Biochemistry of Coenzyme Q10
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2.1 Introduction

Coenzyme Q (CoQ) is a lipophilic quinone widely distributed in nature. The first
homologue to be discovered about 50 years ago, in beef mitochondria, was coen-
zyme Q10 by Dr. P.L. Crane [8]. From those early studies, the essential coenzymatic
activity in mitochondrial bioenergetics was soon recognized. CoQ is made of ben-
zoquinone moiety and an isoprenoid side chain, the length of which is 10 units both
in man and many mammals. Other living organisms possess different species of
CoQ, for instance, Saccharomyces cerevisiae produces CoQ6, other microorgan-
isms CoQ7 and many mammals CoQ9. Each organism possesses a dominant homo-
logue of CoQ and minor amounts of other homologues; differently from other
isoprenylated compounds introduced in the diet, such as menaquinones, the elonga-
tion of a certain CoQQ homologue to CoQ10 is not possible. Most of the coenzyme
Q10 in our organism is endogenously produced, although a small amount is ingested
daily through the diet where it is present mainly in meat and fish and to a lower
extent in some vegetables for an average intake of 5 mg/day. For this reason, being
an endogenous cofactor

and hence not essential, but partially taken with the diet, it is also referred as a
vitamin-like molecule.

Coenzyme Q10 is also known as ubiquinone because of its widespread, ubiqui-
tous diffusion in living organisms [29]. This name was coniated by Dr. R.A. Morton,
who also isolated and studied the compound in the early years of its discovery.

For a certain number of years, CoQ was mainly known for its key role in mito-
chondrial bioenergetics; later studies demonstrated its presence in other subcellular
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fractions and in plasma and extensively investigated its antioxidant role. The
rationale supporting the use of CoQ10 as a food supplement is mainly based on
these two functions. At the inner mitochondrial membrane level, ubiquinone is also
recognized as a cofactor for the function of uncoupling proteins and a modulator of
the transition pore [9]. More recent data reveal that CoQ10 affects the expression of
genes involved in human cell signalling, metabolism and transport [15], and some
of the effects of exogenously administered CoQ10 may be due to this property. New
progress has been made in elucidating CoQ10 in metabolism and nutrition. This
short chapter focusses on basic biochemical mechanisms of CoQ10 in order to
provide a background to better understand the relationship between those and phys-
iological and clinical effects, with particular relevance to reproductive health.

2.2 CoQ10 and Mitochondrial Bioenergetics

The discovery of the CoQ10 molecule came about as a result of an intensive
programme of research developed by Prof. D.E. Green, at the University of
Wisconsin, to find out how mitochondria work. This occurred in 1957. It soon
became evident [14] that coenzyme Q was essential to mitochondrial ATP forma-
tion, i.e. to the most efficient mechanism which leads to the release of chemical
energy housed in our nutrients. Several years later, Prof. P. Mitchell was awarded
the Nobel Prize, for his studies centred on the vital role of coenzyme Q in oxidative
phosphorylation. According to this early view, the quinone was considered as a
substrate in excess concentration over the prosthetic groups in the lipoprotein com-
plexes of the respiratory chain. The kinetic analyses of Kroger and Klingenberg [19]
showed that steady-state respiration in submitochondrial particles could be repre-
sented as a simple combination of two enzymes, the first one responsible for the
reduction of coenzyme Q and the second one causing oxidation of ubiquinol.
Experiments of direct titrations of CoQ-depleted mitochondria reconstituted with
different CoQ supplements disclosed a Km of NADH oxidation close to a CoQ
concentration of 4-10 mM in the lipid bilayer, whereas the Km for succinate oxida-
tion was one order of magnitude lower [12]. The physiological concentration there-
fore is not saturating, and even a small increase in the CoQ10 concentration of
mitochondrial membranes could lead to an increased respiratory rate; on the other
hand, even small decreases in cellular CoQ10 content may translate in remarkable
impairment of mitochondrial functionality. The control exerted by CoQ concentra-
tion over mitochondrial respiration could be of particular interest in situations of
decreased CoQ levels and/or increased Km values for the quinone in some patho-
logical states. In fact this observation could represent the biochemical mechanism
by which exogenous coenzyme Q10 ameliorates the bioenergetic impairment in
some mitochondrial myopathies and in cardiomyopathy [28, 31]. Modern views
indicate that respiratory complexes may have a supramolecular organization, i.e.
stable super complexes [13]. The advantage of this super complex organization
would be a more efficient electron transfer by channelling of the redox intermedi-
ates. Preliminary data suggest that alteration of the protein/phospholipid ratio and
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lipid peroxidation disaggregates the supercomplex organization with possible
pathophysiological implications. Lenaz postulates [13] that in ageing, and in isch-
emic diseases, reactive oxygen species (ROS) produced by the mitochondrial respi-
ratory chain induce a progressive peroxidation of mitochondrial phospholipids.
This could lead to a dissociation of complex I-III aggregates and subsequent loss of
facilitated electron channelling. Also according to this model, an increased concen-
tration of coenzyme Q may, at least partially, counteract this deleterious effect of
supercomplex disaggregation.

CoQ as an Antioxidant In its reduced form (ubiquinol), coenzyme Q acts as a
phenolic antioxidant, undergoing hydrogen abstraction by free radicals; therefore, it
acts like a chain-breaking antioxidant. This evidence has been produced by numer-
ous experimental models, both in vivo and in vitro, using artificial membranes, iso-
lated subcellular organelles, cultured cells, isolated perfused organs and clinical
models. Lars Ernster, a pioneer of the studies on the location and the function of
coenzyme Q in mitochondrial membranes, reviewed the mechanisms by which
coenzyme Q, mainly in its reduced form, is currently believed to exert its antioxi-
dant effect [11]. Experimental data strongly indicate that the intervention of coen-
zyme Q, in its reduced form, can be considered within the antioxidant preventive
mechanisms. CoQH2 would reduce the perferryl species (Fe™* — O2 *7), thus pre-
venting the radical attack that this species would initiate on fatty acids. By this
mechanism, QH2 would practically prevent the formation of alkyl radicals (Le) and
peroxyl radicals (LOQOe). Ubiquinol may also act by slowing down the chain propa-
gation reaction, according to the general mechanism of hydrogen donation to the
radicals. Another mechanism by which ubiquinol exerts its antioxidant properties is
the one explored by Packer, Kagan, et al. [17]. These authors demonstrated that
reduced coenzyme Q regenerates a-tocopherol, the active form of vitamin E, by
reducing the a-tocopherol radical. In these reactions, the ubisemiquinone radical is
formed, whose presence in the mitochondrial respiratory chain has been known for
the past 20 years. Ubisemiquinone is stabilized through the binding to special Q
proteins. The presence of SOD and catalase would keep under control O, and the
H,0, arising from the autoxidation of the ubisemiquinone; however, it is unlikely
that autoxidation of the ubisemiquinone species generates O," in the phospholipid
environment. Ernster stresses the fact that coenzyme Q is the only a lipid-soluble
antioxidant that animal cells can biosynthesize de novo and for which appropriate
enzymatic mechanisms exist to regenerate the reduced form. We have demonstrated
that reduced coenzyme Q exerts its antioxidant properties also by inactivating fer-
rimyoglobin, a species capable of triggering the oxidative attack at muscular and
cardiac level [27]. Oxidative stress can of course attack the plasma membrane,
which delimits the cell environment and also constitutes a protection against differ-
ent kinds of oxidative insult from the environment. Different antioxidants are
responsible for this protection, in particular ascorbate on the hydrophilic cell sur-
face and CoQ), together with a-tocopherol in the hydrophobic phospholipid bilayer.
In order to act as an antioxidant, CoQ must be in the reduced state; several enzymes
exert this function of CoQ reductases. NADH-cytochrome b5 reductase and NQO1
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are among the principal reductase systems [32]. Numerous data indicate that the
plasma membrane redox system plays an important role in preserving the antioxi-
dant capacity during oxidative stress insults related both to the diet and to the ageing
process. It is known that caloric restriction (CR) can attenuate oxidative stress and
age-related oxidative stress. Plasma membrane redox system, of which CoQ is an
essential constituent, is influenced by CR also through CoQ intervention. It was
found that CoQ-dependent NADPH dehydrogenases were increate in plasma mem-
branes from aged rats treated with caloric restriction [10]. As a consequence, the
liver plasma membranes of aged rats treated with CR were more resistant to oxida-
tive stress-induced lipid peroxidation compared to the membranes from rats fed ad
libitum. Therefore, the antioxidant system in the plasma membrane is involved in
the healthy ageing induced by CR. Also the plasma membrane content of CoQ,
which declines with age, is enhanced by CR [32].

2.3  Endogenous and Nutritional Sources of Coenzyme Q10

Coenzyme Q10 is widely diffused in nature; thus, it is present in many vegetal and
animal tissues which are part of our normal diet. Coenzyme Q10 is also actively syn-
thesized by our cells. This is the reason it is not a vitamin according to the classical
definition. So, our tissue levels of CoQ10 depend both on an endogenous biosynthesis
and on an exogenous supply. Metabolic demand and the turnover rate of CoQ10
should also be taken into consideration when trying to establish a “nutritional status”
of CoQ10. Nutritional intake: the content in CoQ9 and CoQ10 of different types of
food was evaluated in a paper by [18]. CoQ9 is usually present in cereals, while
CoQ10 is the ubiquinone of soybeans. CoQ10 is also present in walnuts, almonds,
oils, fruits rich in oil and green vegetables; spinach is particularly rich in CoQ10.
Some kinds of fish also have comparatively high amounts of CoQ10. On a weight
basis, sardines have more than twice as much CoQ10 as beef; 1.6 kg of sardines con-
tain 100 mg of CoQ10. Milk and cheese have a lower content of coenzyme Q10. It is
difficult to assess the relative importance of endogenous biosynthesis and exogenous
intake; the latter plays a significant role as well. Data from Kishi et al. (1986) showed
that in patients under total parenteral nutrition (TPN), plasma levels of CoQ10 undergo
a remarkable reduction (50 %) in just 1 week. This finding might be related to non-
consumption of CoQ10 and/or its precursors present in the diet or to stressors that
resulted in the patient requiring TPN. In our lab we often found plasma levels of
CoQ10 close to or even lower than 0.1 pg/ml in traumatized patients. It is difficult to
evaluate to what extent those data were related to TPN or to the serious clinical condi-
tions of shocked patients. 0.1 pg/ml represents a very low value in as much as normal
plasma levels are around 0.79 + 0.2 pg/ml. Blood CoQ10 is mainly transported by
LDL, although it is also present in the other classes of lipoproteins and in blood cells
[49]. Its concentration is usually reported in micrograms/litre of plasma or micro-
moles/litre. But it is worthwhile to normalize these values according to the blood LDL
content or at least to plasma cholesterol levels. The CoQ10/total cholesterol level
could have a predictive value in cardiovascular disease as discussed below.
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The endogenous synthesis of the quinone moiety of CoQ10 in our organism
starts from phenylalanine or from tyrosine and the isoprenoid side chain derives
from mevalonate. A series of vitamin cofactors is needed for this biosynthesis. It
was highlighted that in a vitamin B6 deficiency plasma CoQ10 levels are also low
and they increase upon improvement of the vitamin B6 deficiency status [55]. In
eukaryotes the isoprenoid side chain of coenzyme Q is synthesized through the
mevalonate pathway. Mevalonic acid (MVA) is converted to isopentenyl diphos-
phate (IPP). Dimethylallyl diphosphate acts as a primer and is progressively elon-
gated by IPP to construct isoprenoid chains with progressively increasing length.
Addition of a new isoprene to the growing polyisoprenoid chain can occur only at
the alpha end since the process is energy requiring and there must be a leaving
pyrophosphate group. Consequently, it is not possible to add a new isoprene to the
omega end. During CoQ synthesis, solanesyl-PP or decaprenyl-PP is attached to
the benzoquinone ring at the alpha end by the help of the leaving PP. The free end
of the solanesol is the omega end without PP, and we do not know any enzymatic
reaction which can mediate the addition of an additional isoprene. From a practical
point of view, this implies that CoQ9, or a shorter homologue, taken with diet, can-
not be elongated to CoQ10. As pointed out by [4, 5], dietary administration of
CoQ9 or CoQ10 results in a number of metabolites which influence the endoge-
nous synthesis of CoQ. In this respect, administration of CoQ9 may increase
CoQ10 synthesis [4, 5].

Statins and CoQ10 Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors which decrease synthesis of mevalonate, a key metabolic
step in the cholesterol synthesis pathway. These efficient drugs can produce a vari-
ety of muscle-related complaints or myopathies. Since the mevalonate pathway also
leads to the biosynthesis of the isoprenoid side chain of coenzyme Q10, different
studies have addressed the possibility of CoQ10 being an etiologic factor in statin
myopathy. This issue has been extensively investigated, and it is worthwhile to men-
tion two reviews by Littarru and Langsjoen [23, 24]. It was highlighted that, besides
decreasing plasma CoQ10 levels, statin treatment also leads to lower lymphocyte
levels of CoQ10. There are no univocal results about the effect of statin treatments
on CoQ10 levels in skeletal muscle [21, 20], yet more recently [38] it was reported
that high-dose statins did decrease muscle CoQ10 and mitochondrial respiratory
chain activities, possibly related to reduction in the number or volume of muscle
mitochondria. In a 2008 study, an inverse correlation between atorvastatin-induced
changes in CoQ10 and BNP was found. It was concluded that long-term treatment
with atorvastatin might increase plasma levels of BNP in patients with coronary
heart disease when accompanied by a greater reduction in plasma CoQ10 [46].
Regarding the effect of CoQ10 supplementation, this was found not to improve
statin tolerance or myalgia in one study [57], whereas [7] reported a positive effect
of CoQ10 on pain severity and pain interference in daily activities in a group of
statin-treated patients showing myopathic symptoms. A larger clinical trial where
patients suffering from some statin side effects are treated with CoQ10 would shed
more light on this issue.
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Human CoQ10 Deficiencies Already in the past CoQ10 had been shown to be
effective in a number of cases of mitochondrial myopathies, which were sometimes
associated with low CoQ10 muscle levels. With the progress in molecular biology
techniques, primary CoQ10 deficiencies, due to mutations in ubiquinone biosyn-
thetic genes, have been identified, and they are associated with four major clinical
phenotypes [39, 40]. Some of these syndromes have shown excellent responses to
oral CoQ10 treatment. It has been ascertained that respiratory chain dysfunction and
oxidative stress correlate with the severity of primary CoQ10 deficiency [39, 40].
Not all conditions respond to CoQ10 administration, perhaps also on the basis of the
time when CoQ10 therapy was started; some of the responsive cases also showed an
improvement of a nephropathy [26, 43].

24 Clinical Applications of Coenzyme Q10

In light of the mechanisms described above, a wide range of pathophysiological
conditions associated with an increase in oxidative stress have been shown to be
related to decreased CoQ levels and/or increased ubiquinone/total CoQ10 ratio.
These conditions include physiological conditions such as the ageing process [37],
intense physical exercise as well as a wide range of clinical conditions such as meta-
bolic diseases, cardiovascular disease [22] and neurodegenerative and genetic disor-
ders [34, 35, 50]. A detailed description of the role of CoQ10 in these conditions is
beyond the scope of this review that will be limited to a brief description of the role
of CoQ10 treatment in cardiovascular disease in light of its relevance and associa-
tion with reproductive health and fertility issues [16, 36, 41].

In fact cardiovascular disease probably represents the clinical field where the
beneficial role of CoQ10 has been better described, and its effects on CoQ10 can be
ascribed to its bioenergetic role, to its capability of antagonizing oxidation of plasma
LDL and to its effect in ameliorating endothelial function.

In this context, support of mitochondrial bioenergetics is directly linked to myo-
cardial contractility, while the latter two mechanisms are associated to the systemic
antioxidant protection exerted by CoQ in the vasculature that has also direct impor-
tant implication in reproductive health.

Itis currently believed that high levels of LDL, as well as smoking and hyperten-
sion, are primary risk factors, among those contributing to cardiovascular disease.
Biochemical mechanisms responsible for the atherogenicity of LDL have been
extensively addressed, and experimental evidence has been produced indicating that
oxidatively modified LDL become atherogenic. It was found that endothelial cells
are involved in the oxidative attack against LDL [10] as described above. Oxidative
attack on LDL deeply affects the apoprotein moiety as well. As a consequence of
these changes, LDL are no longer “recognized” by the normal receptors and are
taken up more readily by the scavenger receptors of macrophages. LDL leave the
blood stream, penetrate the endothelial cell lining and reach the subendothelial
space, where they undergo oxidative attack. Oxidatively modified LDL are capable
of triggering further events, including platelet activation, and exert a chemotactic
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attraction on circulating monocytes, which migrate to the subendothelial space,
where they become macrophages. These cells have only low levels of the classical
LDL receptor; nonetheless, they are able to take up more rapidly oxidatively modi-
fied LDL, and this uptake involves a different receptor, called the “scavenger recep-
tor”. As discussed above, oxidatively modified LDL are easily recognized by the
scavenger receptors. These events lead to an accumulation of lipids, mainly choles-
terol and cholesterol esters, in the macrophages, which will become lipid-laden
foam cells. Foam cells may be considered the essence of the atheromatous lesions.
LDL are endowed with a number of lipid-soluble antioxidants capable of preventing
or minimizing lipid peroxidation.

Plasma levels of CoQ10 have been extensively investigated [52]. Most plasma
CoQ10 is transported by LDL where, together with vitamin E, it exerts its antioxi-
dant protection. As initially pointed out by Stocker [49], ubiquinol-10 is the most
reactive antioxidant in LDL, and although it is present at lower concentrations com-
pared to vitamin E, it is able to regenerate a-tocopherol from the tocopherol radical,
making the vitamin E-ubiquinol duo the most important antioxidant system in
LDL. CoQ10-enriched LDL, isolated from plasma of healthy volunteers orally
treated with CoQ10 for a few days, were less susceptible to peroxidizability in vitro,
compared to the same LDL in basal conditions [25]. Besides decreasing LDL per-
oxidizability, CoQ10 could have a direct antiatherosclerotic effect; in fact animal
studies have shown that CoQ10 administration attenuates aortic atherosclerotic
lesions [44, 56].

Besides LDL peroxidation, another early event in atherogenesis, also deeply
associated with oxidative damage to the vasculature, is represented by an alteration
of endothelial functionality that results in lowered nitric oxide (NO) bioavailability
potentially coupled with noxious formation of peroxynitrate ultimately resulting in
amplified oxidative stress, decreased flexibility of the arteries and enhanced platelet
aggregation and endothelial adhesion, all mechanisms directly linked with athero-
sclerosis progression. In reproductive medicine this condition is associated also
with erectile dysfunction, a condition often associated with vascular oxidative stress
[30]. CoQ10 beneficial effects on endothelial functionality were first seen by Watts
et al. in patients affected by type II diabetes [54] and then further explored by our
group in patients affected by ischemic heart disease [2]. Among the recent data
produced by our lab, CoQ10 was found to improve endothelium-bound extracellu-
lar SOD (ecSOD) [49] in patients affected by coronary artery disease (CAD). CAD
patients have decreased levels of ecSOD, an enzyme which is thought to protect
blood vessels against oxidant-induced damage. CoQ10 treatment determined a sig-
nificant improvement in ecSOD activity, more pronounced in patients who had ini-
tial low values of ecSOD itself, therefore, likely exposed to greater oxidative stress.
This effect was accompanied by an increase of maximal oxygen uptake and of flow-
mediated dilation (FMD), a recognized index of endothelial function.

Clinical applications of CoQ10 in reproductive medicine will be extensively dis-
cussed in other chapters of this book. In summary the clinical applications show a
beneficial effect of CoQ10 supplementation in mitigating oxidative stress in sperm
cells and improve their functionality. Impairment of mitochondrial bioenergetics and
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oxidative stress are known to be involved in sperm motility. An update of CoQ10
implications in male infertility, covering also the early studies, was given by Mancini
et al. [24]. Recent publication from our group confirmed, in a placebo-controlled
double-blind randomized trial, the efficacy of CoQ10 treatment in improving semen
quality in men with idiopathic infertility [1, 51]. Oxidized and reduced CoQ10 con-
centration significantly increased both in seminal plasma and sperm cells, together
with sperm motility, after 6 months of therapy with 200 mg/day CoQ10. The
increased concentration of CoQ10 and QH2 (reduced CoQ10) in seminal plasma and
sperm cells, the improvement of semen kinetic features and treatment and the evi-
dence of a direct correlation between CoQ10 concentrations and sperm motility
strongly support a cause-effect relationship. Similar results were found by Safarinejad
[42]. In this study 212 infertile men with idiopathic oligoasthenoteratospermia were
treated with 300 mg/day CoQ10 or placebo for 26 weeks. Statistically significant
improvement was found, in the CoQ10 group, regarding sperm count and motility
values, with a positive correlation between treatment duration of CoQ10 and sperm
count as well as mean sperm motility. The CoQ10 group had a significant decrease
in serum FSH and LH at the 26-week treatment phase. The authors highlight that a
lower serum FSH implies a better spermatogenesis. Moreover, inhibin B, which
reflects Sertoli cell function, increased in the CoQ10 group.

In the field of reproductive medicine, CoQ10 has been also linked to folliculo-
genesis in the female and embryo parameters relevant to in vitro fertilization embryo
transfer [6]. A study from Stojkovic et al. [45] has looked into the effect of CoQ10
as a supplement for the in vitro culture of bovine embryos and found a significantly
higher rate of early embryo cleavage, blastocyst formation rate, hatching rate, per-
centage of expanding blastocysts and a larger size of the inner cell mass (ICM). In
the same paper, the authors observed an increased ATP content in the group of
embryos cultured with CoQ10. All of those parameters suggest improved embryo
quality.

In a recent paper, we evaluated CoQ10 content in human follicular fluid in
relation to oocyte fertilization and embryo grading [53]. CoQ10 levels resulted
significantly higher in mature versus dysmorphic oocytes. Similarly, levels
resulted significantly enhanced in grading I-II versus grading III-IV embryos.
This data could highlight a role of CoQ10 in protecting follicular lipoproteins
from oxidation, preserving their functionality. Moreover, CoQ10 might act in
lowering mitochondrial dysfunction in granulosa cells due to its bioenergetic
involvement. Finally CoQ10 has been shown to have an important effect also
during pregnancy: Teran et al. [47] reported the results of a CoQ10 supplementa-
tion in reducing the risk of preeclampsia. Pregnant women at increased risk of
preeclampsia either received 200 mg of CoQ10 or placebo daily from 20 weeks
of pregnancy until delivery. The overall rate of preeclampsia was 20 %, and there
was a significant difference in the placebo group (25.6 %) compared to the
CoQI10-treated one (14.4 %). Preeclampsia is a common disorder of human preg-
nancy in which the normal haemodynamic response to pregnancy is compro-
mised. It remains a leading cause of maternal morbidity and mortality and is
associated with a significant increase in perinatal mortality. The newly
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recognized role of CoQ10 in improving endothelial function [49] could have a
particular importance in preeclampsia in which endothelial dysfunction is known
to play a pathogenetic role [48].

References

1.

10.

11.

14.

15.

Balercia G, Buldreghini E, Vignini A, Tiano L, Paggi F, Amoroso S, Ricciardo-Lamonica G,
Boscaro M, Lenzi A, Littarru G. Coenzyme Q10 treatment in infertile men with idiopathic
asthenozoospermia: a placebo-controlled, double-blind randomized trial. Fertil Steril.
2009;91(5):1785-92. doi:10.1016/j.fertnstert.2008.02.119.

. Belardinelli R, Mucaj A, Lacalaprice F, Solenghi M, Seddaiu G, Principi F, Tiano L, Littarru

GP. Coenzyme Q10 and exercise training in chronic heart failure. Eur Heart J. 2006;
27(22):2675-81.

. Bentinger M, Tekle M, Brismar K, Chojnacki T, Swiezewska E, Dallner G. Polyisoprenoid

epoxides stimulate the biosynthesis of coenzyme Q and inhibit cholesterol synthesis. J Biol
Chem. 20082a;283(21):14645-53. doi:10.1074/jbc.M710202200.

. Bentinger M, Tekle M, Brismar K, Chojnacki T, Swiezewska E, Dallner G. Stimulation of

coenzyme Q synthesis. Biofactors. 2008b;32(1-4):99-111.

. Bentov Y, Casper RF. The aging oocyte--can mitochondrial function be improved? Fertil

Steril. 2013;99(1):18-22. doi: 10.1016/j.fertnstert.2012.11.03 1apr.

. Caso G, Kelly P, McNurlan MA, Lawson WE. Effect of coenzyme q10 on myopathic symp-

toms in patients treated with statins. Am J Cardiol. 2007;99(10):1409-12.

. Crane FL, Hatefi Y, Lester RL, Widmer C. Isolation of a quinone from beef heart mitochon-

dria. Biochim Biophys Acta. 1957;25(1):220-1.

. Dallner G, Stocker R. Encyclopedia of dietary supplements. New York: Marcel Dekker; 2005.

p. 121.

. De Cabo R, Cabello R, Rios M, Lépez-Lluch G, Ingram DK, Lane MA, Navas P. Calorie

restriction attenuates age-related alterations in the plasma membrane antioxidant system in rat
liver. Exp Gerontol. 2004;39(3):297-304.

Ernster L, Forsmark-Andrée P. Ubiquinol: an endogenous antioxidant in aerobic organisms.
Clin Investig. 1993;71(8 Suppl):S60-5. PubMed PMID: 8241707.

Estornell E, Fato R, Castelluccio C, Cavazzoni M, Parenti Castelli G, Lenaz G. Saturation
kinetics of coenzyme Q in NADH and succinate oxidation in beef heart mitochondria. FEBS
Lett. 1992;311(2):107-9. PubMed PMID: 1327877.

. Genova ML, Bianchi C, Lenaz G. Supercomplex organization of the mitochondrial respiratory

chain and the role of the Coenzyme Q pool: pathophysiological implications. Biofactors.
2005;25(1-4):5-20.

. Green DE, Tzagoloff A. The mitochondrial electron transfer chain. Arch Biochem Biophys.

1966;116(1):293-304. PubMed PMID: 4289862.

Groneberg DA, Kindermann B, Althammer M, Klapper M, Vormann J, Littarru GP, Déring
F. Coenzyme Q10 affects expression of genes involved in cell signalling, metabolism and
transport in human CaCo-2 cells. Int J Biochem Cell Biol. 2005;37(6):1208-18. 9

Heida KY, Bots ML, de Groot CJ, van Dunné FM, Hammoud NM, Hoek A, Laven JS, Maas
AH, Roeters van Lennep JE, Velthuis BK, Franx A. Cardiovascular risk management after
reproductive and pregnancy-related disorders: a Dutch multidisciplinary evidence-based
guideline. Eur J Prev Cardiol. 2016. pii: 2047487316659573. [Epub ahead of print] Review.

. Kagan V, Serbinova E, Packer L. Antioxidant effects of ubiquinones in microsomes and mito-

chondria are mediated by tocopherol recycling. Biochem Biophys Res Commun. 1990;169(3):
851-7. PubMed PMID: 2114108.

. Kamei M, Fujita T, Kanbe T, Sasaki K, Oshiba K, Otani S, Matsui-Yuasa I, Morisawa S. The

distribution and content of ubiquinone in foods. Int J Vitam Nutr Res. 1986;56(1):57-63.
PubMed PMID: 3710719.


http://dx.doi.org/10.1016/j.fertnstert.2008.02.119
http://dx.doi.org/10.1074/jbc.M710202200
http://dx.doi.org/10.1016/j.fertnstert.2012.11.031apr

32

G.P. Littarru et al.

18.
19.

20.

21.
22.
23.

24.

25.

26.

217.

28.

29.
. Musicki B, Bella AJ, Bivalacqua TJ, Davies KP, DiSanto ME, Gonzalez-Cadavid NF, Hannan

31.

32.

33.

34.

35.

36.

Kroger A, Klingenberg M. Eur J Biochem. 1973;34:358.

Laaksonen R, Jokelainen K, Sahi T, Tikkanen MJ, Himberg JJ. Decreases in serum ubiquinone
concentrations do not result in reduced levels in muscle tissue during short-term simvastatin
treatment in humans. Clin Pharmacol Ther. 1995;57(1):62—-6. PubMed PMID: 7828383.
Lamperti C, Naini AB, Lucchini V, Prelle A, Bresolin N, Moggio M, Sciacco M, Kaufmann P,
DiMauro S. Muscle coenzyme Q10 level in statin-related myopathy. Arch Neurol. 2005;
62(11):1709-12.

Littarru GP, Tiano L, Belardinelli R, Watts GF. Coenzyme Q(10), endothelial function, and
cardiovascular disease. Biofactors. 2011;37(5):366-73. doi:10.1002/biof.154.

Littarru GP, Langsjoen P. Coenzyme Q10 and statins: biochemical and clinical implications.
Mitochondrion. 2007;7 Suppl:S168-74. 7

Mancini A, De Marinis L, Littarru GP, Balercia G. An update of Coenzyme Q10 implications
in male infertility: biochemical and therapeutic aspects. Biofactors. 2005;25(1—4):165-74.
Marcoff L, Thompson PD. The role of coenzyme Q10 in statin-associated myopathy: a sys-
tematic review. J Am Coll Cardiol. 2007;12;49(23):2231-7. Review. PubMed PMID:
17560286.

Mohr D, Bowry VW, Stocker R. Dietary supplementation with coenzyme Q10 results in
increased levels of ubiquinol-10 within circulating lipoproteins and increased resistance of
human low-density lipoprotein to the initiation of lipid peroxidation. Biochim Biophys Acta.
1992;1126(3):247-54. PubMed PMID: 1637852.

Montini G, Malaventura C, Salviati L. Early coenzyme Q10 supplementation in primary coen-
zyme Q10 deficiency. N Engl J Med. 2008;358(26):2849-50. doi:10.1056/NEJMc0800582.
Mordente A, Martorana GE, Santini SA, Miggiano GA, Petitti T, Giardina B, Battino M,
Littarru GP. Antioxidant effect of coenzyme Q on hydrogen peroxide-activated myoglobin.
Clin Investig. 1993;71(8 Suppl):S92-6. PubMed PMID: 8241712.

Mortensen SA, Rosenfeldt F, Kumar A, Dolliner P, Filipiak KJ, Pella D, Alehagen U, Steurer
G, GP L, Q-SYMBIO Study Investigators. The effect of coenzyme Q10 on morbidity and
mortality in chronic heart failure: results from Q-SYMBIO: a randomized double-blind trial.
JACC Heart Fail. 2014;2(6):641-9. doi:10.1016/j.jchf.2014.06.008.

Morton RA. Ubiquinone Nature. 1958;182(4652):1764-7.

JL, Kim NN, Podlasek CA, Wingard CJ, Burnett AL. Basic science evidence for the link between
erectile dysfunction and cardiometabolic dysfunction. J Sex Med. 2015;12(12):2233-55.
doi:10.1111/jsm.13069. PubMed PMID: 26646025; PubMed Central PMCID: PMC4854187.
Naini A, Lewis VJ, Hirano M, DiMauro S. Primary coenzyme Q10 deficiency and the brain.
Biofactors. 2003;18(1-4):145-52.

Navas P, Villalba JM, de Cabo R. The importance of plasma membrane coenzyme Q in aging
and stress responses. Mitochondrion. 2007;7(Suppl):S34—40.

Pagano G, Aiello Talamanca A, Castello G, Cordero MD, d'Ischia M, Gadaleta MN, Pallardé
FV, Petrovi¢ S, Tiano L, Zatterale A. Current experience in testing mitochondrial nutrients in
disorders featuring oxidative stress and mitochondrial dysfunction: rational design of chemo-
prevention trials. Int J Mol Sci. 2014a;15(11):20169-208. doi:10.3390/ijms151120169.
PubMed PMID: 25380523; PubMed Central PMCID: PMC4264162.

Pagano G, Talamanca AA, Castello G, Cordero MD, d'Ischia M, Gadaleta MN, Pallardé FV,
Petrovi¢ S, Tiano L, Zatterale A. Oxidative stress and mitochondrial dysfunction across broad-
ranging pathologies: toward mitochondria-targeted clinical strategies. Oxidative Med Cell
Longev. 2014b;2014:541230. doi:10.1155/2014/541230. PubMed PMID: 24876913; PubMed
Central PMCID: PMC4024404.

Perry JR, Murray A, Day FR, Ong KK. Molecular insights into the aetiology of female repro-
ductive ageing. Nat Rev Endocrinol. 2015;11(12):725-34. doi:10.1038/nrendo.2015.167.
Phillipson OT. Management of the aging risk factor for Parkinson’s disease. Neurobiol Aging.
2014;35(4):847-57. doi:10.1016/j.neurobiolaging.2013.10.073.


http://dx.doi.org/10.1002/biof.154
http://dx.doi.org/10.1056/NEJMc0800582
http://dx.doi.org/10.1016/j.jchf.2014.06.008
http://dx.doi.org/10.1111/jsm.13069
http://dx.doi.org/10.3390/ijms151120169
http://dx.doi.org/10.1155/2014/541230
http://dx.doi.org/10.1038/nrendo.2015.167
http://dx.doi.org/10.1016/j.neurobiolaging.2013.10.073

Biochemistry of Coenzyme Q10 33

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Péivd H, Thelen KM, Van Coster R, Smet J, De Paepe B, Mattila KM, Laakso J, Lehtimiki T,
von Bergmann K, Liitjohann D, Laaksonen R. High-dose statins and skeletal muscle metabo-
lism in humans: a randomized, controlled trial. Clin Pharmacol Ther. 2005;78(1):60-8.
Quinzii CM, Lépez LC, Von-Moltke J, Naini A, Krishna S, Schuelke M, Salviati L, Navas P,
DiMauro S, Hirano M. Respiratory chain dysfunction and oxidative stress correlate with sever-
ity of primary CoQ10 deficiency. FASEB J. 2008b;22(6):1874-85. doi:10.1096/j.07-100149.
PubMed PMID: 18230681; PubMed Central PMCID: PMC2731482.

Quinzii CM, Lépez LC, Naini A, DiMauro S, Hirano M. Human CoQ10 deficiencies.
Biofactors. 2008a;32(1-4):113-8. PubMed PMID: 19096106; PubMed Central PMCID:
PMC3625975.

Roberts JM, Mascalzoni D, Ness RB, Poston L, Global Pregnancy Collaboration. Collaboration
to understand complex diseases: preeclampsia and adverse pregnancy outcomes. Hypertension.
2016;67(4):681-7. doi:10.1161/HYPERTENSIONAHA.115.06133.

Safarinejad MR. Efficacy of coenzyme Q10 on semen parameters, sperm function and repro-
ductive hormones ininfertile men. J Urol.2009;182(1):237-48.doi:10.1016/j.juro.2009.02.121.
Salviati L, Sacconi S, Murer L, Zacchello G, Franceschini L, Laverda AM, Basso G, Quinzii
C, Angelini C, Hirano M, Naini AB, Navas P, DiMauro S, Montini G. Infantile encephalomy-
opathy and nephropathy with CoQ10 deficiency: a CoQ10-responsive condition. Neurology.
2005;65(4):606-8.

Singh RB, Shinde SN, Chopra RK, Niaz MA, Thakur AS, Onouchi Z. Effect of coenzyme Q10
on experimental atherosclerosis and chemical composition and quality of atheroma in rabbits.
Atherosclerosis. 2000;148(2):275-82.

Stojkovic M, Westesen K, Zakhartchenko V, Stojkovic P, Boxhammer K, Wolf E. Coenzyme
Q(10) in submicron-sized dispersion improves development, hatching, cell proliferation, and
adenosine triphosphate content of in vitro-produced bovine embryos. Biol Reprod. 1999;
61(2):541-7.

Suzuki T, Nozawa T, Sobajima M, Igarashi N, Matsuki A, Fujii N, Inoue H. Atorvastatin-
induced changes in plasma coenzyme q10 and brain natriuretic peptide in patients with coro-
nary artery disease. Int Heart J. 2008;49(4):423-33.

Teran E, Hernandez I, Nieto B, Tavara R, Ocampo JE, Calle A. Coenzyme Q10 supplementa-
tion during pregnancy reduces the risk of pre-eclampsia. Int J Gynaecol Obstet. 2009;105(1):43—
5. doi:10.1016/j.ijg0.2008.11.033.

Teran E, Escudero C, Vivero S, Molina G, Calle A. NO in early pregnancy and development
of preeclampsia. Hypertension. 2006;47(4):e17. 3

Thomas SR, Witting PK, Stocker R. A role for reduced coenzyme Q in atherosclerosis?
Biofactors. 1999;9(2-4):207-24.

Tiano L, Belardinelli R, Carnevali P, Principi F, Seddaiu G, Littarru GP. Effect of coenzyme
Q10 administration on endothelial function and extracellular superoxide dismutase in patients
with ischaemic heart disease: a double-blind, randomized controlled study. Eur Heart J.
2007;28(18):2249-55. PubMed PMID:17644511.

Tiano L, Busciglio J. Mitochondrial dysfunction and Down’s syndrome: is there a role for
coenzyme Q(10) ? Biofactors. 2011;37(5):386-92. doi:10.1002/biof.184.

Tirabassi G, Vignini A, Tiano L, Buldreghini E, Bruge F, Silvestri S, Orlando P, D'Aniello A,
Mazzanti L, Lenzi A, Balercia G. Protective effects of coenzyme Q10 and aspartic acid on
oxidative stress and DNA damage in subjects affected by idiopathic asthenozoospermia.
Endocrine. 2015;49(2):549-52. doi:10.1007/s12020-014-0432-6.

Tomasetti M, Alleva R, Solenghi MD, Littarru GP. Distribution of antioxidants among blood
components and lipoproteins: significance of lipids/CoQ10 ratio as a possible marker of
increased risk for atherosclerosis. Biofactors. 1999;9(2—4):231-40.

Turi A, Giannubilo SR, Bruge F, Principi F, Battistoni S, Santoni F, Tranquilli AL, Littarru G,
Tiano L. Coenzyme Q10 content in follicular fluid and its relationship with oocyte fertilization and
embryo grading. Arch Gynecol Obstet. 2012;285(4):1173—6. doi:10.1007/s00404-011-2169-2.


http://dx.doi.org/10.1096/fj.07-100149
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06133
http://dx.doi.org/10.1016/j.juro.2009.02.121
http://dx.doi.org/10.1016/j.ijgo.2008.11.033
http://dx.doi.org/10.1002/biof.184
http://dx.doi.org/10.1007/s12020-014-0432-6
http://dx.doi.org/10.1007/s00404-011-2169-2

34

G.P. Littarru et al.

54.

55.

56.

57.

Watts GF, Playford DA, Croft KD, Ward NC, Mori TA, Burke V. Coenzyme Q(10) improves
endothelial dysfunction of the brachial artery in Type II diabetes mellitus. Diabetologia.
2002;45(3):420-6.

Willis R, Anthony M, Sun L, Honse Y, Qiao G. Clinical implications of the correlation between
coenzyme Q10 and vitamin B6 status. Biofactors. 1999;9(2—4):359-63.

Witting PK, Pettersson K, Letters J, Stocker R. Anti-atherogenic effect of coenzyme Q10 in
apolipoprotein E gene knockout mice. Free Radic Biol Med. 2000;29(3—4):295-305.

Young JM, Florkowski CM, Molyneux SL, McEwan RG, Frampton CM, George PM, Scott
RS. Effect of coenzyme Q(10) supplementation on simvastatin-induced myalgia. Am J Cardiol.
2007;100(9):1400-3.



2 Springer
http://www.springer.com/978-3-319-41747-9

Antioxidants in Andrology

Balercia, G.; Gandini, L.; Lenzi, A.; Lombardo, F. (Eds.)
2017, W, 79 p. 7 illus, in color., Hardcover

ISBN: 978-3-319-41747-9



	2: Biochemistry of Coenzyme Q10
	2.1	 Introduction
	2.2	 CoQ10 and Mitochondrial Bioenergetics
	2.3	 Endogenous and Nutritional Sources of Coenzyme Q10
	2.4	 Clinical Applications of Coenzyme Q10
	References


