has shown that both its
reduced and oxidized forms can be detected, and also the
signal of its free radical (Kagan et al., 1998). An inter-
change of electrons could be possible between CoQ and
other redox compounds such as ascorbate (Roginsky
et al., 1998), DHLA (Nohl et al., 1997) and superoxide
(Kagan et al., 1998) leading to regenerate CoQH2, but
the major source of electrons comes from different
NAD(P)H-dehydrogenases (Beyer et al., 1996; Nakamura
and Hayashi, 1994; Navarro et al., 1995; Takahashi
et al., 1996). It has been demonstrated that the incubation
of liver plasma membranes with NADH increases CoQH2

levels with the concomitant decrease in oxidized CoQ
(Arroyo et al., 1998), which acts through semiquinone rad-
icals and also recycles vitamin E homologue in a superox-
ide-dependent reaction (Kagan et al., 1998). CoQ, but not
the intermediate form of CoQ biosynthesis, is also reduced
by NADH-dependent dehydrogenases in plasma mem-
brane of C. elegans (Arroyo et al., 2006).

Several enzymes have been reported to function as CoQ
reductases. These include the NADH-cytochrome b5 reduc-
tase (Constantinescu et al., 1994) (Navarro et al., 1995;
Villalba et al., 1995) and NADPH-cytochrome P450 reduc-
tase (Kagan et al., 1996), which are one-electron CoQ-
reductases (Nakamura and Hayashi, 1994); and
NAD(P)H:quinone reductase 1 (NQO1, formerly DT-
diaphorase) (Beyer et al., 1996; Landi et al., 1997) and a
distinct NADPH-CoQ reductase that is separate from
NQO1 (Takahashi et al., 1992, 1996), which are cytosolic
two-electron CoQ-reductases.

Both NADH-cytochrome b5 reductase and NQO1 were
demonstrated to act at the plasma membrane to reduce
CoQ (De Cabo et al., 2004; Navarro et al., 1995). The
NADH-cytochrome b5 reductase has been found in the
cytosolic side of the plasma membrane, where it is attached
through a myristic acid and a hydrophobic stretch of
aminoacids located at its N-terminus (Borgese et al.,
1982; Navarro et al., 1995). As a CoQ-reductase, the solu-
bilized enzyme displays maximal activity with CoQ0, a
CoQ analogue which lacks the isoprenoid tail, whereas
reduction of CoQ10 requires reconstitution into phospho-
lipids (Arroyo et al., 1998, 2004; Navarro et al., 1995).
NQO1 catalyses the reduction of CoQ to CoQH2 through
a two-electron reaction (Ernster et al., 1962). This enzyme
is mostly located in the cytosol with a minor portion asso-
ciated to the membranes, including plasma membrane,
where has been recognized to be of importance to maintain
the antioxidant capacity of membranes (Navarro et al.,
1998; Olsson et al., 1993). It has been shown that this
enzyme can generate and maintain the reduced state of
ubiquinones such as CoQ9 and CoQ10 in membrane sys-
tems and liposomes, thereby promoting their antioxidant
function (Beyer et al., 1996; Landi et al., 1997).

These two enzymes would contribute to the trans-
plasma membrane redox system providing the electrons
that are required to maintain its antioxidant properties
(Villalba et al., 1998). NADH-ascorbate free radical reduc-
tase, a trans-oriented activity shows a strong dependency
on the CoQ status of liver plasma membrane (Arroyo
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et al., 2004) and NQO1 also contribute to the plasma mem-
brane antioxidant system in different conditions such as
oxidative stress and aging (De Cabo et al., 2004, 2006;
López-Lluch et al., 2005). The yeast model shows a high
level of analogies with mammalian systems (Steinmetz
et al., 2002) allowing a genetic evidence of CoQ participa-
tion in plasma membrane redox activities that it is more
difficult to assess in mammal cells. The COQ3 gene of S.

cerevisiae encodes for a methyl transferase in CoQ biosyn-
thesis pathway, and yeasts harboring a COQ3 gene deletion
(coq3D) do not synthesize CoQ (Clarke et al., 1991). Yeast
mutants coq3D displayed a significant decrease of NADH-
ascorbate free radical reductase activity at the plasma
membrane, and its full restoration was achieved when
mutant cells were cultured either in presence of exogenous
CoQ, or when transformed with a plasmid harboring the
wild-type COQ3 gene (Santos-Ocaña et al., 1998).

Based on these results it is possible to scheme a plasma
membrane containing a trans-membrane electron transport
system (Fig. 1) that drives electrons either from NADH-
ascorbate free radical reductase, NQO1 or both to CoQ,
which follows a cycle to CoQH2 through the semiquinone
radical. This compound is then able to recycle other antiox-
idants such as ascorbate and a-tocopherol. Both CoQH2

and a-tocopherol also prevent lipid peroxidation chain
reaction.

2.2. Oxidative stress modulates the CoQ-dependent

antioxidant system of plasma membrane

The transfer of CoQ to the plasma membrane is an
active process that depends on the endomembrane system
after its biosynthesis in mitochondria (Fernandez-Ayala
et al., 2005). It is interesting then to explore the mecha-
nisms involved in the incorporation of CoQ in the plasma
membrane.

The impairment of mitochondrial function with ethi-
dium bromide, which causes mitochondria-deficient q�
cells, induces an increase of CoQ levels at the plasma mem-
Fig. 1. An scheme of the plasma membrane redox system. It involves an
Abbreviations: n-SMase, neutral-sphingomyelinase; NQO1, NAD(P)H:quinon
brane resulting in enhanced trans-membrane redox activity
(Gómez-Dı́az et al., 1997). Trans-plasma membrane redox
system is then increased to reoxidize cytosolic NADH and
to export reducing equivalents to external acceptors, main-
taining the NAD+/NADH ratio (Martinus et al., 1993),
which is important to guarantee the genome stabilization
through sirtuins (Sauve et al., 2006). This adaptation could
be thus considered as a general response of eukaryotic cells
to impaired mitochondrial function in order to regulate
cytosolic NAD+/NADH levels (Larm et al., 1994). A sim-
ilar interpretation would be considered for the improve-
ment of both plasma membrane antioxidant system (De
Cabo et al., 2004; Hyun et al., 2006a) and mitochondria
efficiency (Lopez-Lluch et al., 2006) induced by caloric
restriction, a nutritional model that extends life span by
inducing sirtuins (Cohen et al., 2004).

CoQH2 protects membrane lipids from peroxidation
either directly or through the regeneration of a-tocopherol
and ascorbate. However, CoQ is synthesized in all animal
species and it is possible to postulate a regulatory pathway
for CoQH2 in order to provide an antioxidant protection
of the cell. The oxidative stress induced by camptothecin in
mammal cells increase CoQ biosynthesis to prevent cell
death (Brea-Calvo et al., 2006), as it was observed under sev-
eral kinds of oxidative stress (Turunen et al., 2004), suggest-
ing that it represents an adaptation rather than the cause of
the stress. According to this idea, enhanced biosynthesis of
CoQ and/or CoQ-reductases could be responses evoked by
cells for protection against oxidative stress.

Mammals can not synthesize a-tocopherol (vitamin E)
and require Se. A severe chronic oxidative stress can be
provoked by feeding rats with diets deficient in both nutri-
ents (Hafeman and Hoekstra, 1977). After 3 weeks of defi-
cient diet consumption, animals show markedly reduced
levels of a-tocopherol in tissues, and display a dramatically
increased Ca2+-independent phospholipase A2 activity
(PLA2), which may play a protective role in cells leading
to increased metabolism of fatty acid hydroperoxides
(Kuo et al., 1995).
antioxidant system and its role on the sphingomyelinase regulation.
e reductase 1.
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Using this approach, an increase in both CoQ9 and
CoQ10 in liver plasma membranes was observed when a-
tocopherol and selenium had reached minimum levels
(Navarro et al., 1998, 1999). CoQ increase at the plasma
membrane may be the result of enhanced biosynthesis
and/or translocation from intracellular reservoirs such as
the endoplasmic reticulum and mitochondria. These results
would be supported because lower levels of total CoQ have
been found in heart mitochondria isolated from vitamin E-
deficient and vitamin E and Se-deficient rats (Scholz et al.,
1997). An increase of CoQ biosynthesis under vitamin E
and Se deficiency might be not enough to compensate for
its accelerated consumption by oxidative degradation in
the heart, an organ with high demand for CoQ utilization
in oxidative metabolism. A transitional effect was observed
when rats were submitted only to vitamin E deficiency,
showing a milder adaptation to oxidative stress where anti-
oxidants were induced earlier than the phospholipases (De
Cabo et al., 2006).

Consistent with higher CoQ levels, deficiency was
accompanied by a twofold increase in redox activities asso-
ciated with trans-plasma membrane electron transport such
as NQO1 and ascorbate free radical-reductase (De Cabo
et al., 2006; Navarro et al., 1998). NQO1 was also
increased in liver of rats fed with a diet deficient in selenium
(Olsson et al., 1993), and it has been also shown that the
expression of the NQO1 gene was induced in rat liver after
7 weeks of consuming a vitamin E and selenium-deficient
diet (Fischer et al., 2001). However, the increase of CoQ
and NADH-cytochrome b5 reductase was earlier than
NQO1 translocation to the plasma membrane indicating
a timing of events leading to protect cells from oxidative
stress (De Cabo et al., 2006). This is apparently a general
aspect of response to endogenous oxidative stress (Bello
et al., 2005b). Although the mechanisms involved in regu-
lating the changes of CoQ concentration in the plasma
membrane, and also the accumulation of its reductases
are still elusive, it is postulated that the activation of
stress-dependent signaling pathways such as mitochondrial
retrograde signals would be involved.

2.3. The antioxidant system of plasma membrane is

associated to aging process

There are a number of the key players on the plasma mem-
brane that are affected by aging and age-associated diseases.
The levels of antioxidants a-tocopherol and CoQ are
decreased with age and elderly non-insulin-dependent diabe-
tes mellitus (NIDDM) patients, suggesting that the patho-
genesis of NIDDM could be associated with the
impairment of an electron transfer mechanism by the plasma
membrane redox system (Yanagawa et al., 2001). Oxidative
damage to plasma membrane phospholipids in rat hepato-
cytes and brain increases with age and is retarded by caloric
restriction (CR) (De Cabo et al., 2004; Hayashi and Miyaz-
awa, 1998; Hyun et al., 2006b; López-Lluch et al., 2005).
Increased levels of lipid peroxidation and decreased ratio
of docosahexaenoic acid to arachidonic acid are accompa-
nied by a decrease in fluidity of the plasma membrane in aged
rats (Hashimoto et al., 2001). These findings support the
hypothesis that alteration of membranes by oxidative dam-
age to their structural basic molecules, lipids and proteins,
can be involved in the basic biology of aging.

Rats fed with a diet enriched with polyunsaturated fatty
acids (PUFAn-6) and supplemented with CoQ10 show an
increased life-span compared to those fed without the sup-
plementation (Quiles et al., 2004). In these conditions,
CoQ10 was increased in plasma membrane at every time
point compared to control rats fed on a PUFAn-6-alone
diet. Also, ratios of CoQ9 to CoQ10 were significantly lower
in liver plasma membranes of CoQ10-supplemented ani-
mals (Bello et al., 2005a). These results clearly support
the role of both CoQ and its content in plasma membrane
in the regulation of aging process.

Data from our laboratories and others, provide support
that the plasma membrane redox system is, at least in part,
responsible of the maintenance of the antioxidant capacity
during oxidative stress challenges induced by the diet and
aging. The up-regulation of the plasma membrane redox
system that occurs during CR decreases the levels of oxida-
tive stress in aged membranes (De Cabo et al., 2004; Hyun
et al., 2006b; López-Lluch et al., 2005). CR is the only reli-
able experimental model to extend life span in several
mammalian models (Heilbronn and Ravussin, 2003;
Ingram et al., 2006). CR extends life span of yeasts by
decreasing NADH levels (Lin et al., 2004), which would
connect this intervention to plasma membrane NADH-
dependent dehydrogenases. CR modifies composition of
fatty acid in the plasma membrane, resulting in decreased
oxidative damage including lipid peroxidation (Yu, 2005;
Zheng et al., 2005). More importantly, plasma membrane
redox activities and also the content of CoQ, which decline
with age, are enhanced by CR providing protection to
phospholipids and preventing the lipid peroxidation reac-
tion progression (De Cabo et al., 2004; Hyun et al.,
2006b; López-Lluch et al., 2005).

3. CoQ participates in the regulation of apoptosis

3.1. CoQ of the plasma membrane prevent stress-induced

apoptosis

The supplementation of mammal cells cultures with CoQ
increases its concentration at the plasma membrane (Fer-
nandez-Ayala et al., 2005), and also enhances cell growth
(Crane et al., 1995). Also, molecular mechanisms that
increase cell growth also increase trans-plasma membrane
reductases (Crowe et al., 1993), most of them depending on
the CoQ concentration in this membrane, as explained
above.

Since the maintenance of cell population depends on the
equilibrium among proliferation and cell death, it is impor-
tant to understand the mechanisms that regulate cell sur-
vival. Hormones and growth factors are required to
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prevent apoptosis that occurs with a mild oxidative stress
(Ishizaki et al., 1995; Slater et al., 1995), and an increase
of peroxidation levels in membranes (Barroso et al.,
1997a; Ishizaki et al., 1995; Raff, 1992). As expected, the
supplementation of cell cultures with various antioxidants
in the absence of serum results in the protection against cell
death (Barroso et al., 1997a,b). Steady-state levels of intra-
cellular reactive oxygen species are significantly elevated in
cells with low CoQ levels, particularly under serum-free
conditions. These effects can be ameliorated by restoration
with exogenous CoQ, indicating the major role of CoQ in
the control of oxidative stress in animal cells (Gonzalez-
Aragon et al., 2005).

Plasma membrane can be also a source of reactive oxy-
gen species through the transport of electrons in the trans-
membrane system (Hekimi and Guarente, 2003), which can
be increased by antagonists of CoQ such as short-chain
ubiquinone analogues and capsaicin that trigger apoptotic
program starting at the plasma membrane (Macho et al.,
1999; Wolvetang et al., 1996). This activity is different from
the plasma membrane NAD(P)H oxidase of some cells
such as neutrophils because it is currently accepted that this
enzyme does not produce oxygen free radicals. The oxidase
pumps electrons into the phagocytic vacuole, thereby
inducing a charge across the membrane that must be com-
pensated. The movement of compensating ions produces
conditions in the vacuole conducive to microbial killing
(Segal, 2005). CoQ is involved not only in the prevention
of lipid peroxidation progression but also in recycling other
antioxidants as indicated above. However, cells showing a
higher concentration of CoQ in the plasma membrane
(Gómez-Dı́az et al., 1997) were more resistant to serum-
removal oxidative stress-mediated apoptosis and accumu-
lated lower levels of ceramide (Barroso et al., 1997b; Navas
et al., 2002). We proceed then to analyze the role of CoQ of
the plasma membrane in the ceramide signaling pathway.

3.2. CoQ inhibits neutral sphingomyelinase of the plasma

membrane

The activation of a Mg2+-dependent neutral-sphingo-
myelinase (n-SMase) located at the plasma membrane has
been recognized as one of the initial signaling events that
take place during apoptosis induced by growth factors-
withdrawal (Jayadev et al., 1995; Liu and Anderson,
1995). Serum deprivation induces a progressive increase
of ceramide levels, which is then able to induce cell death
after its intracellular accumulation (Barroso et al., 1997b;
Jayadev et al., 1995; Obeid et al., 1993). These compounds
then activate caspases, the general executioners of apopto-
sis (Navas et al., 2002; Wolf and Green, 1999).

Mg2+-dependent n-SMase was purified from plasma
membrane showing that is highly inhibited by CoQ0, an
isoprenoid-free ubiquinone. This enzyme was also observed
to be inhibited by CoQ10 in plasma membrane from pig
liver through a non-competitive mechanism (Martin
et al., 2001). These results suggest that CoQ may play a role
in the regulation of the n-SMase in vivo. The inhibition of
n-SMase in the plasma membrane is carried out more effi-
ciently by CoQH2, and also depends on the length of the
isoprenoid side chain (Martin et al., 2002) If the inhibition
of plasma membrane n-SMase by ubiquinol has physiolog-
ical significance, then endogenous levels of ubiquinol
should also exert this regulatory action. Moreover, since
endogenous CoQ can be reduced in plasma membrane by
the intrinsic trans-membrane redox system, the activity of
plasma membrane NAD(P)H-dependent dehydrogenases
should also modulate the activity of n-SMase. This func-
tion of CoQ occurs at the initiation phase of apoptosis
by preventing the activation of the n-SMase in the plasma
membrane through the direct inhibition of this enzyme
and, as a consequence, the prevention of caspase activation
(Navas et al., 2002). Fig. 1 shows not only the antioxidant
function of CoQ and its reductases in the plasma mem-
brane but also indicates the role of CoQ/CoQH2, and
probably lipid peroxides, in regulating the neutral
sphingomyelinase.

Interestingly, different experimental studies have indi-
cated that the exogenous treatment with CoQ stimulates
the immune response (Bentinger et al., 2003). This latter
effect and the inhibition of n-SMase by CoQ are factors
to be considered that could be related to its beneficial
effects on cells and organisms, beyond its participation in
mitochondrial energy production or as antioxidant.
4. Conclusions and future directions

The plasma membrane redox system is important in cel-
lular life because it prevents membrane damage but also reg-
ulates the apoptosis signaling that starts at this membrane.
It is currently known that this system responds to different
type of stress increasing the concentration in the plasma
membrane by new biosynthesis or translocation from the
cytosol. More precisely, the study of biosynthesis regulation
of both cytochrome b5 reductase and NQO1, and its loca-
tion to the plasma membrane is very important because is
an essential enzyme not only for mammals but also to all
eukaryotes. It is then important to analyze the signaling
pathways responsible in the regulation of the plasma mem-
brane redox system, and particularly its connection to mito-
chondria, where coenzyme Q is particularly involved.
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