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To my wife Araceli and my daughters Helena 
and Lucía.
To the memory of my father and to 
my mother.
Thanks for your effort to permit my 
education and formation.

Dedications

This book is dedicated to the memory of Fred 
L. Crane (December 3, 1925 – August 11, 
2016). He discovered one of the most important 
molecules in organisms, Coenzyme Q10. After 
that, he worked hard in many other subjects to 
highlight the importance of this molecule till 
the end of his fruitful scientific life.

In 1953, Fred Crane obtained his PhD in 
Botany from the University of Michigan, Ann 
Harbor. After that, he discovered coenzyme 
Q at the Institute of Enzyme Research, the 
University of Wisconsin, in 1957 (Crane 
et al, 1957 Isolation of a quinone from beef 
heart mitochondria. BBA 25: 220-221). His 
discovery started a long and productive 
scientific career with more than 400 papers. 
But the main characteristics of Fred Crane 
were his friendly character, his ability to 



influence young scientists and to offer his 
enormous capacity to teach science, and his 
disposition to visit research institutes around 
the world sharing his expertise with other 
researchers.

This great capacity helped him receive many 
awards including the American Chemical 
Society Eli Lilly Award in Biochemistry in 
1961, the Fulbright Award in Australia in 
1971, the NIH Career Award between 1964 
and 1994, the Silver Medal in Biochemistry 
from the University of Bologna in 1989, and 
the Folkers Foundation Award for Research 
on Coenzyme Q in 1996. All these awards 
and other merits such as the Doctor honoris 
causa of Medicine in the Karolinska Institute 
in 1989 are a faithful reflection of the 
research capacity of Dr. Fred L. Crane. A 
great scientist and an enormous person.



Fred L. Crane at Purdue University, 1984 
(Picture from P. Navas).

Karl Folkers (left), Plácido Navas (centre), 
and Fred L. Crane (right) at Ancona, 1997 
(from P. Navas).
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Preface

This book shows the importance of Coenzyme Q10 (CoQ10) in aging progression and 
age-related diseases. CoQ10 is an essential factor involved in two main aspects of 
cell physiology: bioenergetics and antioxidant protection. Primary deficiency of 
CoQ10 is associated with severe and lethal diseases but secondary deficiency can be 
associated with the progression of mitochondrial dysfunction linked to the lessening 
of biological activities during aging.

In its four parts, this book tries to show all the essential age-related aspects in 
which CoQ10 has been associated. The first part offers a wide overview of the main 
functions of CoQ10 in physiology from the complex synthesis mechanism of this 
molecule to the regulation of the expression of the proteins involved in this synthe-
sis. We also highlights the two main functions of CoQ10 in cells, the essential role as 
electron transport chain member in mitochondria and the protection of cell mem-
branes against oxidation as one of the main endogenous-synthesized antioxidants.

The second part includes a revision of the different research in which CoQ has 
been involved in aging studies. Invertebrate models for longevity studies indicated 
that levels of CoQ could be involved in the regulation of the longevity of the organ-
isms, C. elegans and D. melanogaster permitted advances in the knowledge of CoQ- 
related activities and aging progression. Mammal models permitted to introduce 
some controversy since knocking down of clk1/COQ7, a member of the CoQ syn-
thome has been associated with higher longevity. This model and the role of CoQ in 
senescence-accelerate mice can highlight the importance of CoQ in mammals’ 
longevity.

In humans, CoQ levels have been associated with many age-related diseases. 
This is the subject of the third part of this book. In this part, we associate reduction 
of CoQ levels with mitochondrial dysfunction, metabolic syndrome, neurodegen-
erative disorders, immunosenescence, and fertility and reproduction. It seems clear 
that the progression of these age-associated diseases is aggravated when CoQ10 lev-
els decrease in individuals, indicating the importance of CoQ10 buffering the differ-
ent physiological dysfunction associated with these diseases.

The importance of CoQ in aging and longevity is finally linked to different pro-
longevity interventions such as calorie restriction, modulation of CoQ10 levels by 



x

induction of synthesis, or by supplementation. This is the objective of the three final 
chapters of this book. These chapters open the possibility to use CoQ10 levels as 
target to improve functionality of cells during aging, delaying age-related diseases 
progression and, probably, aging as a whole.

Sevilla, Spain Guillermo López Lluch  

Preface
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Chapter 1
The Current Coenzyme Q Science 
and Knowledge

Plácido Navas

Abstract Coenzyme Q (CoQ) is a redox lipid essential for aerobic respiration and 
antioxidant protection. It is synthesized in each cell by a multiprotein complex 
inside mitochondria and incorporated in all cellular membranes. It is however an 
amazing molecule whose homeostasis not only depends on the proper function of 
biosynthesis complex but also on age, diet and the wholeness of mitochondria 
functions.

Keywords Coenzyme Q · Ubiquinone · Mitochondria · Mitochondrial diseases

1.1  CoQ Function

Since the discovery of CoQ (ubiquinone) as the essential redox quinone component 
of the respiratory chain in beef heart (Crane et al. 1957), knowledge of properties 
and functions of CoQ, and its role in aging and disease has highly evolved. CoQ is 
present in all cells in which acts as an essential electron carrier in the respiratory 
chain, transporting electrons from either complex I or complex II to complex III, but 
also reducing complex III from other redox enzymes (Alcazar-Fabra et al. 2016). 
The efficiency of electron chain is due to the integration of respiratory complexes 
including CoQ into supercomplexes that dynamically organize the electron flux to 
optimize the use of available substrates (Lapuente-Brun et al. 2013). This efficiency 
depends strictly on the ratio of reduced to oxidized forms of CoQ (Guaras et al. 
2016). It is still unknown the mechanisms that provide the appropriate amount lev-
els of CoQ to the supercomplex structure and if total or partial contents of this car-
rier are integrated into the supercomplex or a free pool exists.
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1.2  CoQ Synthesis

CoQ is synthesized by a multiprotein complex (synthome) inside mitochondria 
(Stefely and Pagliarini 2017) with a high level of regulation (Gonzalez-Mariscal 
et  al. 2018). Synthome is a complex pathway which use the initial substrate 
polyprenyl- 4-hydroxybenzoate (pp-4-HB), which is produced by the attachment of 
polyprenyl-PP, produced in the mevalonate pathway, to the precursor 
4- hydroxybenzoate (4-HB), produced from tyrosine, by the p-hydroxybenzoate 
polyprenyl transferase encoded by COQ2 gene (Desbats et al. 2016). This synthome 
modifies the benzoquinone ring until CoQ is produced although different reactions 
are still unknown as decarboxylation and hydroxylation of pp-4-HB (Acosta Lopez 
et al. 2019).

The CoQ biosynthesis pathway is regulated at the transcriptional level through, 
e.g. NF-κB activated by mitochondrial stress (Brea-Calvo et al. 2009), at transla-
tional level by COQ7 mRNA binding to proteins (Cascajo et al. 2016), and at the 
post-translational levels through phosphorylation cycles of COQ encoded proteins 
involving PPTC7 phosphatase (Gonzalez-Mariscal et al. 2018; Niemi et al. 2019). 
There are accumulated evidence that synthome would be mainly associated to the 
endoplasmic reticulum (ER)-mitochondria contacts domains (Subramanian et  al. 
2019). In this sense, mutations of genes that encode proteins located in 
ER-mitochondria contact sites, which are related to lipids transport into mitochon-
dria can cause defects in CoQ biosynthesis. Mfn2 and Adck2 colocalise in the 
mitochondrial- associated membranes and have been demonstrated to contribute to 
the maintenance of the mitochondrial CoQ (Mourier et al. 2015; Vazquez-Fonseca 
et al. 2019).

1.3  CoQ and Longevity

Since the discovery of clk-1/COQ7 function in regulating C. elegans and mouse lon-
gevity through CoQ biosynthesis regulation (Wang and Hekimi 2016), there are 
recent evidence that CoQ would extend longevity through endogenous stress signal-
ing and protein synthesis downregulation (Molenaars et al. 2018; Scialo et al. 2016). 
It has been proposed that CoQ levels in tissues and organs are depleted during aging 
and depend on dietary interventions (Parrado-Fernandez et al. 2011). For example, 
clasical studies showed that calorie restriction increased CoQ content in plasma 
membrane providing antioxidant protection and modulating cytosolic NAD+ levels 
in different tissues and cells (De Cabo et al. 2004; Hyun et al. 2006; Lopez-Lluch 
et al. 2005), recently supported because the overexpression of extramitochondrial 
CoQ-dependent enzymes, CytB5R3 and NQO1, increases health- and life-span in 
mice (Diaz-Ruiz et al. 2018; Martin-Montalvo et al. 2016). This plasma membrane 
antioxidant system, in which CytB5R3 and NQO1 reduce CoQ, was demonstrated to 
protect cells from phospholipid peroxidation and ceramide-dependent apoptosis 

P. Navas
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(Villalba and Navas 2000). It has been recently described additional components of 
the plasma membrane antioxidant system, which acts through ferroptosis suppres-
sor protein1 (FSP1) reduction of CoQ (Bersuker et al. 2019; Doll et al. 2019) pre-
venting phospholipid peroxidation and ferroptosis.

1.4  Essential Role of CoQ in Physiology

The main functions of CoQ as electron carrier in respiratory chain and as antioxi-
dant have been studied as regulator of mitochondrial dysfunction in aging and 
directly involved in glucose homeostasis by regulating insulin sensitivity (Fazakerley 
et  al. 2018). Also, supplementation of CoQ has been also successfully used to 
improve senescence-accelerated mice aerobic metabolism (Tian et al. 2014), and 
female mice fertility by improving mitochondrial efficiency (Ben-Meir et al. 2015). 
Interestingly, clinical trials of CoQ supplementation showed an increase in IGF-1 
and postprandial IGFBP-1 levels in elderly (Alehagen et al. 2017), and plasma lev-
els of CoQ positively correlated with the insulin level, homeostatic model 
assessment- insulin resistance, and quantitative insulin sensitivity check index in 
diabetic patients (Fallah et al. 2018; Gholnari et al. 2018; Yen et al. 2018). Also, 
CoQ supplementation showed the improvement of chronic inflammation by decreas-
ing inflammatory markers as TNF-α and IL-6 (Farsi et al. 2019; Zhai et al. 2017). In 
fact, cardiovascular diseases are potentiated by age and is one important major 
cause of death in western countries, which show improvement under calorie restric-
tion as indicated in the review by de Cabo and Mattson (de Cabo and Mattson 2019).

Mitochondrial diseases are genetic heterogeneous and tissue-specific disorders 
that show different severities and time-onset forms of age-associated diseases as 
sarcopenia and neurodegeneration (Frazier et al. 2019). A group of these mitochon-
drial diseases are included in the CoQ deficiency syndrome caused by a significant 
low level of CoQ, which is developed by mutations in COQ genes that encode for 
the synthome proteins, named primary CoQ deficiency (Salviati et  al. 2017). 
However, mostly of the diseases included in this syndrome are considered second-
ary deficiencies because the low level of CoQ is induced as an adaptation to either 
electron chain defects or defective mitochondrial functions (Yubero et  al. 2016). 
These secondary defects can cause human deterioration of muscle with weakness 
and exercise intolerance that finally can cause rhabdomyolysis (Jou et  al. 2019), 
severe necropsy of neurons associated to mutations in the mitochondrial PARL pro-
tease with complex III defect (Spinazzi et al. 2019), or multiorgan affectation caused 
with autosomal recessive TANGO2 mutations (Mingirulli et  al. 2019). However, 
although it has been demonstrated that mouse models with defects in nuclear 
encoded factors that regulate mitochondrial DNA functions developed secondary 
CoQ deficiency (Kuhl et al. 2017), there is not described any mechanism to demon-
strate these adaptations.

The current knowledge of CoQ functions and biosynthesis have highly evolved 
since its discovery in 1957 (Crane et al. 1957) demonstrating its essential function 

1 The Current Coenzyme Q Science and Knowledge
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in respiration and its important nuclear function as antioxidant. CoQ homeostasis is 
involved in essential bioenergetics pathway, plasma membrane mediated cellular 
redox homeostasis and age-dependent disorders but still unknown the complete bio-
synthesis pathway and how CoQ levels adaptate to different pathological conditions 
to guarantee cell survival.
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Chapter 2
Molecular Structure, Biosynthesis, 
and Distribution of Coenzyme Q

L. Vázquez-Fonseca, I. González-Mariscal, and C. Santos-Ocaña

Abstract Coenzyme Q is a very old molecule in evolutionary terms that has accu-
mulated numerous functions in the cellular metabolism beyond its primordial func-
tion, the electron transport. In all organisms, coenzyme Q maintains a highly 
conserved structure allowing a localization inside cell membranes in a hydrophobic 
environment thanks to having an isoprenoid tail, and at the same time allows the 
polar ring benzene to interact with acceptors and electron donors. Coenzyme Q 
deficiency constitutes a group of mitochondrial diseases. Affected patients suffer 
mainly a decrease in energy production that induces dysfunctions in most organs 
and body systems. Current therapeutic alternatives are based on increasing coen-
zyme Q levels either through induction of endogenous mechanisms or exogenous 
supplementation. This chapter includes both aspects, the mechanisms associated 
with the coenzyme Q supplementation and the regulatory mechanisms of coenzyme 
Q biosynthesis. In terms of synthesis, the structure of coenzyme Q is complicated 
since it requires the participation of two well-differentiated pathways that must be 
carefully regulated. The synthesis is carried out through the participation of a mul-
tienzyme complex located in the inner mitochondrial membrane and controlled by 
different levels of regulation that at this time are not well-known.
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2.1  Introduction

Coenzyme Q or ubiquinone (CoQ) is an old molecule in terms of the evolution. 
CoQ can be found in most living organisms from mammalian to prokaryotic cells 
(Morton 1958). This presence is an indicator of it extremely important function as 
an electron carrier in mitochondria but also another quinone molecule, the plasto-
quinone, plays a similar function in plant chloroplasts. This function makes CoQ as 
a crucial molecule to provide energy to the cell, being the central element of the 
proton motive cycle converting the energy accumulated in redox molecules to ATP 
through the transient generation of an electrochemical gradient. However, in addi-
tion to this older function along the evolution, CoQ has been responsible for other 
additional and well-known functions (Bentinger et al. 2010) such as antioxidant, 
pyrimidine synthesis, brown adipose tissue heat production, β-oxidation, mPTP 
opening and for other new functions such the involvement in life span extension 
(López-Lluch et  al. 2010), regulation of bioenergetics metabolism (Gonzalez-
Mariscal et al. 2017) and mitophagy (Cotan et al. 2011; Gonzalez-Mariscal et al. 
2017; Rodríguez-Hernández et al. 2009) that promise the rejuvenation of the role of 
this molecule on living organisms.

All previously commented functions of CoQ have a common origin in its special 
chemical structure; a combination of an aromatic polar ring condensed with an iso-
prenoid and therefore hydrophobic tail. That combination makes CoQ an amphipa-
thic molecule able to be embedded in membranes by the isoprenoid tail and ready 
to interact exchanging electrons with other redox molecules of the electron trans-
port chain thanks to the aromatic ring. That is the first aim of this chapter; a descrip-
tion of the chemical structure of CoQ analyzing in parallel how this structure 
explains the diversity of CoQ functions.

This complex structure is the combination of two separated general biochemical 
pathways; the synthesis of p- hydroxybenzoate (or p-aminobenzoate, pABA in 
S. cerevisiae) from tyrosine or phenylalanine and the synthesis of the poly-isopren-
oid tail from the mevalonate pathway. Both pathways converge as a Y shaped path-
way in the specific CoQ biosynthesis that is localized in mitochondria (with some 
discussion about that idea) thanks to a multi-enzymatic complex. That is the aim of 
the second part of this chapter, shows the available information about CoQ 
biosynthesis.

Some of the CoQ functions are produced in mitochondria, where is synthesized 
but other functions are produced in other cell membranes indicating that the new 
synthesized CoQ must be distributed among membranes. This topic together the 
effect of CoQ supplementation on cells and organs is the third aim of this chapter.

L. Vázquez-Fonseca et al.
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2.2  The Chemical Structure Serving the Biological 
Function of CoQ

Coenzyme Q (CoQ) is probably the most important member of the chemical class 
known as polyprenyl benzoquinones (Fig. 2.1). These compounds contain a polyiso-
prene chain attached to a quinone ring at position 6. Although chemically is possible 
naming coenzyme Q10 (CoQ10) using several ways, probably the most descriptive is 
2,3-dimethoxy-5-methyl-6-decaprenyl-benzoquinone. Both components, the iso-
prenoid chain, and the polar quinone ring are quite different attending its chemical 
properties to understand the CoQ functions. Comparing all kind of CoQ molecules 
found in living organisms, all share the same quinone ring but differs in the length 
of the isoprenoid chain, from six units (30 carbons) in S. cerevisiae to ten units in 
human (50 carbons) (Fig. 2.1). Since the isoprenoid chain is responsible for the CoQ 
localization in membranes is necessary to explain how the isoprenoid chain interacts 
with phospholipids and the effect of the chain length in this interaction.

2.2.1  The Isoprenoid Chain

The isoprenoid chain of CoQ is responsible for the location of the molecule in 
hydrophobic environments such as the inner space of the lipid bilayer. However, 
CoQ is an amphipathic molecule that interacts with the polar component of phos-
pholipids. It is therefore fundamental to determine the topology of the molecule, on 
which much of its function depends. The inclusion of CoQ10 molecules in phospho-
lipid monolayers is difficult and such molecules are usually expelled from the inter-
face with air (Maggio et al. 1977). However, this effect is dependent on the length 
of the isoprenoid chain since the solubility of CoQ3 in the phospholipid monolayers 
is much higher (Asai and Watanabe 1999). These data are reinforced in the case of 
lipid bilayers, in which using several analytical techniques CoQ10 is localized in the 

H3C O

H3C O

O

61

4 53

2

O

CoQ10: R=

CoQ6: R=R

OHIdebenone R=

Decylubiquinone R=

CH3

Fig. 2.1 Structure of coenzyme Q10 and other analogs. The quinone ring is common for all 
kinds of ubiquinones found in different organisms and also for some coenzyme Q analogs such as 
idebenone and decylubiquinone
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internal hydrophobic plane generated by the lipidic layers whereas CoQ3 is mostly 
mixed with phospholipids (Alonso et al. 1981; Hoyo et al. 2013; Katsikas and Quinn 
1982a, b; Kaurola et al. 2016). This location of CoQ10 can be altered as a function 
of concentration; at concentrations lower than 1% (usual in cell membranes), aggre-
gates can be formed (Katsikas and Quinn 1982a, b) mainly between lipid bilayers 
(Hoyo et al. 2013). This effect also occurs when comparing CoQ10 and CoQ2, both 
show a different location and only CoQ10 is aggregated. This effect explains a pos-
sible biological function allowing the formation of a CoQ10 pool (Roche et al. 2006). 
Although the stabilizing and destabilizing effects of CoQ10 on membranes have 
been discussed, recent studies indicate that CoQ can perform a stabilizing function 
especially on membranes that do not contain cholesterol (Agmo Hernández et al. 
2015), albeit by different mechanisms.

It is impossible to separate the location of CoQ from its most important biologi-
cal functions as an electron carrier and antioxidant. The oxidized form of CoQ (ubi-
quinone) is mostly located at the hydrophobic interface of the artificial lipid bilayer 
while the reduced form (ubiquinol) is mixed with phospholipids near their polar 
groups (Aranda and Gómez-Fernández 1985) (Fig.  2.2 right). This differential 
localization not only occurs in artificial membranes but also occurs in cell 

Fig. 2.2 Coenzyme Q10 location in membranes (a) Redox states of coenzyme Q10. Quinone 
groups (bottom) can be reduced to quinol groups (top) by 2 electrons and 2 protons, being the two-
electron reduction. It is possible a double one-electron reduction of coenzyme Q that produces an 
intermediate named semiquinone radical, a molecule that can generated superoxide in presence of 
oxygen. (b) Coenzyme Q depending of the hydrophobic tail length and its concentration can be 
located at three different locations. At the position 1 CoQ is located close to the water-lipid inter-
phase allowing the interactions with metabolites (antioxidant recycling) or soluble proteins (to 
reduce CoQ). In this position is found the reduced state of CoQ. At the position 2, CoQ is embebed 
between the phospholipid tails ready to accept/release electrons from/to mitochondrial respiratory 
complexes. Also, at the position 2 can be found the oxidized state of CoQ. The position 3 corre-
sponds to a pool required to maintain regulates the CoQ concentration on membranes

L. Vázquez-Fonseca et al.
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membranes (Fato et al. 1986; Samori et al. 1992), including mitochondria. Under 
these conditions, several studies have shown that the lateral diffusion of CoQ10 is not 
a limiting factor in the interaction with enzymes (Lenaz et al. 1999; Ondarroa and 
Quinn 1986). Since the lateral diffusion in long and short-chain CoQ molecules is 
the same, it has been shown that long-chain molecules undergo a folding that adjusts 
their length to short chains (Di Bernardo et al. 1998). From a functional point of 
view, it has been determined that the polar group of CoQ10 is located near the polar 
phase without interacting with the glycerol whereas the isoprenoid tail is included 
in the hydrophobic phase (Grzybek et al. 2005; Lenaz et al. 1992). This location is 
necessary to explain the antioxidant function. The access of the polar head of the 
quinone state of short-chain molecules (CoQ2 or CoQ3) during the reducing treat-
ment with BH4 is greater than for  long-chain forms (CoQ10) (Ulrich et al. 1985), 
indicating greater proximity to the aqueous phase. In contrast, short-chain mole-
cules in the reduced state inhibit more effectively the lipid peroxidation compared 
to long-chain ones in microsomes of hepatocytes (Kagan et al. 1990) but some stud-
ies do not show the same results with CoQ3 and CoQ7 in liposomes (Fiorentini et al. 
1993). A summary of coenzyme Q location in membranes is shown in Fig. 2.2b.

For the electron transport function, there is an inverse relationship compared to 
the antioxidant function. Oxidized forms of CoQ2 and CoQ3 inhibit the NADH oxi-
dation but not of succinate in bovine mitochondria compared to CoQ10. Also, the 
oxidation of ubiquinol increases with the isoprene length (Lenaz et al. 1978). There 
is evidence against the effectiveness of short-chain quinones to transport electrons 
in membranes; short-chain quinones (CoQ1) have a lower affinity for the QB sites of 
photosynthetic bacterial reaction centers (Diner et  al. 1984) and in the NADH-
coenzyme Q oxidoreductase of the bovine heart the NADH binding produces a 
conformation change that allows the interaction of long-chain but not short-chain 
quinones (Hano et al. 2003). In purified mitochondria of S. cerevisiae deficient in 
the synthesis of CoQ6, the reduction of short-chain exogenous quinones (CoQ0 and 
CoQ1) with succinate was decreased to less than 10% compared to the control, CoQ2 
or decylubiquinone (Zhu and Beattie 1988). However, the reduction with NADH 
showed a complete recovery of the activity. Comparing with the bovine mitochon-
dria assays (Lenaz et  al. 1978) the results of yeasts are contradictory. However, 
there are two important differences, the bovine mitochondria possesses endogenous 
CoQ10 and therefore the assay is performed in an intact mitochondrion while the 
CoQ6-deficient yeast show a mitochondrion with defects in the expression of respi-
ratory complexes (Santos-Ocaña et al. 2002) because some of them require endog-
enous CoQ6 for a right assembly as is the case for the bc1 complex (Bartoschek et al. 
2001). This cause would explain the null effect of these molecules on succinate-
quinone reductase (SQR). The recovery of NADH- quinone reductase (NQR) activ-
ity can be explained by the particular nature of NADH-dehydrogenases of 
S. cerevisiae, they do not form a complex, but are monomeric enzymes (Joseph-
Horne et al. 2001) located at the inner mitochondrial membrane on the cytosolic 
face (NDE1 and NDE2) or on the matrix face (NDI1), and therefore may have easier 
access to short-chain quinones that are more amphipathic than long-chain quinones.

2 Molecular Structure, Biosynthesis, and Distribution of Coenzyme Q
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Another option to study the role of the hydrophobic tail in CoQ10 is the use of 
CoQ analogs that have been used as a potential therapeutic agent such as idebenone. 
Basically, it is a decylubiquinone with a hydroxyl group at the end of the aliphatic 
chain of 10 carbons (Okamoto et al. 1988; Sugiyama et al. 1985) (Fig. 2.1) which 
gives it a higher polarity. Idebenone is an efficient electron acceptor from succinate 
(SQR) and an electron donor to complex III (UCR) but does not accept electrons 
from the NADH (NQR), producing the inhibition of the proton pump of the com-
plex I (Esposti et al. 1996). As compared to other ubiquinones condensed with iso-
prenoid chains, their effect is like CoQ2, which also has 10 carbons, thus the presence 
of the hydroxyl group confers a similar degree of polarity. In quinones substituted 
with aliphatic tails, an increase of the electron transport efficiency was correlated 
with an increase in the length of the aliphatic tail. However, with the same number 
of carbons decylubiquinone shows more activity than idebenone. Further studies 
have shown that the more hydrophobic ubiquinone aliphatic derivatives support a 
higher activity than idebenone and that idebenone is functional with SQR but inhibit 
NQR activity (Brière et al. 2004).

The ubiquinone alkylated analogs have been well studied as their synthesis is 
much less complex than the isoprenoids. To act as acceptors, alkylated quinones 
require at least 6 carbons for maximal SQR or NQR activity while requiring 10 
carbons to act efficiently as donors in UCR (Yu et al. 1985; Yu and Yu 1993). The 
addition of 1 or 2 double bonds does not substantially affect the function of qui-
nones but a conjugated double bond system significantly decreases activity.

The most accepted model for localization of CoQ10 in membranes involves the 
interaction of the isoprenoid tail with the fatty acid moiety of phospholipids ivn the 
middle plane of the bilayer, while the polar head approaches to the polar moiety of 
phospholipids (Lenaz et  al. 1992). This arrangement allows the interaction with 
enzymes embedded in the membrane as the respiratory complexes and in other 
cases with enzymes located at the aqueous phase. In this sense, studies carried out 
using molecular dynamics simulations and free energy calculations show that the 
electron translocation of the oxidized form of CoQ is ten times faster than the trans-
location of the reduced form (Kaurola et al. 2016). This implies that the location of 
coenzyme Q would ensure maximum occupancy of binding on entry sites in com-
plexes of the respiratory chain to maintain its optimal activity. The existence of 
several pools of CoQ have been described in several membranes and organisms 
(Enriquez and Lenaz 2014; Heron et al. 1978; Jørgensen et al. 1985; Michaelis and 
Moore 1985) that has recently been associated with the organization of respiratory 
complexes in supercomplexes or respirasome (Acin-Perez et  al. 2008; Enríquez 
2016). The clustering of CoQ in pools has structural parallelism in the CoQ local-
ization models, where equilibrium aggregations of molecules occur with a homoge-
neous distribution in membranes (Roche et al. 2006).

According to Fig. 2.2, the isoprenoid tail is the hydrophobic moiety of CoQ that 
supports its location in the inner middle plane of the phospholipid bilayer. This 
location is required for the expected interaction with larger respiratory complexes in 
mitochondria such as Complex I or bc1 complex that show CoQ binding sites located 
in contact with the hydrophobic component of lipidic membranes. Complex I shows 
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a CoQ binding site and a CoQ reduction site in contact with the membrane but elec-
tron from NADH must be channeled from a domain in contact with the aqueous 
phase of the matrix (Lenaz et al. 2006; Wirth et al. 2016). A similar situation is 
common to the bc1 complex, CoQ binding sites are in contact with the membrane 
and electrons are channeled to the cytochrome c to a non-intermembrane protein 
domain (Xia et al. 1997). However, at the same time the isoprenoid tail is flexible to 
support the access of aromatic ring to the interphase lipid-water of membranes 
when CoQ works like antioxidant (Beyer 1994; Gómez-Díaz et  al. 1997; Kagan 
et al. 1998a, b) or when is able to gain electrons from peripherally located reducing 
agents (Jiménez-Hidalgo et al. 2009; Santos-Ocaña et al. 1998; Villalba et al. 1995).

It is possible that the variations found at the isoprenoid tail length correspond to 
the specific features of enzymes involved in redox reactions of CoQ. In this way, 
Saccharomyces cerevisiae does not show a typical Complex I but synthesize a 
shorter CoQ molecule with only six isoprene units (CoQ6). Considering that the 
polar ring is similar in all organisms probably the optimal adjust of CoQ to mem-
branes can be caused by the isoprenoid tail nature.

2.2.2  The Quinone Ring

The quinone ring is directly responsible for the electron transfer characteristic of 
CoQ. Like the full structure of the CoQ molecule, the quinone ring structure is a 
balance between its location in a hydrophobic environment and a redox interaction 
with a polar environment. Both quinone groups are polar, allow the formation of 
hydrogen bonds, solvation and the interaction with dipoles, but the rest of the sub-
stituents (methoxy and methyl groups) give to the ring a hydrophobic character.

The reduction of both quinone groups occurs through two mechanisms, the two-
electron mechanism, and the one-electron mechanism. The main difference is that 
the one-electron reduction of CoQ produces the semiquinone radical as an interme-
diary (Matsuda et al. 2000; Nakamura and Hayashi 1994), which may be a potential 
source of oxidative stress. In fact, the reduction of acetylated cytochrome c by semi-
quinone is used to determine the oxidative stress generated in cell membranes (Azzi 
et  al. 1975). The mechanism of one-electron is characteristic of the NADH-
cytochrome b5 reductase family in S. cerevisiae (Jiménez-Hidalgo et  al. 2009; 
Santos-Ocaña et al. 1998), plants (Serrano et al. 1995) or pig liver (Villalba et al. 
1995, 1997). The two-electrons mechanism does not imply the formation of a semi-
quinone intermediate, it is the mechanism of type DT-diaphorase typical of an 
enzyme involved in detoxification (Anusevičius et  al. 2002; Nakamura and 
Hayashi 1994).

Beyond the redox function of the quinone ring groups, the function of the remain-
ing substituents, the C2 and C3 methoxy groups and the methyl group at the C5 
position, have been analyzed. After studying the effect of modifications of these 
groups on quinones with alkyl or geranyl substituents on the succinate-cytochrome 
c reductase CoQ-dependent activity (SQCR), it was found that in general, the 
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methoxy groups were more important than the methyl group (Gu et  al. 1990). 
Switching C5-CH3 to C5-H increases activity while switching to methoxy decreases 
activity. This implies that hydrophobicity is crucial at the C5 position, the elonga-
tion of the alkyl group beyond the methyl group results in a decrease in activity (He 
et  al. 1994). In C2 and C3 positions, the change of methoxy group to hydrogen 
drastically decreases the activity, although C3 is more specific than C2. The loss of 
the methoxy group at the C3 position has been studied extensively in vivo because 
it has physiological connotations. During synthesis of CoQ6 in S. cerevisiae, it has 
been shown that the non-methoxylated form of ubiquinone, demethoxy-Q6 or DMQ6 
accumulates naturally (Padilla et  al. 2004). This data together with the massive 
accumulation in missense mutants of the COQ7 gene and subsequent studies of the 
CoQ6 biosynthetic complex assembly  have shown that DMQ6 is an intermediate 
affected by processes of CoQ6 synthesis regulation (Busso et al. 2015; Gonzalez-
Mariscal et al. 2017; Martin-Montalvo et al. 2011; Padilla et al. 2009). However, in 
yeasts, it has been shown that DMQ6 is unable to support electron transport in mito-
chondria or antioxidant defense when it is produced alone (Padilla et al. 2004). In 
the case of the nematode C. elegans, the same mutations that in yeast produced the 
accumulation of DMQ6 (e2519) (Padilla et al. 2004) produces the accumulation of 
DMQ9 (Ewbank et al. 1997; Felkai et al. 1999). Since nematodes carrying the e2519 
allele showed extended longevity compared to wild-type controls, it was concluded 
that DMQ9 could have an anti-aging effect (Felkai et  al. 1999). In this sense, in 
nematodes, this allele produces a lower respiratory chain activity and a lower pro-
duction of ROS, which was used to explain its beneficial function as a caloric 
restriction mimetic (Branicky et al. 2000; Miyadera et al. 2002). However, subse-
quent analysis of quinone content in mitochondrial nematode carrying the e2519 
allele samples analyzed by HPLC-ECD showed that there was an accumulation of 
CoQ9 lower than 10% of the control. This small amount of CoQ9 is responsible for 
the maintenance of respiratory activity in the mutant nematodes, decreased com-
pared to wild-type and therefore not generating endogenous oxidative stress (Arroyo 
et al. 2006).

The selectivity of additional ring substituents is more relevant in UQCR activity 
compared to SQR activity (He et al. 1994). In SQR activity, ubiquinone interacts by 
producing a hydrogen bond between the oxygen of the C1 quinone group and tryp-
tophan and tyrosine at the active site (Maklashina and Cecchini 2010). The arrival 
of an electron from the cluster (3Fe-4S) causes a pendular movement of the ubiqui-
none that brings it closer to the catalytic position stabilizing it by the formation 
three hydrogen bonds; (a) between the oxygen of the C4 quinone group and serine, 
(b) between the C3 methoxy and arginine and a water molecule and (c) between the 
C2 methoxy and aspartate.

The conservation of the structure and composition of both the ring and hydro-
phobic tail respond to functional needs in the access of CoQ to the aqueous phase to 
accept electrons and the lipid phase to donate them. In addition, the conservation of 
the CoQ polar ring responds specifically to the design of its target enzymatic com-
plexes, much more selective at the time of oxidation than for reduction.
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2.3  Biosynthesis of Coenzyme Q

As was indicated previously, CoQ biosynthesis is composed by two non-specific 
pathways (the synthesis of activated poly- isoprenoid and the aromatic polar ring) 
that converge in one specific pathway in mitochondria (CoQ10 in Fig.  2.3). This 
synthesis requires a large number of proteins that must be imported from the cytosol 
to mitochondria. The regulation of CoQ not only requires a precise synthesis of 
proteins but also need the formation of a biosynthetic complex (Q-synthome) inside 
the mitochondria that must be regulated by post-translational regulation. Most of 
the information about CoQ synthesis was obtained from the Saccharomyces cerevi-
siae model and in this section, the nomenclature of this model will be used 
(Table  2.1). In some cases, will be included in references to human cells or 
other models.

Fig. 2.3 Biochemical reactions involved on the coenzyme Q biosynthetic pathway. In the fig-
ure was indicated the reaction required for the coenzyme Q10 biosynthesis. The name of enzymes 
catalyzing these reactions appears in bold and also includes the name of cofactors or substrate 
more relevants. At the bottom are indicated the name of the intermediates. In some cases the name 
of human gene/enzyme are similar in human and yeast but in others cases are included both names
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2.3.1  Genes and Proteins Involved

The isoprenoid precursor shares some reactions with the mevalonate pathway 
(Grünler et al. 1994; Olson and Rudney 1983). The activated polyprenyl-pyrophos-
phate is the product of the condensation of three units of farnesyl-pyrophosphate 
that also are produced by a previous condensation of three isopentenyl-pyrophos-
phate molecules. Until farnesyl-PP synthesis, this pathway shares some reactions 
with cholesterol synthesis. A trans-prenyl transferase is responsible for the last con-
densation. Organisms that synthesize CoQ molecules with 6 o 9 isoprene units such 
as S. cerevisiae or C. elegans show only one trans-prenyl transferase protein (COQ1 
in yeast) but human cells showing 10 isoprene units require a couple of protein with 
trans-prenyl transferase activity (PDSS1/2) (Saiki et  al. 2003). This enzyme has 
been proposed as responsible for the isoprenoid tail length of CoQ (Okada et al. 
1996). From the earliest years of research on CoQ10, it was demonstrated that the 

Table 2.1 Genes and proteins involved in coenzyme Q biosynthesis in yeast and human

Yeast name
CDS 
(bp) Chr aa Location

Human 
name

mRNA 
(bp) Chr aa Location

COQ1/
YBR003W

1422 II 473 Matrix PDSS1 1657 10p12.2 415 Matrix

PDSS2 3568 6q21 399 Cytosol/
matrix

COQ2/
YNR041C

1119 XI 372 MIM COQ2 1641 4q21.23 421 MIM

COQ3/
YOL096C

1939 XV 312 Matrix COQ3 1265 6q16.2 369 Matrix

COQ4/
YDR204W

1008 IV 335 MIM?/
Matrix

COQ4 1597 9q34.11 265 Matrix

COQ5/
YML110C

924 XIII 307 Matrix COQ5 1530 12q24.31 327 Matrix

COQ6/
YGR255C

1440 VII 479 Matrix COQ6 1615 14q24.3 468 Matrix

ARH1/
YDR376W

1482 IV 493 Matrix

YAH1/
YPL252C

512 XVI 172 Matrix

COQ7/
YOR125C

702 XV 233 Matrix COQ7 1618 16p12.3 443 Matrix

PTC7/
YHR076W

1115 VIII 343 Matrix PPTC7 2667 12q24.11 217 Matrix

COQ8/
YGL119W

1506 VII 501 Matrix ADCK3 2616 1q42.13 179 Matrix

COQ9/
YLR201C

783 XII 260 Matrix COQ9 3748 16q21 304 Matrix

COQ11/
YLR290C

834  XII 277 Matrix
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origin of the aromatic ring in animal cells are the amino acids phenylalanine and 
tyrosine (Olson and Rudney 1983). However, an alternative pathway has been 
described in bacteria, the synthesis from chorismate using the shikimate pathway 
(Zhou et al. 2013). In yeast, both pathways are present being the shikimate pathway 
the most important involving the participation of two genes/proteins (ARO1 and 
ARO2). However, in ARO1/2 mutants p-hydroxybenzoate (p-HB) is synthesized and 
CoQ6 synthesis is not affected indicating that the phenylalanine-tyrosine pathway is 
functional in yeast (Goewert 1980). There are three possible pathways for the 
phenylalanine- tyrosine pathway, although remains some doubts about the reactions 
involved in the first step, the conversion of tyrosine to 4-hydroxyphenyl lactate. 
Recently, in the yeast model it has been demonstrated that genes ARO8/9 are respon-
sible for the tyrosine deamination and also that the gene HFD1 is responsible for the 
last reaction, the 4-hydroxybenzaldehyde conversion to p-HB (Payet et al. 2016; 
Pierrel 2017; Stefely et al. 2016a, b). A possible orthologous of HFD1 is the human 
gene ALDH3A1 that is an aldehyde dehydrogenase (Pappa et al. 2003; Payet et al. 
2016; Stefely et al. 2016a, b).

The condensation of the activated isoprenoid (polyprenyl diphosphate) and the 
polar ring of CoQ (p-hydroxybenzoic acid) are catalyzed by the product of COQ2, 
a polyprenyl transferase (Ashby et al. 1992; Forsgren et al. 2004). The COQ2 pro-
tein (Coq2) is an enzyme with 5 transmembrane domains located at the mitochon-
drial inner membrane that produces the first molecule of CoQ biosynthesis that 
resembles the final product of the pathway, the 3-polyprenyl 4-hydroxybenzoate. 
This molecule is hydroxylated (C5 hydroxylation) by the product of gene COQ6, 
encoding for one of three monooxygenases involved in CoQ biosynthesis. Coq6 is 
a peripheral membrane protein on the matrix side of the inner mitochondrial mem-
brane. Initially, Coq6 was been proposed as responsible for C1 hydroxylation step 
being the mitochondrial ferredoxin Yah1 and ferredoxin reductase Arh1 responsible 
for the C5 hydroxylation as electron donors (Pierrel et al. 2010). Yah1 is a ferre-
doxin (Alves et al. 2004) that together with Arh1 participates in the synthesis of 
sulfoferric complexes. Arh1 was described as a homolog of the mitochondrial 
human adrenodoxin reductase (Manzella et al. 1998). Yeast mutants strains of both 
genes are deficient in CoQ6 but Coq6 must be present given that accumulates 
4-hydroxy 6-hexaprenyl phenol, a molecule already hydroxylated in C1 position 
(Pierrel et al. 2010). However, in COQ6 null mutants (coq6Δ) or missense COQ6 
mutants of FAD-binding domain accumulated 4-hydroxy 6- hexaprenyl phenol indi-
cating that C5 hydroxylation but not C1 requires the participation of Yah1 and Arh1 
as electron donors for Coq6 (Ozeir et  al. 2011). At this time, the gene/enzyme 
responsible for C1 hydroxylation remains unknown.

The results of the Coq6 activity, 3-polyprenyl 4,5-dihydroxybenzoate is methyl-
ated by the product of COQ3 gene in C5. Coq3 encodes for an O-methyl transferase 
that catalyzes (at least in yeast) two reactions in the biosynthetic pathway; the indi-
cated previously and the methylation of demethyl coenzyme Q.  This reaction 
requires the presence of S-adenosyl methionine (SAM) as a cofactor (Jonassen and 
Clarke 2000). The human COQ3 gene can complement the null mutant in yeast 
(Jiang et al. 2002b).

2 Molecular Structure, Biosynthesis, and Distribution of Coenzyme Q



22

The next step is the conversion of 3-polyprenyl 4,5-dihydroxybenzoate in 2-poly-
prenyl 6-methoxyphenol after the C1 decarboxylation. In E. coli has been found that 
this step was catalyzed by the product of UbiX and UbiD genes, two isofunctional 
genes (Zhang and Javor 2003). A deletion strain for the UbiX gene (LL1), which 
show a low synthesis of CoQ8 can be rescued by complementation with the S. cere-
visiae ortholog gene PAD1 (Gulmezian et al. 2007). UbiD show also an ortholog in 
S. cerevisiae, the FDC1 gene but any of them are responsible for the decarboxyl-
ation step in yeast because even null mutants show wild-type levels of CoQ6 (Mukai 
et al. 2010). At this time was not found the gene/protein responsible for this step. 
Recently it has been suggested the gene COQ11 as responsible for the decarboxyl-
ation step (Allan et al. 2015) based on some sequence homology but it was dis-
carded because null COQ11 mutants (coq11Δ) maintains the CoQ6 synthesis.

The next reaction is well characterized, the COQ5 gene encodes a C-methyl 
transferase that catalyzes the methylation of the 2-polyprenyl 6-methoxy 1,4 benzo-
quinone at the C3 carbon (Barkovich et al. 1997; Dibrov et al. 1997; Nguyen et al. 
2014), to produced 6-demethoxy coenzyme Q or DMQ. Also, SAM is required as a 
methyl group donor. Coq5 protein is peripherally associated with the inner mito-
chondrial membrane on the matrix side (Baba et  al. 2004). Recently it has been 
described that the protease Oct1, required for the Coq5 processing (Veling et al. 
2017), is required to synthesize CoQ in yeast.

The third hydroxylation reaction is catalyzed by the Coq7 protein, a monooxy-
genase. This enzyme is responsible for the C6 hydroxylation step, converting of 
6-demethoxy coenzyme Q into 6-demethyl coenzyme Q (Clarke 1996; Jonassen 
et al. 1996). Coq7 belongs to a family of di-iron hydroxylases based on the exis-
tence of a conserved motif for iron ligands found also in bacteria such as 
Pseudomonas aeruginosa and Thiobacillus ferrooxidans (Stenmark et  al. 2001). 
This point, the Coq7 product, 6-demethyl coenzyme Q, is methylated again in C6 
by Coq3 to produce CoQ.

However, other proteins with structural and regulatory functions are required to 
make possible the CoQ synthesis. That is the case of proteins encoded by the COQ4, 
COQ8, COQ9, and COQ11 genes. The COQ4 gene encodes for a protein that sup-
ports the assembly of the CoQ biosynthetic complex in yeast or Q-synthome. It has 
been related Coq4 with the complex assembly because in bacteria no homologous 
proteins to Coq4 have yet been detected (Marbois et  al. 2005). The polypeptide 
encoded by COQ4 contains 335 amino acids with a calculated molecular mass of 
38.6 kDa. Coq4 was localized to the matrix side in contact with the mitochondrial 
inner membrane. The human ortholog of yeast COQ4 gene restored both growth in 
glycerol and the CoQ6 status in the yeast strain after its expression in COQ4 null 
yeast (Casarin et al. 2008).

The COQ8 gene has received several names but the actual function of this pro-
tein is yet unknown. ABC1/COQ8 is a component of a family of unusual kinases 
(Leonard et al. 1998) which also includes proteins from Providencia stuarti (AarF) 
and E. coli (yGR) that have been reported to be involved in CoQ biosynthesis 
(Macinga et al. 1998). This family shows several motifs typical of protein kinases 
but Coq8 may be catalytically inactive because the critical Asp residue was not 
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detected in the triplet (DFG) which is required for catalytic activity (Leonard et al. 
1998). Recently it has been demonstrated that Coq8 does not show a canonical pro-
tein kinase activity although can be autophosphorylated in cis mode (Stefely et al. 
2015). However, this kinase function was not required to CoQ biosynthesis being a 
new ATPase function of Coq8 responsible for the stabilizing effect of Coq8 on the 
Q-synthome (Stefely et al. 2016a, b) The human ortholog is CABC1/ADCK3 but 
there are two paralogous genes in human for COQ8, ADCK3 and ADCK4, now 
termed COQ8A and COQ8B (Vazquez Fonseca et al. 2017). Patients with muta-
tions found in COQ8A show CoQ10 deficiency and cerebellar ataxia (Chretien et al. 
2008; Gerards et  al. 2010). However, patients with mutations found in COQ8B 
show only renal affectation with the steroid-resistant nephrotic syndrome (Ashraf 
et al. 2013). In both cases, the patient cells show a CoQ10 deficiency.

The Coq9 protein is a component of the biosynthetic complex with several func-
tions related to Q-synthome stability. Coq9 is a peripheral membrane protein on the 
matrix side of the mitochondrial inner membrane (Hsieh et  al. 2007), which co-
migrates with Coq3 and Coq4 at a molecular mass of approximately 1 MDa. Also, 
it was detected by direct interaction by immunoprecipitation of the HA-tagged 
Coq9 polypeptide with Coq4, Coq5, Coq6 and Coq7 demonstrating that Coq9 is a 
component of the Q-synthome. Specifically, it has been proposed that Coq9 is a 
lipid-binding protein that helps Coq7 to interact with the Q-synthome (Lohman 
et al. 2014).

COQ11 is the last gene that has been included in the list of genes required for 
CoQ biosynthesis (Allan et al. 2015). After a proteomic analysis, Coq11 has been 
demonstrated to be a Q-synthome component. The function remains obscure but 
according to its similarity with some decarboxylases, it has been proposed such as 
the not-discovered decarboxylase of Q-synthome.

2.3.2  Biosynthesis Regulation

Considering that the most important function of CoQ is as electron carrier of the 
respiratory chain it is required to study a possible association between regulation of 
synthesis and respiratory metabolism. Saccharomyces cerevisiae is a good model 
because is a facultative aerobic fermenter that grows in glucose even in presence of 
oxygen but can grow as a respiratory organism in the absence of fermentable carbon 
sources (Gancedo 1998). This makes possible to study the transition from fermenta-
tion to respiration because this molecule is needed preferentially during respiration. 
Initial studies demonstrated this relationship, higher levels of glucose in the culture 
media clearly decrease the amount of CoQ6 in yeasts that was inversely correlated 
with the amount of 3,4-hydroxy hexaprenyl benzoate (Sippel et al. 1983), an early 
precursor of CoQ biosynthesis (Fig.  2.3) (Goewert et  al. 1981). The catabolic 
repression produced by glucose in Saccharomyces cerevisiae is mediated by the 
repression of the Snf1p kinase (Gancedo 1998), a complex belonging to the family 
of AMP-kinases (Santangelo 2006). In the active state (low glucose) Snf1p induces 
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the expression of downstream genes that are required for the use of other carbon 
sources such as ethanol, lactate or glycerol. Low levels of glucose correlate with 
high levels of cAMP and CoQ6 (Sippel et al. 1983) supporting the idea that phos-
phorylation may be a regulatory element to consider in CoQ6 biosynthesis.

In a typical yeast culture, the glucose exhaustion is associated with the raising of 
ethanol altering the metabolic state of yeast. Ethanol can be consumed but it requires 
a modification of metabolism named post-diauxic-shift or PDS (Pedruzzi et  al. 
2000). This growth stage is dependent on respiratory metabolism that needs a higher 
amount of CoQ6. Under these conditions, DMQ6 is accumulated until PDS initiation 
and then DMQ6 decreases and CoQ6 becomes the predominant quinone in yeasts 
(Padilla et al. 2009). This change of quinone concentration is correlated with the 
expression of several COQ genes such as COQ3, COQ4, COQ5, COQ7, and COQ8. 
A second intermediate, the 3-hydroxy-hexaprenyl benzoate (HHB) is also accumu-
lated at a high proportion in YPD, being an 80% against total quinones during the 
exponential phase of growth (Poon et al. 1995), previous to PDS. HHB becomes a 
minor component at stationary phase. CoQ6 biosynthesis shows at least two differ-
ent intermediates, the first is HHB accumulated during fermentation and a second 
molecule (DMQ6) close to the PDS. DMQ6 can be converted to CoQ6 when it is 
required.

A simple method to study gene expression related to CoQ6 biosynthesis is the use 
of glycerol-based media (YPG). Glycerol induces the expression of COQ5 
(Hagerman et  al. 2002). Glycerol growth increases the accumulation of CoQ6 in 
wild-type yeast (Padilla et al. 2009) with the simultaneous reduction of DMQ6 and 
also induces the expression of several COQ genes such as COQ5, COQ7, and 
COQ8. The gene COQ4 is up-regulated by the growth in YPG as same as other 
mitochondrial proteins such as subunits of the complex IV (Belogrudov et al. 2001). 
However, less is known about the transcription factors involved in this regulation. 
COQ5 was regulated by Hap2, a subunit of the HAP complex (heme activated-glu-
cose repressed CCAAT-binding complex) and down-regulated by Mig1. Hap2 that 
is a global regulator of respiratory gene expression and Mig1 is a transcription fac-
tor that collaborates in glucose repression inactivated by phosphorylation by Snf1p 
(Hagerman and Willis 2002). COQ2 is up-regulated by Hap1, a transcription factor 
that produces a response based on the levels of heme and oxygen (Harbison et al. 
2004; Hickman and Winston 2007). YEASTRACT (Abdulrehman et  al. 2011; 
Monteiro et al. 2008) is a platform to find potential promoter sequences recognized 
by transcription factors involved in the mitochondrial respiratory metabolism such 
as Hap3, Hap4, Hap5, and Adr1. Most of COQ genes show putative sequences of 
these transcription factors.

The second function of CoQ is antioxidant protection (Bentinger et al. 2007; Frei 
et al. 1990). In yeast, CoQ6 protects plasma membrane for phospholipid peroxida-
tion in COQ3 null mutants (coq3Δ) produced by linolenic acid (Do et al. 1996). All 
null mutant or not-CoQ6 producer strains of yeast are affected by linolenic acid 
(Schultz and Clarke 1999). When wild-type cells are incubated with linolenic acid 
several genes such as COQ3 and COQ7 are up-regulated (Padilla et al. 2009) and 
boost the DMQ6 conversion to CoQ6. Since this conversion requires the hydroxylase 
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activity of Coq7 and the O-methyl transferase activity of Coq3, this effect supports 
that translational or post-translational mechanism of regulation is required. The 
effect of linolenic in gene regulation is specific because other oxidant compounds 
such as hydrogen peroxide did not affect COQ genes expression (Padilla et  al. 
2009). Again, using the platform YEASTRACT (Abdulrehman et al. 2011; Monteiro 
et al. 2008) it is possible to find potential promoter sequences recognized by tran-
scription factors involved in the induction of antioxidant defenses such as Msn2, 
Msn4, Yap1, and Hsf1. All COQ genes are up-regulated (documented or potential 
regulation) by a general situation of stress but only COQ1 shows a specific response 
to H2O2 and only COQ4 and COQ6 for hyperthermia.

The oxidative stress also promotes CoQ biosynthesis up-regulation in mamma-
lian cells. Serum deprivation produces mild oxidative stress increasing mitochon-
drial ROS production and Ca2+ release (Kuznetsov et  al. 2008). This method is 
comparable to methods based on oxidative stress generation to induce cell death 
(Kuznetsov et al. 2011), being apoptosis the most important consequence of serum 
deprivation. Exogenous CoQ10 shows a protective role against oxidative stress. 
CEM-C7H2 cells that undergo apoptosis after serum deprivation conditions are pro-
tected in presence of exogenous CoQ10 (Fernández-Ayala et al. 2000). The protec-
tion is caused by the inhibition of ceramide release and caspase-3 activation through 
the inhibition of plasma membrane-bound neutral sphingomyelinase (Navas et al. 
2002). In parallel, serum deprivation generates mild oxidative stress that not only 
induces apoptosis but also increases CoQ10 levels in the plasma membrane (Barroso 
et al. 1997).

CoQ10 biosynthesis up-regulation can be obtained by oxidative stress generated 
by the chemotherapeutic drug camptothecin (CPT). This topoisomerase inhibitor 
induces DNA damage and oxidative stress (Gorman et al. 1997) followed by apop-
tosis. It is difficult to associate oxidative stress with the DNA alteration caused by 
the CPT, but the effect of CPT is inversely related to reduced glutathione content 
(Troyano et al. 2001). The amount of total CoQ10 was increased by CPT treatment 
in several cancer cell lines (Brea-Calvo et al. 2006). The CoQ10 increase is dose-
dependent and is inhibited by the presence of anti-oxidants. The mechanism of 
CoQ10 biosynthesis up-regulation by CPT requires the activation of the COQ7 gene 
by the transcription factor NF-kappaB (Brea-Calvo et al. 2009). In the yeast model, 
the COQ7 gene is a key component of the CoQ biosynthetic complex with a relevant 
function in the regulation of the CoQ biosynthetic complex activity. This gene 
COQ7 in human cells suffers a second layer of regulation at the post-transcriptional 
level. The UTR region of mRNA COQ7 is recognized by two RNA-binding proteins 
(RBPs) HuR and hnRNP C1/C2 (Schepens et al. 2007) inducing a modest mRNA 
COQ7 stabilization (Cascajo et al. 2015). However, it is most important the effect of 
HuR down-regulation caused by silencing or serum deprivation that decreases not 
only the stability of mRNA COQ7 but also shows physiological consequences 
decreasing COQ7 protein expression and the CoQ10 biosynthesis.
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2.3.3  The Q-Synthome

Biosynthesis of CoQ requires the participation of at least 12 genes in yeast directly 
involved in the synthesis of the quinone ring. Although bacteria (E. coli) adopt a 
linear pathway (Gibson and Young 1978) several lines of evidence strongly support 
the existence of a biosynthetic complex of CoQ6, the Q-synthome.

2.3.3.1  The Nature of Precursors in Null and Point Mutants

A common observation about null COQ mutants (COQ3-COQ9) is the accumula-
tion of HHB (4-hydroxy-3-hexaprenyl benzoate) (Gin et al. 2003; Johnson et al. 
2005; Poon et al. 1997). However, some point mutants in COQ genes accumulate 
the expected intermediate or diagnostic precursor. This effect suggests that most 
Coq proteins show a dual role, catalytic and structural, namely some mutations can 
remove the enzymatic function but the presence of protein in mitochondria supports 
the complex assembly. This behavior has been demonstrated in the COQ7 gene; 
several point mutants such as qm30 or e2519 (Padilla et al. 2004) or E194K (Tran 
et al. 2006) accumulate DMQ6 instead HHB. A similar case was the COQ5 gene 
(Baba et al. 2004).

2.3.3.2  The Steady-State Levels of Coq Proteins in Mitochondria

The steady-state levels of Coq proteins can detect if a possible component of a 
multi-enzymatic complex is absent in mitochondria by a null mutation in another 
gene. It constitutes an indicator of the complex existence. Coq3 protein was the first 
analyzed with this approach basically by the existence of specific antibodies and the 
possibility to measure the O-methyl transferase activity (Hsu et  al. 2000). Other 
studies were performed with other Coq proteins in the laboratory of Dr. C. F. Clarke 
(Baba et al. 2004; Gin and Clarke 2005; Hsieh et al. 2007; Marbois et al. 2009; Xie 
et al. 2012). With these data, it was possible to establish the existence of proteins 
always present in mitochondria independently of the null mutant analyzed, such as 
Coq1, Coq2, Coq5 and Coq8 and the rest of proteins that partially or totally disap-
pear in null mutants. If we consider that if a subunit of a complex cannot be assem-
bled it will be removed and degraded from mitochondria (Arlt 1998; Rugarli and 
Langer 2012), the proteins unaffected in null mutants (Coq1, Coq2, Coq5, and 
Coq8) must be independent to the complex formation.
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2.3.3.3  Detection of Components of Coenzyme Q6 Biosynthesis Complex

The presence of a Coq protein in mitochondria itself does not demonstrate the par-
ticipation in a biosynthetic complex and does not allow to deduce the complex com-
position. To afford the analysis of the composition of the coenzyme Q6 biosynthesis 
complex was used size exclusion chromatography (SEC) and BN-PAGE. Initially, it 
was detected a 700 kDa complex containing Coq3p, Coq4p, Coq6p, and Coq9p but 
no Coq1p or Coq5p using SEC (Hsieh et  al. 2007; Marbois et  al. 2005) and 
BN-PAGE analysis (Marbois et al. 2009; Tauche et al. 2008). Again, using SEC a 
second complex with a high molecular weight (1300 kDa) containing Coq3, Coq4, 
and Coq7 (Marbois et al. 2009; Tran et al. 2006). The CoQ6 complex assembly is 
produced in two steps; the first is the formation of a pre-complex of 700 kDa con-
taining all Coq proteins with enzymatic activity except Coq7. This pre- complex 
accumulates the precursor of Coq7, DMQ6. The second step is the full complex 
assembly after the addition of Coq7 producing CoQ6.

2.3.3.4  The Overexpression Studies

The analysis of Q-synthome composition may be analyzed by overexpression of 
specific components to suppresses the structural defects found in COQ mutants. 
This approach is applicable mainly to regulatory Coq proteins with an unknown 
function. That is the case of COQ8 gene. In COQ7 null mutants (coq7Δ) was no 
assembled the Q-synthome and these strains does not accumulate the expected pre-
cursor, DMQ6. COQ8 overexpression restores in coq7Δstrains DMQ6 accumulation 
(Padilla et al. 2009). That effect is relevant because the Q-synthome stabilization 
(even was impossible to recover the CoQ6 synthesis) can facilitate the discovery of 
bypassing molecules (Pierrel 2017). The addition of vanillic (4-hydroxy-3-me-
thoxybenzoate) acid together with COQ8 overexpression restores the CoQ6 synthe-
sis in a COQ6 null mutant strain (coq6Δ) (Ozeir et  al. 2011). The vanillic acid 
bypassed the lack of Coq6 but COQ8 overexpression made possible the complex 
stabilization required to modify vanillic acid to CoQ6. Using this method, it was 
possible to analyze the accumulation of diagnostic intermediates and the steady-
state levels of Coq proteins after COQ8 overexpression (Xie et al. 2012).

As a summary, a protein complex is required in mitochondria of yeast and human 
to synthesize CoQ, the Q-synthome (Allan et  al. 2015; González-Mariscal et  al. 
2014; Stefely and Pagliarini 2017). This Q-synthome is composed for a subset of 
Coq proteins (Coq3, Coq4, Coq5, Coq6, Coq7, and Coq9) that excludes some pro-
teins involved in the synthesis of hydroxy- hexaprenyl benzoic acid (Coq1 and 
Coq2) and regulatory proteins such Coq8 and Coq11. The initial assembly of 
Q-synthome can be nucleated around Coq4 (Gin and Clarke 2005; Marbois et al. 
2005, 2009) but we do not have direct evidence of this function. The structure of 
cyanobacteria protein Alr8543 has been solved and contains the Coq4 fold (Rea 
et al. 2010). With this structure as a template, it was possible to obtain a homology 
model for yeast (Rea et al. 2010). One interesting observation is that together with 

2 Molecular Structure, Biosynthesis, and Distribution of Coenzyme Q



28

Alr8543 protein co-crystallized one molecule of geranylgeranyl monophosphate in 
a binding pocket. This protein also shows a putative zinc finger chelating a magne-
sium ion. The mapping of several nonsense mutations found in yeast around the 
zinc finger predicted the function of Coq4 as an anchor protein for the poly-isopren-
oid tail of HHB. Around this starting point, the rest of catalytical proteins must be 
arranged resulting in the full Q-synthome. By the Coq4 action, will be nucleated a 
pre-complex of 700 kDa that converts the initial precursor in DMQ6 that is accumu-
lated even in wild-type strains (Padilla et al. 2004, 2009). DMQ6 accumulation must 
be the effect of a regulatory step, no other intermediate is accumulated in yeast. The 
conversion of DMQ6 to CoQ6 requires the assembly of the full complex or 
Q-synthome (of 1300 kDa) after the binding of Coq7. At this point can be intro-
duced Coq9 in the complex (Hsieh et al. 2007; Johnson et al. 2005). Recently, it has 
been demonstrated that Coq9 can recognize isoprenoids lipids and also help Coq7 
to be redirected to the pre-complex (Lohman et al. 2014). However, this picture is 
not complete without a mechanism explaining the regulation of this last step of the 
Q-synthome assembly, a phosphorylation mechanism.

2.3.4  Phosphorylation Events on Coenzyme Q Biosynthesis

Several studies have demonstrated the existence of COQ phosphoproteins; Coq3, 
Coq5 and Coq7 (Martin-Montalvo et al. 2011; Tauche et al. 2008; Xie et al. 2011) 
and also proposed a protein kinase function for Coq8 because in COQ8 null mutants 
strains (coq8Δ) the phosphorylation of Coq3, Coq5, and Coq7 cannot be detected 
and was recovered after the expression of ADCK3, the human homolog of yeast 
COQ8 gene (Xie et al. 2011). ADCK3 rescued phosphorylation but also recover the 
assembly of the Q-synthome and the CoQ6 synthesis (Xie et al. 2012). These data 
supported the hypothesis that Coq8 is a protein kinase required for the Q-synthome 
assembly. However, recent studies demonstrated that human Coq8 ortholog, 
ADCK3 is an unusual kinase that although show cis-autophosphorylation, this 
activity is not relevant for CoQ10 synthesis (Stefely et al. 2015). It was required to 
CoQ10 synthesis but being responsible for Q-synthome assembly. That is a contro-
versial point that can be solved by hard speculation, Coq8/ADCK3 can be required 
to allow the access of an unknown kinase to Q-synthome. This idea is in agreement 
with the recruiting effect of Coq8 on COQ proteins (Padilla et al. 2009; Xie et al. 
2011, 2012), but requires a new gene/protein with kinase activity. Because at this 
time it was not detected, the hypothesis is that kinase activity corresponds probably 
to a general mitochondrial kinase responsible for mitochondrial metabolic regula-
tion and therefore impossible to associate specifically to CoQ6 biosynthesis.

However, we have more information about the regulation by phosphorylation of 
Coq7 in yeast. It has been demonstrated that Coq7 contains three phospho-amino 
acids (S20, S28, and T32) detected by a NetPhos analysis (Ingrell et  al. 2007). 
These phosphosites can be phosphorylated in vitro and the yeast metabolic state 
modify the in vivo phosphorylation state (Martin-Montalvo et  al. 2011). When 
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modifications in Coq7 to remove phosphosites (changes to alanine) were intro-
duced, its expression in a COQ7 null mutant strain increases CoQ6 up to 250%. The 
modification to a permanently charged state (to aspartic and glutamic acids) decrease 
the CoQ6 level to a 50%.

While the putative kinase remains obscure, the phosphatase has been found and 
with extra functions not only in the regulation of CoQ6 biosynthesis. In S. cerevisiae 
the number of phosphatases, 40, is far to the kinase abundance (Sharmin et  al. 
2014). Seven of these 40 phosphatases (Sakumoto et al. 1999) show mitochondrial 
localization (Claros and Vincens 1996). In most cases, the function is known except 
for Ptc7, which belongs to the PPM family. (Jiang et al. 2002a) and participates in 
the osmotic stress response (Runner and Brewster 2003; Sharmin et al. 2014). Ptc7 
show a double localization originated by the presence of an intron (Juneau et al. 
2009). The non-spliced form of Ptc7 is located in the nuclear envelope and it is 
expressed on fermentative conditions of growth while the spliced form is located in 
the mitochondrial matrix after growth with non-fermentative carbons sources. This 
location supports the proposed function as a regulator of CoQ6 biosynthesis. Ptc7p 
dephosphorylates Coq7p in vivo and in vitro (Martin-Montalvo et al. 2013). Ptc7 
dephosphorylated Coq7 phosphorylated in vitro by PKA and the lack of Ptc7 in null 
mutant strains results in the accumulation of phosphorylated Coq7. According to 
previous studies, Pct7 is expressed in non- fermentable carbon sources and in oxida-
tive stress conditions. This supports completely the function of Ptc7 as Coq7-
phosphatase and points out the Ptc7 function as a regulator of CoQ6 biosynthesis. 
However, other studies suggest a function as a general regulator of mitochondrial 
metabolism. Recently, we have demonstrated that Ptc7 is required to support a nor-
mal chronological lifespan extension (CLS) (Gonzalez-Mariscal et  al. 2017). 
However, the shorter lifespan measured in ptc7Δ could not be recovered by the addi-
tion of exogenous CoQ6 supporting that a lower CoQ6 content is not responsible for 
the defect on CLS. The shorter CLS can be produced by a lack mitophagy activation 
detected in ptc7Δ since mitophagy is required to an adequate CLS extension 
(Abeliovich 2011; Sampaio-Marques et al. 2014). Other functions have been added 
to Ptc7 such as regulator of enzymes involved in the TCA cycle. Ptc7 regulates the 
activity of Cit1 but also affect other mitochondrial enzymes, specifically or not 
(Guo et al. 2017). Recently, the double location of Ptc7 has been unveiled, it is regu-
lated by the chromatin-remodeling SWI/SNF complex. This complex down-regu-
lates the expression of ribosomal protein gene (RPG), rich in introns, to release 
spliceosome complexes to other intron-containing genes poorly spliced such as Ptc7 
(Awad et al. 2017). The SWI/SNF complex works as a nutrient sensor, the spliced 
Ptc7 is located in mitochondria and activate mitochondrial metabolism (CoQ6 syn-
thesis among others) but the non-spliced form is located at the nuclear envelope and 
produces active repression of CoQ6 synthesis and mitochondrial metabolism. In 
human, the PTC7 orthologous gene is PPTC7. Recently, it has been demonstrated 
that PPTC7 is a mitochondrial protein-phosphatase that not only participate in 
CoQ10 synthesis regulation but also may be a key regulatory element of mitochon-
drial metabolism (González-Mariscal et  al. 2018). This mitochondrial regulatory 
function has been corroborated after the characterization of a knock-out mouse 
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model of PPTC7 (Niemi et  al. 2019), showing typical markers of mitochondrial 
dysfunction such as hypoketotic hypoglycemia, elevated acylcarnitines, and lactic 
acidosis, accompanied by a significant smaller mitochondrial size and perina-
tal death.

2.4  CoQ Distribution, Transport, and Supplementation

According to its second name (ubiquinone), CoQ is a molecule distributed among 
all organs, tissues, and endomembranes. That fact arises in several questions around 
the CoQ localization, what is the synthesis localization? How can be transported 
among cells and membranes? How can escape from mitochondria? And finally, in 
the opposite direction, what is the nature of the CoQ import in cells?

The above-mentioned questions are crucial not only to understand the function 
of CoQ but also are important to decide general approaches to increase CoQ level in 
patients with CoQ deficiency caused by mitochondrial diseases or in people where 
the CoQ decline with the age. Both approaches are the direct CoQ supplementation 
or the increase of endogenous synthesis.

2.4.1  In Organs and Tissues

2.4.1.1  Distribution

The normal distribution of CoQ among the different organs and tissues was a topic 
analyzed after the discovery of CoQ. The first example of this study (Gale et al. 
1961) analyzed the CoQ10 content in human samples from three donors, being liver 
and heart the organs with the highest amount of CoQ10 while muscle contained a 
moderate amount. In later studies performed in rats (Beyer et al. 1985), again liver 
and heart contained the highest amount of CoQ9 but with aging CoQ9 are increased 
in young rats until 10 months where declines significantly in skeletal muscle tissues 
and heart. A comparative study of lipid levels during aging in humans and rats 
(Kalén et  al. 1989) showed in both organisms that CoQ content increases until 
reaching a maximum in adulthood (30 days for rats and 20 years for human), is 
stabilized and then there is a significant decline in aged organisms in all organs 
analyzed.

In general, it is accepted that CoQ biosynthesis localization in mitochondria. 
Some studies analyzed CoQ levels in mitochondrial samples purified from different 
organs of rats (Battino et al. 1990) demonstrating that mitochondria show a similar 
profile of CoQ9 and CoQ10 that in whole cells, being heart the organ containing the 
highest amount of CoQ. In this case, mitochondrial from muscle show increased 
levels of CoQ9 and CoQ10 compared to other studies. The same study performed in 
mitochondrial pig samples was comparable even in absolute numbers. According to 
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the function of CoQ in cell membranes, others studies were focused on the redox 
state of CoQ in rats and human (Åberg et al. 1992). The distribution in rats organs 
was similar to other studies, being higher in heart, kidney and liver and one third in 
other organs. The amount of CoQ9 was about 80% of total CoQ. In human, the dis-
tribution was like rats but CoQ9 was only a 2–5% of total CoQ. In general, and in 
both organisms CoQ can be found mainly  reduced (70%). In rabbits, CoQ10 was 
distributed in a similar way compared to other mammals (Matsura et al. 1991) with 
the highest accumulation in heart and kidney.

In mammals, CoQ is widely distributed in all organs and tissues, but its concen-
tration is not homogeneous and is related to the function of the organ and better with 
its specific energy requirements.

2.4.1.2  Transport and Supplementation with Exogenous CoQ

Coenzyme Q is differentially distributed in organs and tissues, and this fact can be 
explained by two different mechanisms, (a) by local synthesis, each organ and tissue 
synthesize CoQ and (b) by transport from one biosynthetic organ and from the diet. 
The number of studies about the CoQ synthesis in whole organs is low. Using radio-
labeled precursors it was possible to determine the rate of synthesis in liver and 
brain slices from rat (Andersson et al. 1990). In both cases, there is a net synthesis 
but in the liver was 7.2 times higher. In the same study was reported that the amount 
of CoQ in the liver is double that found in the brain. This study points out a mixed 
mechanism. However, two interesting studies about the pharmacologic regulation of 
CoQ synthesis support the local synthesis mechanism. Lovastatin is a molecule that 
inhibits cholesterol synthesis but also CoQ synthesis because both molecules share 
some biochemical steps of the mevalonate pathway (Goldstein and Brown 1990). 
Lovastatin decreases significantly CoQ10 and CoQ9 levels in heart, blood and liver 
in rats (Willis et al. 1990). In a different sense, peroxisomal inducers such diethyl-
hexylphthalate or DHEP increase the CoQ level in several organs and tissue 
(Turunen et al. 1999a, b). Taken together, these studies agree with a local ability of 
organs to synthesize CoQ: However, it is impossible to discard the existence of a 
CoQ transport mechanism between organs.

Traditionally, CoQ transport has been analyzed by exogenous CoQ10 supplemen-
tation but the murine model of study synthesizes CoQ9 and lesser amounts of CoQ10. 
That is an advantage because exogenous CoQ10 can be differentiated easily from 
endogenous CoQ9. Initial studies in rat demonstrate that exogenous CoQ10 adminis-
trated orally was accumulated mainly in blood and liver (Scalori et  al. 1988). A 
similar result was obtained by the oral and intraperitoneal administration after a 
study of 10 weeks in rats (Rodríguez-Hernández et al. 2009). The administration by 
gastric intubation duplicated the level of CoQ in blood plasma and liver after 4 days 
but exogenous CoQ10 was not detected in other organs such as the heart or kidney 
(Zhang et  al. 1995). The previous study was a  short-term study but a long-term 
one in rats and mice obtained similar results, a significant increase in blood and liver 
but not in other organs (Lönnrot et al. 1998). Additionally, this CoQ10 long-term 
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administration did not improve mice lifespan. In other studies in mice, CoQ increase 
was detected in isolated mitochondria such as liver, kidney, and heart but not in 
whole organs (Lass et al. 1999). The derivatization of exogenous CoQ10 to succinyl-
CoQ10 or acetyl-CoQ10 improves the solubility of these molecules compared to 
CoQ10 and also increased significantly the uptake by blood plasma and liver but 
again no evidence of CoQ10 uptake was found in other organs (Turunen et al. 1999a, 
b). In another supplementation study in rats, CoQ10 plasma concentration was 
increased dramatically while the increase in organs such as kidney, liver, and brain 
was slightly but significant and no uptake was detected in the muscle (Kwong et al. 
2002). Supplementation is a useful method to increase levels of CoQ10 in plasma 
and liver but fail as mechanisms to increase CoQ10 in other organs. One explanation 
of this effect is that exogenous CoQ10 can inhibit the endogenous synthesis of CoQ10 
that also is synthesized by murine cells, being impossible to differentiate exogenous 
and endogenous CoQ10. Although several studies of CoQ10 supplementation dis-
carded the inhibitory effect on CoQ9 synthesis (Turunen et al. 1999a, b; Zhang et al. 
1995) a study of supplementation with radiolabeled CoQ10 (Bentinger et al. 2003) 
demonstrated that higher amounts of C14-CoQ10 were found in blood and liver and 
lower concentrations in adrenals glands, ovaries, thymus, and heart. No uptake was 
detected in kidney, muscle, and brain. That supports the idea that liver seems to be 
the endpoint of CoQ10 uptake in mammals. The liver may work as a buffer system 
to accumulate the excess of diet CoQ10. In fact, in some studies, the exogenous CoQ 
was accumulated in lysosomes (Zhang et al. 1995) and transport vesicles of hepato-
cytes (Bentinger et al. 2003). However, supplementation of CoQ10 is a therapeutic 
strategy to the treatment of a CoQ10 deficiency in humans with neurological (Quinzii 
et al. 2005; Salviati et al. 2005) and muscular disorders (Di Giovanni et al. 2001; 
Horvath et al. 2006). This fact demonstrated that exogenous CoQ10 orally adminis-
tered can be redirected to cerebellum or muscle. The main difference between stud-
ies of CoQ10 uptake in a murine model and human patients is the existence of a 
deficiency. It is possible that in organs with plenty of CoQ9 or CoQ10 was impossible 
to relocate more CoQ in membranes being blood plasma and liver, the storage sys-
tem to accumulate the excess of CoQ10. Mice heterozygous mutant of the COQ7 
gene shows mitochondrial defects but no CoQ deficiency was detected (Lapointe 
et al. 2012). Only was found a low level of CoQ at inner membranes. CoQ10 supple-
mentation improves mitochondrial function and inner membrane CoQ10 recovery, 
which demonstrates that CoQ10 uptake was functional. Some authors suggest that 
the lack of CoQ10 uptake in murine models is produced by a negative interaction 
between the native CoQ9 and the exogenous CoQ10 (Miles 2007). In a study using 
radiolabeled CoQ10 in the Guinea pig model CoQ10 uptake was detected in all tissues 
and organs analyzed (Yuzuriha et al. 1983) after intravenous supplementation. That 
results are completely different compared to murine model but in this case, Guinea 
pigs show a more balanced CoQ production with a 53% of CoQ10 and a 47% of 
CoQ9 (Lass et al. 1997).

A final question is the role of the liver in the distribution of CoQ10 synthesized in 
the same liver, accumulated from the diet or after supplementation. CoQ10 of diet or 
supplemented can be absorbed in the intestine as other lipids by a well-known way 
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for CoQ10 (Miles 2007). This CoQ10 was accumulated finally in chylomicrons as 
part of plasma lipoproteins. CoQ10 can be detected in plasma 1–2 h after the inges-
tion with a peak of about 6 h (Miles et al. 2002). There are not abundant studies 
about CoQ distribution in the different type of lipoproteins. Endogenous CoQ can 
be located in lipoproteins both in rat and human plasma, being the proportion of 
CoQ10 in human HDL of a 63% and of CoQ9 in the rat of a 18% (Elmberger et al. 
1989) although this data is not uniform because in other studies the proportion of 
CoQ10 in HDL from human plasma is of 26% (Tomasetti et  al. 1999). However, 
HDL carries free cholesterol from peripheral cells to the liver (Zhou et al. 2015) 
while the lipoprotein responsible to transport lipids from the liver to peripheral 
organs are LDL and VLDL. The different fractions of LDL increased significantly 
(350%) the amount of CoQ10 after the oral supplementation (Alleva 1995), which 
demonstrate that CoQ10 becomes ready to be transported to the rest of organs. The 
reason that explains the ineffectiveness of CoQ10 uptake as therapy in some patients 
with CoQ10 deficiency may be probably caused by the specific features of the pathol-
ogy better than by a general problem of CoQ10 transport.

2.4.2  In Cell Membranes

The most important function of CoQ is the electron transport between mitochon-
drial complexes and in fact, it is one of the endomembranes in which it is accumu-
lated largely. However, CoQ appears distributed among cell membranes with a 
variable concentration. In the yeast Saccharomyces cerevisiae, several studies 
showed that CoQ6 can be detected in all membranes analyzed (Padilla et al. 2004; 
Santos-Ocaña et al. 1998, 2002). The highest concentration can be detected in mito-
chondria, mitochondria- associated membranes (MAM) and vacuole. In mammalian 
models such as rat liver (Kalén et al. 1987; Takahashi et al. 1993) was found a simi-
lar profile with an important difference, Golgi complex showed the highest CoQ9 
concentration (2.62 μg/ mg protein) followed by lysosome (1.86 μg/ mg protein) 
and mitochondria (1.4  μg/mg protein). In a second study performed in rats 
(Takahashi et al. 1993) mitochondria are the most enriched membrane in CoQ9 far 
away from lysosome and Golgi complex. The same analysis was done in kidney and 
in this case mitochondria is again the most enriched membrane followed by the 
nuclear envelope. In mice, again mitochondria showed the highest concentration 
and lysosome was the second location (Bentinger et al. 2012). In rabbits, mitochon-
dria showed the highest accumulation of CoQ10 followed by nuclei (Matsura 
et al. 1991).

Mitochondria, in general, seems to be the richest membrane in CoQ. This fact 
can be explained by the CoQ functions in mitochondria; electron transport, 
β-oxidation (Frerman 1988), pyrimidine synthesis (Lass et al. 1997), UCP activa-
tion (Echtay et al. 2000), and mPTP opening (Fontaine et al. 1998) but more func-
tions have been demonstrated in other membranes such as plasma membrane and 
lysosome. In plasma membrane CoQ is required as antioxidant as per se 
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(Fernández-Ayala et al. 2000; Villalba et al. 1997) or by recycling other antioxidant 
molecules such as ascorbate (Arroyo et al. 2004; Gómez-Díaz et al. 1997; Rodriguez- 
Aguilera et  al. 1993; Santos-Ocaña et  al. 1995) and in several type of cells 
α-tocopherol (Kagan et al. 1998a, b). The high sensitivity of the oxidative stress 
generated by linolenic acid is a common feature of yeast mutants in CoQ6 biosyn-
thesis (Do et al. 1996; Poon et al. 1997). In plasma membrane from different sources, 
some enzymes can maintain CoQ in its reduced state, the protective state, using 
NAD(P)H as the electron donor (Santos-Ocaña et  al. 1998; Villalba et  al. 1995, 
1997). Examples are the NADPH-CoQ reductase or the NADH-cytochrome b5 
reductase, that can block apoptosis by the inactivation of neutral- sphingomyelinase 
(Navas et al. 2002). Since yeast has been demonstrated that a plasma membrane 
NADH-cytochrome b5 reductase can regulate respiratory metabolism reducing CoQ 
and oxidizing NADH and a the same time produces chronological lifespan exten-
sion (Jiménez-Hidalgo et al. 2009). In the lysosome, CoQ is a component of a sec-
ond membrane redox system (Gille and Nohl 2000). This system contains a b-type 
cytochrome reductase that transfers electrons from cytosolic NADH to CoQ (Nohl 
and Gille 2002) with the function of maintaining a low pH inside pumping protons 
from the cytosol.

This functional location of CoQ in several membranes put in evidence two new 
questions; the subcellular location of CoQ biosynthesis and in just in case of a sin-
gle synthesis location, the mechanisms required to transport CoQ from the site of 
synthesis to cellular membranes.

2.4.3  Biosynthesis Localization

As was indicated in the previous section, CoQ biosynthesis is produced by several 
proteins assembled in a large enzymatic complex located in the mitochondria. It is 
necessary to indicate that CoQ synthesis is the final product of a large pathway that 
share branches with the mevalonate pathway (synthesis of active poly-isoprenoid) 
and with the metabolisms of aromatic amino acids (synthesis of aromatic ring). 
Here we are going to analyze only the CoQ specific pathway that starts with the 
condensation of the poly-isoprenoid tail with the precursor of the aromatic ring, the 
4-hydroxy benzoate or p-HB. Now, several pieces of evidence support that mito-
chondria are the location of CoQ biosynthesis in eukaryotic cells:

 (a) In all models, mitochondria are the most CoQ-enriched membrane in the cell.
 (b) Biochemical studies: Most of the data about CoQ synthesis come from the yeast 

model. All proteins in yeast involved in CoQ synthesis were found in mitochon-
dria by classic biochemical methods. The exact submitochondrial localization 
was previously published. Most human CoQ proteins are orthologous of yeast 
CoQ-proteins that can complement the defects of respiratory growth showed by 
yeast mutants. Also, these human CoQ-proteins has been located in 
mitochondria.
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 (c) Topological prediction studies: Most of the proteins show a typical mitochon-
drial leader sequence and also the protease target in yeast (Jonassen and 
Clarke 2001).

 (d) In yeast, the multi-enzymatic complex responsible for CoQ synthesis 
(Q-synthome) is located in mitochondria (Allan et al. 2015; Marbois et al. 2009).

 (e) In yeast, the Q-synthome complex is an example of the interaction of several 
mitochondrial proteins (interactome) (Floyd et al. 2016).

 (f) In human cells, the CoQ10 synthesis labeling performed with [14C]-pHB demon-
strated that the first signal of synthesis is located in mitochondria (Fernández-
Ayala et al. 2005).

 (g) In rat liver slices was synthesized the first ubiquinone-like intermediate of the 
pathway at the mitochondrial inner membrane (Momose and Rudney 1972).

In the past, the CoQ synthesis location was subject to controversy. Using radio-
labeled precursors of the isoprenoid tail and the aromatic ring it was possible to 
detect the CoQ9 synthesis in rat liver (Kalén et al. 1987). In this study was analyzed 
the location of the new synthesized CoQ9 by a time-chase experiment. Although 
radiolabeled CoQ9 was located initially in mitochondria and endoplasmic reticulum 
(ER), in the short term a higher rate was detected in the ER while long-term was 
accumulated in mitochondria. This idea of ER synthesis was supported by studies 
that detected the highest nonaprenyl-4-hydroxybenzoate transferase activity in the 
endoplasmic reticulum and Golgi complex (Kalén et al. 1990; Teclebrhansp et al. 
1993), activity for which protein COQ2 is responsible for human (Forsgren et al. 
2004; López-Martín et al. 2007) and yeast (Ashby et al. 1992). To support this loca-
tion on endoplasmic reticulum was argued that was detected the full molecule (no 
intermediates) and that was not defined a way of transport between mitochondria 
and ER (Kalén et al. 1987). Also, it was argued a dual location mitochondria- ER to 
support both CoQ requirements. However, two objections can be raised. The first is 
that have been described a way of lipid transport between mitochondria and ER, the 
membrane contacts (Rusiñol et al. 1994) associated to a new membrane fraction 
named mitochondrial-associated membranes (MAM) (Achleitner et al. 1999; Gaigg 
et al. 1995). This MAM fraction is a membrane with a mixed membrane composi-
tion that contains a high concentration of CoQ6 in yeast (Padilla-López et al. 2009), 
and  that participate in phospholipid transport between both organelles (Rowland 
and Voeltz 2012; Scharwey et al. 2013). It is possible that the origin of initial accu-
mulation of radiolabeled CoQ found in ER was the transient accumulation in MAM 
in transit to the endomembrane system. The ER fractions purified in this study prob-
ably contained the MAM fraction that was not yet defined at the time of the study. 
A second objection is the methodology approach of the study, the detection of new 
radiolabeled CoQ9 that is produced in a mitochondrion plenty of CoQ9. It is possible 
that the new CoQ9 was readily exported to the endomembrane system better that 
accumulated on mitochondria that probably contains already a balanced amount 
of CoQ9.

The evidence of a way to transport CoQ from mitochondria to the endomem-
brane system open a new question, how CoQ can reach the different membranes? A 
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study with a radiolabeled precursor of CoQ ([C14]-pHB) demonstrated that endo-
membranes are sequentially enriched in CoQ following the typical direction of 
vesicle movement of from ER to the plasma membrane (Fernández-Ayala et  al. 
2005). The participation of the vesicle membrane traffic system was demonstrated 
by the inhibition obtained after the treatment with brefeldin E. In the yeast model 
has been demonstrated also the participation of the vesicle membrane traffic system. 
A general feature of yeast mutants of CoQ6 synthesis is the rescue with exogenous 
CoQ6 (Jonassen and Clarke 2001) but not all genetic backgrounds can be rescued 
(Santos-Ocaña et al. 2002). These non-rescued backgrounds (EG103 and FY250) 
show defects on the vesicle traffic pathway. In rescuable backgrounds such as 
BY4741, null mutant strains in genes involved in endo/exocytosis (VPS45, TLG2, 
PEP12, and ERG2) the rescue with exogenous CoQ6 is not possible (Padilla-López 
et  al. 2009). Together, these data support the requirement of the endomembrane 
vesicle traffic system to the export/import of CoQ from/to endomembranes.
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Chapter 3
Coenzyme Q Function in Mitochondria

Maria Luisa Genova and Giorgio Lenaz

Abstract In this chapter we provide a review with a focus on  the function of 
Coenzyme Q (CoQ, ubiquinone) in mitochondria. The notion of a mobile pool of 
CoQ in the lipid bilayer as the vehicle of electrons from respiratory complexes has 
somewhat changed with the discovery of respiratory supramolecular units, in par-
ticular the supercomplex comprising Complexes I and III; in such assembly the 
electron transfer is thought to be mediated by direct channelling, and we provide 
evidence for a kinetic advantage on the transfer based on random collisions. The 
CoQ pool, however, has a fundamental function in establishing a dissociation equi-
librium with bound CoQ, besides being required for electron transfer from other 
dehydrogenases to Complex III. CoQ bound to Complex I and to Complex III is also 
involved in proton translocation; although the mechanism of the Q-cycle is well 
established for Complex III, the involvement of CoQ in proton translocation by 
Complex I is still debated. This review also briefly examines some additional roles 
of CoQ, such as the antioxidant effect of its reduced form and its postulated action 
at the transcriptional level.

Keywords Coenzyme Q · Respiratory chain · Supercomplexes · Channelling · 
Electron transport

3.1  Introduction: Physical and Chemical Properties 
of Coenzyme Q

This chapter is  a review with a focus on the role of Coenzyme Q (CoQ) in mito-
chondrial bioenergetics, therefore other functions related to CoQ molecules engaged 
in extra-mitochondrial reactions or not directly related to mitochondrial energy con-
version are not considered here in detail. To this purpose it is useful to briefly remind 
some properties of CoQ that are relevant to its function (Lenaz and Genova 2010, 
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Genova and Lenaz 2011). CoQ exists in three redox states, fully oxidized (ubiqui-
none, Q), semiquinone (ubisemiquinone, SQ), and fully reduced (ubiquinol, QH2). 
In addition, the existence of different possible levels of protonation of the quinone 
ring increases the possible redox forms although only six states can be experimen-
tally detected in biological environments like in bulk lipid phases or in the catalytic 
site of proteins (Fig. 3.1). In fact, due to its extreme hydrophobicity, natural CoQ 
(CoQ10 in humans) can be present in three physical states: forming micellar aggre-
gates, dissolved in lipid bilayers, and bound to proteins. Although the former state 
may be experimentally important (Fato et al. 1986), in the living cell CoQ is distrib-
uted among the other two states.

The extent to which CoQ is bound to mitochondrial proteins is an important 
parameter in its function. If we consider bound CoQ in a 1:1 stoichiometry with the 
mammalian mitochondrial respiratory complexes interacting with the quinone (i.e. 
Complex I, Complex II and Complex III), in beef heart mitochondria (BHM) we 
come up to about 0.35 nmol CoQ10/mg protein. Since these enzymes may possess 
more than one bound CoQ molecule and other enzymes feeding electrons to the 
respiratory chain may also have bound CoQ molecules, this figure may become 
higher. However, the total content of CoQ in BHM (Capaldi 1982) is much higher 
than such estimation therefore we must assume that most CoQ is free in the mem-
brane bilayer. Indeed, a direct study (Lass and Sohal 1999) of the amount of CoQ 
bound to mitochondrial proteins in five different mammalian species showed that 
the protein-bound aliquot ranges between 10% and 32% of total CoQ.

It has been assumed for long time that the shape of the CoQ molecule is linear, 
with some possibility of rotation allowed for the long isoprenoid tail. Bending of the 
molecule (Lenaz 1988) is confirmed by linear dichroism studies (Samorì et al. 1992) 
of its location in the hydrophobic mid-plane of the lipid bilayer, with the polar head 
and the proximal segment of the tail (about the third isoprene unit) oscillating 
between the mid-plane (i.e. wholly linear shape of the molecule) and the polar heads 

Fig. 3.1 Possible redox and protonation states of quinone molecules. The benzoquinone ring 
can exist in several redox states. The states that can be detected experimentally in solution or in 
catalytic sites of proteins are shown in black. Gray represents the states not present in biological 
environment. Vertical and horizontal arrows denote steps of protonation and reduction of the mol-
ecules, respectively. The transition between oxidized (UQ) and reduced (UQH2) form involves 
formation of semiquinone intermediates which are unstable oxygen-centred free radicals (cf. 
Gunner et al. 2008; Sarewicz and Osyczka 2015).‘n’ indicates the number of isoprenoid units in 
the side-chain (e.g. n = 9 in mice and n = 10 in humans)
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of the membrane phospholipids (i.e. maximal bending of 90°). This model allows 
for movement of the redox centre of CoQ, which is required for the interaction with 
the redox centres that are situated in the partner mitochondrial complexes at the 
level of the hydrophilic heads of the membrane phospholipids (Xia et  al. 1997; 
Tocilescu et al. 2010).

A computer simulation of molecular dynamics of CoQ homologues in the vac-
uum showed that the lowest energy level for both oxidized and reduced quinones is 
characterized by a folded conformation, where the polar head is in tight contact with 
the last isoprenoid unit of the hydrophobic tail (Di Bernardo et al. 1998). We sug-
gested that a folded conformation may also apply to CoQ in the hydrophobic inte-
rior of natural membranes; the suggestion is supported by the experimental 
demonstration by magnetic resonance techniques that ubisemiquinones are folded 
in organic solvents (Joela et al. 1997). A neutron diffraction study (Seelert et al. 
2009) localized CoQ10 in the membrane midplane, although the actual shape could 
not be defined.

Galassi and Arantes (2015) have presented molecular dynamics simulations of 
several ubiquinone homologs with variable isoprenoid tail lengths complexed to 
single-component phosphatidylcholine bilayers. Free energy profiles for ubiqui-
none insertion in the lipid bilayer allow for the determination of the equilibrium 
location of ubiquinone in the membrane as well as for the validation of the simula-
tion model by direct comparison with experimental partition coefficients. A detailed 
analysis of structural properties and interactions shows that the ubiquinone polar 
head group is localized at the water-bilayer interface at the same depth of the lipid 
glycerol groups and oriented normal to the membrane plane. Both the localization 
and orientation of ubiquinone head groups do not change significantly when increas-
ing the number of isoprenoid units. The isoprenoid tail is extended and packed with 
the lipid acyl chains. For ubiquinones with long tails, the terminal isoprenoid units 
have high flexibility.

The results of Galassi and Arantes (2015) are in qualitative agreement with the 
results of atomistic molecular dynamics simulations performed by Kaurola et al. 
(2016) in order to assess the interactions of ubiquinone and its analogues with their 
immediate surroundings in a many-component lipid bilayer that mimics the inner 
mitochondrial membrane including cardiolipin (CL). Kaurola et al. (2016) showed 
that there is a strong tendency of both quinone and quinol molecules to localize in 
the vicinity of the lipid acyl groups, right under the lipid head group region and that 
there is also a location in the middle of the bilayer where the oxidized quinone mol-
ecules tend to stabilize and diffuse freely along the membrane normal direction of 
the lipid bilayer (Z-direction) up to a distance of ~1.5 nm, allowing the quinone 
headgroup to flip very fast (in 10–100 ns time scale) and to translocate from one 
side of the bilayer to the other. This characteristic is critical for the optimal turnover 
of the entire electron transport chain, since a quinone molecule formed upon oxida-
tion at the P-side of the inner mitochondrial membrane (e.g. by activity at the Qo- 
site of Complex III) will undergo a flip to reach the N-side and be reduced by 
Complex I or by the Qi-site of Complex III. Ubiquinol was also found to translocate 
through the lipid bilayer, but with a time scale at least one order of magnitude 
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slower. It is interesting to point out that the flipping of ubiquinol takes place in the 
neighbourhood of CL molecules (Fig. 3.2) whereas the simulation of Kaurola et al. 
(2016) showed practically no interactions of ubiquinone with di-18:2-PE 
(DLPE) and CL.

The cyclohexane/water partition coefficients of different quinones are a function 
of their hydrophobicities (Braun et al. 1986; Rich and Harper 1990). An additional 
consequence of the high hydrophobicity of ubiquinones, related to their partition 
coefficients, is their extent of solubility in monomeric state (Battino et  al. 1986; 
Lenaz 1998); water insolubility is particularly serious a phenomenon for oxidized 
quinones, as in determination of Complex I activity. An important consideration 
concerning the use of ubiquinones as substrates is their reaction with the partner 
enzymes from within the lipid bilayer: a method to determine the true membrane 
Km (Michaelis constant, expressed as quinone concentration in the membrane) and 
the lipid/water partition coefficients was described by steady-state kinetic measure-
ments at varying phospholipid fractional values in the assay medium (Fato 
et al. 1988).

The lateral diffusion of CoQ in lipid bilayers has received particular attention in 
the past in relation to its role as a small component of the mitochondrial respiratory 
chain that, according to the ‘random collision model’ of electron transfer proposed 
by Hackenbrock et al. (1986), undergoes considerably faster lateral diffusion com-
pared to the macromolecular respiratory complexes and that, together with cyto-
chrome c, assures electron transfer by random collisions with its partner enzymes 
(cf. also Sect. 3.2). In addition, Hackenbrock et al. (1986) suggested that CoQ dif-
fusion in the mitochondrial membrane is the rate limiting step in the whole electron 
transfer process. However, our kinetic studies provided evidence against diffusion 
control of CoQ-linked reactions (Lenaz and Fato 1986).

A variety of techniques have been employed to measure the lateral diffusion of 
CoQ homologues in lipid bilayers and in natural membranes, yielding a broad range 
of values for the diffusion coefficients (D1). Collision-dependent methods measur-
ing lateral diffusion in the nm scale include excimer formation and fluorescence 
quenching, whereas methods based on the redistribution of probe molecules mea-
sure diffusion on a μm scale for which the preferred technique is fluorescence 

Fig. 3.2 Snapshots illustrating the translocation of quinol through a lipid bilayer. Quinol is 
shown in yellow, tetra-18:2-CL in white, DLPC in light blue, and DLPE in dark blue. (Reprinted 
from Kaurola et al. (2016), Copyright 2016, with permission from Elsevier)
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recovery after photobleaching (FRAP). Exploiting the FRAP technique with fluo-
rescent labelled ubiquinone analogues, diffusion coefficients were calculated in 
mitochondrial membranes in the range of 10−9  cm2/s (Hackenbrock et  al. 1986; 
Rajarathnam et al. 1989). It is worth noting that the FRAP technique requires chem-
ical modification of the CoQ molecule by covalent binding of fluorescent reporter 
groups, thus increasing the size and hydrophilicity of CoQ. For that reason, some 
doubts arise on the very low values of D1 found in the FRAP experiments 
(Lenaz 1988).

On the other hand, exploiting collisional fluorescence quenching of membrane- 
partitioned fluorophores by genuine oxidized CoQ homologues, Fato et al. (1986) 
calculated diffusion coefficients in the range of 10−6–10−7 cm2/s in both liposomes 
and mitochondrial membranes. Values of the order of 10−7 cm2/s were also calcu-
lated in the simulation study of Galassi and Arantes (2015) for different ubiquinones 
in a lipid bilayer.

3.2  Organization of the Respiratory Chain: 
Historical Outline

In the early '60s, Hatefi et al. (1962a) accomplished the systematic resolution and 
reconstitution of four respiratory complexes from mitochondria, i.e. NADH- 
Coenzyme Q reductase (Complex I, CI), succinate-CoQ reductase (Complex II, CII), 
ubiquinol-cytochrome c reductase (Complex III, CIII) and cytochrome c oxidase 
(Complex IV, CIV) and led Green and Tzagoloff (1966) to postulate that the overall 
respiratory activity is the result of both intra-complex electron transfer between 
redox components having fixed steric relation and, in addition, of inter-complex 
electron transfer ensured by rapid diffusion of the mobile components acting as co- 
substrates, i.e. CoQ and cytochrome c (cyt. c). This proposal was substantially con-
firmed over the following years by a variety of kinetic and structural studies, leading 
Hackenbrock et al. (1986) to postulate the “Random Collision Model of Electron 
Transfer”. The organization of the respiratory chain represented a major research 
subject in the 1970–1980s, culminating with acceptation of the random collision 
model by the majority of investigators in the field.

Recent experimental evidence obtained with newly developed techniques has 
replaced the random collision model of electron transfer with a model of supramo-
lecular organisation based upon specific interactions between some of the respira-
tory enzymes, and leading to the acquisition of new properties (substrate channelling, 
supramolecular assembly, morphological organisation of the respiratory chain) that 
were unpredictable in the earlier reductionist approach.

However, a retrospective analysis of the literature reveals that the idea of supra-
molecular associations between respiratory enzymes has been present since the 
early times, dating from the original view of Chance and Williams (1955), who 
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depicted the respiratory chain as a solid-state assembly of the prosthetic groups 
known up to then (i.e. only flavins and cytochromes) in a protein matrix (Fig. 3.3).

Contrary to common recollection, evidence against a random distribution of 
respiratory complexes also derived from the same early investigations of Hatefi 
et al. (1962b) that brought to the isolation of the respiratory complexes: in fact, dur-
ing isolation of the CI and CIII it was reported that units of CI-plus- CIII were also 
present, indicating that those two respiratory complexes may be preferentially asso-
ciated in the native membrane. The authors of these studies were well aware that 
such preferential structural associations are physiological and reveal the existence 
of functional supramolecular units of electron transfer. In their paper on the recon-
stitution of the electron transfer system from individual respiratory complexes, 
Hatefi et al. (1962a) showed that the four primary enzyme systems (i.e. CI to CIV) 
may be suitably combined to form supramolecular units capable of catalysing the 
sum of the reactions catalysed by the respective enzyme components. A careful 
examination of these pioneering papers allows one to conclude that specific supra-
molecular assemblies composed of respiratory complexes (i.e. supercomplexes, 
SCs), as well as the entire NADH oxidase (i.e. the respirasome, see later), had been 
isolated and reconstituted. Nevertheless the possible contradiction between the 

Fig. 3.3 Scheme of the respiratory assembly as originally drawn by Lehninger (1965) accord-
ing to the early model of Chance and Williams (1955). D reduced diphosphopyridine nucleotide, 
FP flavoprotein, SD succinate dehydrogenase, b, c, a, a3 designate the corresponding cytochromes, 
X, Y, Z designate hypothetical high-energy intermediates that were suggested to serve for donating 
high-energy phosphate groups to ATP generation
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report of functional SCs and the model of Green and Tzagoloff (1966) of free com-
plexes linked by mobile components was not reported or discussed at that time.

The publication of the fluid mosaic model of membranes (Singer and Nicolson 
1972) strongly influenced the researchers involved in the study of mitochondrial 
membranes, and this is probably the reason why the random collision model of 
Hackenbrock et al. (1986) was so well and uncritically accepted.

There were, however, a few reports before the year 2000 on the possible presence 
of specific associations between respiratory complexes, either fixed (Ozawa et al. 
1987) or dynamic (Hochman et al. 1985).

A drastic change occurred in 2000 when Schägger and Pfeiffer (2000) applied 
the previously introduced technique of polyacrylamide gel electrophoresis under 
non-denaturing conditions (Blue-Native Polyacrylamide Gel Electrophoresis, 
BN-PAGE) to digitonin-solubilized yeast and mammalian mitochondria. The newly 
discovered supramolecular associations were considered to represent the physiolog-
ical state of the respiratory complexes. In the same paper the authors also described 
a dimeric state for the ATP-synthase complex.

Today the evidence of SCs association of the respiratory chain is well consoli-
dated (Lenaz et al. 2016), although their possible relation with a random distribution 
of the individual complexes is not completely clarified (Acín-Peréz et  al. 2008; 
Genova and Lenaz 2013, 2014; Enriquez and Lenaz 2014). This aspect will be 
widely discussed subsequently in this chapter.

3.3  An Aliquot of Coenzyme Q Is Segregated 
in Respiratory Supercomplexes

Employing BN-PAGE in digitonin-solubilized mitochondria of Saccharomyces 
cerevisiae, which possesses no CI, Schägger and Pfeiffer (2000) revealed two bands 
with apparent masses of ~750 and 1000 kDa, each containing the subunits of both 
CIII and CIV. Similarly, in bovine heart mitochondria, CI–CIII interactions were appar-
ent from the presence of CI in the form of the SC I1III2, which was also found further 
assembled into larger assemblies (respirasomes, SC I1III2IV1–4) comprising different 
copy numbers of CIV (Schägger and Pfeiffer 2001). Only 14–16% of total CI was 
found in free form suggesting that all CI is bound to CIII in the absence of detergents. 
The initial criticism that SC may be an artefact observed because of mild detergents 
like digitonin used in the solubilisation procedure was largely abated by evidence 
that purified SCs are stable, catalytically active stoichiometric units (Schägger and 
Pfeiffer 2000; Acín-Peréz et al. 2008).

Some SCs have been purified and analysed by negative-stain electron micros-
copy (Schäfer et al. 2006) and single-particle cryo-EM (Althoff et al. 2011; Dudkina 
et al. 2011, Mileykovskaya et al. 2012). The 1.7 MDa bovine heart SC consists of 
one copy of CI, one CIII dimer, and one CIV monomer. X-ray structures of the com-
ponent complexes were fitted to the 3D map to produce pseudo-atomic models of 
the bovine respirasome showing that CIII interacts with both CI and CIV (Fig. 3.4), 
the latter being absent in the smaller SC I1III2 of approx. 1.5 MDa.
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Fig. 3.4 Bovine mitochondrial SC I1III2IV1. (a) Fitted model by single particle cryo-EM. (PDB 
ID: 2YBB; Althoff et al. 2011); (b) side view and (c) view from the intermembrane space (IMS) 
showing two CL molecules (in yellow) in the cavity of each monomer of Complex III formed by 
cytochromes c1 and b (Mileykovskaya and Dowhan 2014). MA denotes the mitochondrial matrix. 
(Reprinted from Lenaz et al. (2016), Copyright 2016, with permission from Elsevier)
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Interactions between respiratory chain complexes within SCs depend on protein- 
cardiolipin (CL) interactions (Mileykovskaya and Dowhan 2014). SCs have 2–5 nm 
gaps at the transmembrane interfaces of the individual complexes (Fig. 3.4C). These 
gaps lie within the membrane imbedded domains of the SC and are therefore most 
likely filled with lipids. The mammalian SC has larger gaps than the yeast SC 
(Althoff et al. 2011; Dudkina et al. 2011; Mileykovskaya et al. 2012). In Barth syn-
drome patients, where cardiolipin remodelling is altered due to the mutation of the 
gene Tafazzin, SCs are unstable, leading to the mitochondrial functional impair-
ment that underlies the disease (McKenzie et al. 2006). Direct involvement of CL in 
the formation of SC was demonstrated in genetically manipulated strains of S. cere-
visiae in which the CL content can be regulated in vivo (Zhang et  al. 2002). 
BN-PAGE of digitonin extracts of mitochondria revealed that yeast mutants com-
pletely lacking CL did not form the SC III2IV2 as observed in the wild type parental 
strain, whereas the total amount of individual respiratory complexes was not affected 
by the lack of CL (Zhang et al. 2002; Pfeiffer et al. 2003). However, no experimen-
tal evidences about CI-containing SCs could be obtained in these studies, since 
S. cerevisiae lacks CI.

In the case of bovine respirasome it was suggested that the lipid filled space 
between CI and CIII could serve as a diffusion microdomain, which restricts move-
ment of CoQ facilitating its channelling inside the SC. This hypothesis is also con-
sistent with the spatial arrangement of the individual complexes in the architecture 
of ovine (Letts et al. 2016) and porcine (Gu et al. 2016) supercomplexes as recently 
determined by near atomic cryo-electron microscopy.

The importance of lipid composition in the stabilization of CI-containing SCs is 
supported by our results showing that both the stability of SC I1III2 from bovine 
heart and its NADH-cytochrome c oxidoreductase activity are hampered by recon-
stitution of CoQ10-enriched proteoliposomes at high lipid to protein ratio (30:1 w:w) 
(Genova et al. 2008; Maranzana et al. 2013). On the contrary, SC I1III2 and efficient 
NADH-cytochrome c oxidoreductase activity may be preserved when similar high- 
lipid proteoliposomes are enriched with 20% CL (w:w), resembling the percent 
content of cardiolipin in the mitochondrial membrane (M.  Kopuz, Y.  Birinci, 
S. Nesci, G. Lenaz and M.L. Genova, unpublished data). A likely explanation is that 
dilution of native protein-bound CL in the excess exogenous lipids is counteracted 
by increasing the CL content in the proteoliposomes, thus shifting the equilibrium 
to CL binding to protein.

Recently SCs from bovine heart mitochondria were separated by sucrose density 
gradient centrifugation (Shinzawa-Itoh et al. 2016). The SC sample did not contain 
cytochrome c but did contain complexes I, III, and IV at a ratio of 1:2:1, 6 molecules 
of CoQ10, and 623 atoms of phosphorus. When cytochrome c was added in the solu-
tion, the SC sample exhibited KCN-sensitive NADH oxidase activity, confirming 
both the previous studies of Acín-Peréz et al. (2008) on the respiratory activity of 
SCs isolated from BN-PAGE bands and the analogous studies of Stroh et al. (2004) 
on the respirasome from P. denitrificans.

Despite recent experimental advances in our capability to characterize and 
describe redox proteins in respiratory SCs, two particular challenges need to be met: 
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determine how the intermolecular redox reactions are coordinated with intramo-
lecular redox reactions and how redox reactions are coordinated with other chemi-
cal events catalysed by SCs such as proton transfer or substrate binding and release 
(cf. Various authors (2015) and Letts et al. (2019) for further review).

3.4  Evidence for Coenzyme Q Channelling Between 
Complex I and Complex III

The question whether the respiratory SCs provide a functional advantage on respira-
tion is not a trivial one, since it may have profound consequences on physiological 
regulation of metabolic fluxes and on pathological alterations of mitochondrial 
bioenergetics.

After the discovery of SCs it was proposed that the natural role of such assem-
blies is substrate channelling (Ovàdi 1991) in inter-complex electron transfer; this 
means direct transfer of electrons between the active sites of two enzymes catalys-
ing consecutive reactions by successive reduction and reoxidation of the intermedi-
ate substrate without its diffusion in the bulk medium.

3.4.1  Structural Evidence

Some evidence for possible channelling comes from the 3D structure of the mito-
chondrial SC I1III2IV1 (cf. Figure 3.1 in Sect. 3.3); a unique arrangement of the three 
component complexes indicates the pathways along which ubiquinone and cyto-
chrome c can travel to shuttle electrons between their respective protein partners. 
The available data suggest that the binding sites for CoQ reduction in CI (Baradaran 
et al. 2013) and for CoQ reoxidation in CIII (Zhang et al. 1998) face each other and 
are separated by a 13-nm gap, presumably filled with lipids, within the membrane 
core of the SC; CoQ is likely to run a trajectory through this gap (Althoff et al. 2011) 
and undergo a rapid flip to reach the two sides of the bilayer where the entry points 
for CoQ on the interacting proteins of SCs are positioned. Significant amounts of 
bound phospholipids are present in the purified SC from mammalian mitochondria 
with enrichment of CL compared with bovine heart total lipid (Althoff et al. 2011). 
Moreover, HPLC analysis of the lipid extracts indicated that each SC contains at 
least one molecule of ubiquinol (Althoff et al. 2011).

On the basis of kinetic analysis to be discussed later in this chapter, Blaza et al. 
(2014) claimed that SCs have no specific function and only derive from the neces-
sity to maintain a high protein concentration in the inner membrane avoiding unspe-
cific aggregation. It is certainly true that SC formation depends on the lipid 
concentration, being favoured at high protein to lipid ratio (Genova et al. 2008); on 
the other hand, if electron transfer by channelling actually does not occur, it is 
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difficult to understand why the active sites of interacting complexes should be 
located in strict vicinity, in stereospecific non-random manner.

3.4.2  Evidence for Rate Advantage in the CoQ Region

If two membrane-bound redox enzymes are connected by a mobile redox carrier 
undergoing long-range diffusion in the medium, the overall reaction rate would be 
governed by the frequency of useful collisions between the mobile carrier and its 
two redox partners (pool behaviour, cf. Sect. 3.5 for insights). On the other hand, if 
the whole redox system is fixed in a solid state arrangement, the frequency of 
encounters will be dictated only by the steric proximity and fixed contacts between 
the redox enzymes and their intermediate substrate (channelling).

3.4.2.1  Fixed Assemblies: Stoichiometric Behaviour

Ragan and Heron et al. (1978) provided evidence that purified CI and CIII, when 
mixed as concentrated solutions in detergent and then co-dialysed, combine revers-
ibly in a 1:1 molar ratio to form a SC I-III unit (NADH-cytochrome c oxidoreduc-
tase); any extra molecules of CI or CIII that in principle might exchange electrons 
with such SC I-III unit in reality do not significantly contribute to the overall rate of 
cytochrome c reduction. In fact the results of Ragan and Heron et al. (1978) show 
that the reduction of cytochrome b by NADH is biphasic and the extents of the fast 
and slow phases of reduction are determined by the amount of CIII specifically 
associated with CI, the extent of the slow phase increasing only when CIII is in 
excess over the SC unit. These studies (Ragan and Heron 1978) were able for the 
first time to demonstrate the existence of an active SC formed by CI and CIII, and that 
electron transfer within the SC I-III is fast, whereas electron transfer from the SC 
I-III to free CIII via the CoQ-pool is possible but extremely slow (cf. Sect. 3.5 for 
insights on the functional significance of a random distribution of mitochondrial 
complexes). Heron and co-workers (Heron et al. 1978) proposed that relative mobil-
ity is lost and complexes are frozen in their SC I-III assembly when phospholipid in 
excess of that needed to form an annulus is absent, thus favouring a stable orienta-
tion of the site of reduction of ubiquinone in CI with respect to the site of oxidation 
in CIII. However, full CoQ-pool behaviour could be restored and CI and CIII could 
be made to operate independently of each other by raising the concentrations of 
phospholipid and ubiquinone (approx. a twofold and a sixfold increase, respec-
tively) in the concentrated mixture (Ragan and Heron 1978).

Heron et al. (1978) also reported that endogenous CoQ10 leaks out of the SC I-III 
when extra phospholipid is present in the proteoliposomes, causing a decrease in 
NADH-cytochorome c oxidoreductase activity that could be alleviated by adding 
more ubiquinone. It is likely that the function of the large amount of ubiquinone in 
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natural mitochondrial membranes may be, therefore, to maintain the CoQ10 content 
in the SC unit when it is formed.

Zhu et al. (1982) in studying the mechanism by which CoQ interacts with the 
energy conserving electron transfer chain of submitochondrial particles prepared 
from BHM concluded that both direct interaction between CoQ-loaded enzymes 
and diffusion of ubiquinone (and ubiquinol) are involved in the electron transfer 
from the dehydrogenases to CIII. In particular, they found that the rate of ubiquinol 
oxidase activity varied with the substrate used to reduce CoQ, a lower value being 
found with NADH than with succinate and this difference growing larger at low 
levels of the quinone (1% of the original amount as obtained by successive pentane 
extractions) whereas decreasing to zero on extrapolation to infinite CoQ content. 
They assumed that only bound quinone is present at very low residual levels of CoQ 
and therefore they favoured the view that electron transfer occurs via direct collision 
of the dehydrogenases with the bc1 complexes. Although the data of Zhu et  al. 
(1982) cannot easily be interpreted in terms of SC I1III2 assemblies, they point out a 
partial pool function of free CoQ and a different behaviour of NADH and succinate 
oxidation (cf. also Sect. 3.5.1).

A more direct comparison of the effect of CoQ-channelling with respect to CoQ- 
pool behaviour was performed in our laboratory using proteoliposomes obtained by 
fusing a crude mitochondrial fraction (R4B) (Rieske 1967) enriched in CI and CIII 
(besides residual CII) with different amounts of phospholipids and CoQ10 (Lenaz 
et al. 1999). The comparison of the experimentally determined NADH-cytochrome 
c reductase activity with the values expected by theoretical calculation applying the 
pool equation (cf. Sect. 3.5) showed overlapping results at phospholipid dilutions 
(w/w) from 1:10 to 1:40 protein to lipid ratios. On the contrary, pool behaviour was 
not effective and the observed rates of NADH-cytochrome c reductase were higher 
than the theoretical values (Lenaz et al. 1999; Bianchi et al. 2003; Genova et al. 
2008) at low protein:lipid dilution (1:1 w/w) resembling the mean nearest neigh-
bour distance between respiratory complexes in mitochondria (Vanderkooi 1978; 
Schwerzmann et al. 1986; Lenaz 1988).

Moreover when the same proteoliposomes at 1:1 protein:lipid ratio were treated 
with n-dodecyl-β-D-maltoside (DDM) in the same amount as dissociation of SC 
I1III2 was detected by BN-PAGE, the NADH cytochrome c reductase activity fell 
dramatically, whereas both CI and CIII individual activities were unchanged 
(Maranzana et al. 2013); an analogous behaviour was detected by treating bovine 
heart mitochondria with the same detergent. Our data can be interpreted as mainte-
nance of CoQ channelling within the SC I1III2 allowing NADH oxidation to take 
place at high rate as long as the stability of the SC itself is not impaired (e.g. by high 
lipid dilution and by DDM in vitro).

This interpretation strongly favours our early hypothesis (Bianchi et al. 2003) 
that CI-containing SCs physiologically exist in equilibrium with isolated respiratory 
complexes and that electron transfer in the respiratory chain would either follow 
specific CoQ-channelling or be governed by random collisions, depending on meta-
bolic conditions of the cell.
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3.4.2.2  Evidence for CoQ-Channelling by Metabolic Flux 
Control Analysis

The first demonstration that respiratory SCs are autonomous units carrying electron 
transfer by channelling was achieved in our laboratory (Bianchi et al. 2003, 2004) 
exploiting the flux control analysis and the principle that the sum of the flux control 
coefficients (FCC) of the individual enzymes in an integrated pathway must equal 1 
unless these enzymes form supramolecular units and establish substrate channel-
ling. In the latter case, these enzymes would be all equally rate-limiting and the sum 
of the control coefficients would be higher than 1 (Kholodenko and Westerhoff 1993).

Using this principle and specific inhibitors in order to define the extent of meta-
bolic control exerted by each individual complex over the entire respiration, we 
found that both CI and CIII have flux control coefficients approaching 1 in bovine 
heart mitochondria (Table 3.1), thus suggesting that the two complexes behave as a 
single enzymatic unit and that electron transfer through CoQ is accomplished by 
channelling between the two redox enzymes (Bianchi et al. 2004). Using the same 
method for succinate oxidation we found that CII is rate-limiting whereas CIII is 
not, supporting the notion that CII does not form SCs and that the oxidation of suc-
cinate follows pool behaviour. This approach is similar to that previously applied by 
Boumans et al. (1998), who had found that CoQ does not follow pool behaviour in 
yeast mitochondria unless they are treated with chaotropic agents. Also the inhibitor 
titration proposed by Kröger and Klingenberg (1973b) for evaluating pool behav-
iour obeys to the same principle.

It is worth noting that, in our flux control analysis using cyanide inhibition 
(Bianchi et al. 2004), CIV appears to be randomly distributed, or in other words that 
a large excess of active enzyme exists in free form in the pathway from NADH 
to oxygen.

Very few other studies using metabolic control analysis were addressed to the 
functional aspects of SCs (Quarato et al. 2011; Kaambre et al. 2012, 2013); these 
studies confirmed that the respiratory chain, at least under certain conditions, is 
organized in functionally relevant supramolecular structures. In 

Table 3.1 Flux control coefficients of respiratory complexes over NADH oxidase and succinate 
oxidase activity

Sample Respiratory activity
Complex 
I

Complex 
II

Complex 
III

Sum of 
FCCs(a) Ref.

BHM NADH oxidase 1.06 n.a. 0.90 2 (b)
Succinate oxidase n.a. 0.88 0.34 1 (b)

R4B 1:1 NADH-cytochrome c 
oxidoreductase

0.93 n.a. 0.73 2 (c)

R4B 
1:30

NADH-cytochrome c 
oxidoreductase

0.92 n.a. 0.15 1 (c)

BHM bovine heart mitochondria, R4B mitochondrial fraction enriched in Complex I and Complex 
III reconstituted in proteoliposomes at different protein:phospholipid ratios (w:w), n.a. not appli-
cable in this sample. (a)Values rounded to the nearest unit; (b)Bianchi et al. 2004; (c)Lenaz et al. 2010
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digitonin-permeabilized HepG2 cells, Quarato et  al. (2011) observed that under 
conditions of high membrane potential (state-4 respiration) the sum of the FCCs 
calculated for Complexes I, III and IV activities exceeded 1, supporting the proposi-
tion that they are complexed in a supramolecular unit.

In saponin-permeabilized breast and cholorectal tumor samples Kaambre et al. 
(2012, 2013) observed flux control coefficients for mitochondrial oxidative phos-
phorylation activities whose sum approached 4 and interpreted the data as due to the 
presence of SC association.

Blaza et al. (2014) criticized the evidence for channelling in the respiratory chain 
deriving from flux control analysis (Bianchi et al. 2004): they reasoned that rote-
none is competitive with CoQ and therefore the extent of its inhibition of CI is 
affected by the additional presence of the exogenous quinone employed in CI assay 
but absent in the assay of NADH aerobic oxidation. Indeed, using rotenone and 
CoQ1, Blaza et al. (2014) find FCC for CI that is actually not valid, since it exceeds 
1. The discrepancy with (Bianchi et al. 2004) may however be ascribed to the differ-
ent exogenous substrates used for CI assay in the two studies, i.e. CoQ1 and decylu-
biquinone (DB) respectively, and also to the technical difficulty of calculating FCC 
from the initial slopes of the inhibition curves. DB has much lower affinity than 
CoQ1 for CI (Fato et al. 1996), thus exerting lower competition with rotenone and 
lower influence on the inhibition efficiency. On the other hand, we note that the FCC 
values found by Blaza et al. (2014) using alternative inhibitors of CI not competitive 
with CoQ (e.g. piericidn and diphenyleneiodonium are oddly low; it is likely that in 
this case the low FCC for CI over NADH oxidase activity is caused by the limiting 
amount of cytochrome c in their samples, which would necessarily shift the major 
control of the chain to the cytochrome c region. Significantly, in the study of Blaza 
et al. (2014), addition of cytochrome c to the mitochondrial membranes raised the 
above mentioned FCC of CI from 0.19 to 0.67.

We emphasize however that the major point discussed by us (Bianchi et al. 2004) 
to demonstrate the existence of a SC I+III was not so much the high FCC of CI but 
the concomitant high FCC of CIII in NADH oxidation (cf. Table 3.1; not measured, 
on the contrary, by Blaza et al. 2014), which is certainly incompatible with a CoQ- 
pool model postulating CI and CIII as independent molecules in the membrane. 
Such high FCC value of CIII, calculated by inhibitor titration with mucidin, is not 
an artefact because the corresponding FCC of CIII measured by using the same 
inhibitor in succinate oxidation is low (as expected from the lack of SC II+III). In 
other words, the FCC of CIII can be close to 1 if CIII is assembled together with the 
quinone reductase that precedes in the electron pathway and, in our hands, this con-
dition is experimentally observed only for the NADH-dependent pathway involving 
CI whereas it does not occur in the case of CII. In addition, in the proteoliposome 
system described above, the FCC of CIII over NADH oxidation is drastically 
decreased after dissociation of the SC I1III2 by reconstitution in excess phospholip-
ids (cf. R4B 1:1 vs. 1:30 in Table 3.1) or in peroxidised phospholipids (Lenaz and 
Genova 2009a).
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3.5  Collision-Based Electron Transport: 
The “CoQ-Pool” Behaviour

The functional significance of a random distribution of mitochondrial complexes 
connected by CoQ was supported in the early times by the kinetic analysis of Kröger 
and Klingenberg (1973a); they showed that steady-state respiration in submitochon-
drial particles from beef heart, could be modelled as a simple two-enzyme system, 
the first causing reduction of ubiquinone (Vred) and the second causing oxidation of 
ubiquinol (Vox), behaving kinetically as a homogeneous pool. According to this 
assumption the total CoQ molecules must effectively link any number of the dehy-
drogenase with any other number of the oxidase, and the activities of all the reduc-
ing and oxidizing enzymes determine the overall steady-state activity (Vobs) that is 
related to Vred and Vox as indicated in Eq. 3.1.

 
V V V V Vobs red ox red ox= ∗( ) +( )/

 
(3.1)

This expression (the “pool equation”) was verified under a wide variety of input 
and output rates and establishes that CoQ distributes electrons randomly among the 
CoQ-reducing flavin dehydrogenases and the bc1 complexes, behaving indeed as a 
laterally diffusing pool of molecules in a variety of systems (previously discussed 
by Lenaz and Genova 2007, 2009b).

Further evidence was provided by the characteristic effect of changing Vred or Vox 
on inhibitor titration curves (Kröger and Klingenberg 1973b). In the case of the 
CoQ pool and titration of CIII by antimycin, Vobs is related to Vred and to Vox modified 
by a factor x, the fraction of CIII inhibited by antimycin (Eq. 3.2).

 
V V V x V V xobs red ox red ox= ∗ −( )  + −( ) 1 1/

 
(3.2)

According to this concept, pool behaviour is characterized by a convex hyper-
bolic relationship between the integrated Vobs rate and the inhibitor concentration.

However, it is worth mentioning that most available data on CoQ pool concern 
succinate oxidation in submitochondrial particles, whereas fewer data are available 
for NADH oxidation mediated by CI. On the other hand in mitochondrial systems 
the rate of CI activity is strongly underestimated, due to the properties of CoQ ana-
logues used as acceptors (Fato et al. 1996) so that the pool equation is not directly 
applicable. As a consequence of this observation any calculations based on absolute 
values of NADH-CoQ reductase activity are to be taken with extreme caution. A 
detailed analysis of the possible errors concerning the interpretation of the pool 
equation can be found in Lenaz and Genova (2007, 2009b). Deviations from pool 
behaviour of CoQ were also described in the past, raising some doubts on its univer-
sal validity (Ragan and Cottingham 1985; Gutman 1985). As a conclusion we may 
state with some certainty that, in beef heart mitochondria, succinate oxidation 
exhibits pool behaviour, indicating the presence of CoQ as a diffusible intermediate 
between CII and CIII; on the other hand, the same statement for NADH oxidation is 
supported by less clear-cut evidence.
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3.5.1  Interaction Between NADH and Succinate Pathways

Several reports have suggested that the CoQ pool is not homogeneous; even Kröger 
and Klingenberg (1973a) observed that a residual aliquot of CoQ cannot be reduced 
either by NADH or by succinate; later, Jørgensen et al. (1985) noticed that three 
pools of ubiquinone appeared to be present in heart mitochondria: a metabolically 
inactive pool consisting of reduced as well as oxidized ubiquinone, a pool coupled 
to oxidation of added (cytoplasmic) NADH, and the well-known pool coupled to 
citric acid cycle oxidations. The latter pool, however, could not distinguish NADH- 
dependent from succinate-dependent reduction of CoQ.

Benard et al. (2008) described the existence of three different pools of CoQ dur-
ing succinate-dependent steady-state respiration in rat liver and muscle mitochon-
dria: one pool is directly utilised, another (approx. 8% in muscle and 23% in liver) 
is mobilized as a reserve in case of a perturbation to maintain the energy fluxes at 
normal values (e.g. due to inhibition of the respiratory complexes or in case of mito-
chondrial diseases), and a third one (approx. 79% in muscle and 21% in liver) can-
not be mobilized at all.

The effect on respiration of the simultaneous addition of NADH and succinate 
was examined in an early study (Gutman and Silman 1972) showing incomplete 
additivity and partial mutual competition between succinate oxidation and NADH 
oxidation; this effect was considered unlikely to be due to competition of the dehy-
drogenases for CoQ; also on the basis of other observations (Gutman et al. 1971), a 
compartmentalization of the CoQ pool was suggested, in which two sub-pools were 
able to partially interact through a spill-over diffusion-mediated mechanism.

The non-homogeneity of the ubiquinone pool with respect to succinate and 
NADH oxidation may be interpreted today in terms of compartmentalization of 
CoQ within SCs I1III2IVn, besides the free CoQ pool used for connecting CII and CIII.

Some investigations addressed the problem of the interaction between different 
substrates and their oxidation through the entire respiratory chain to oxygen, 
although the purpose was often not directed to understanding the state of homoge-
neity of the CoQ pool.

Early studies in Singer’s laboratory (Ringler and Singer 1959), performed when 
the function of CoQ was not yet understood, examined the effect of the simultane-
ous addition of succinate and glycerol-3-phosphate on oxidation by either O2 or 
cytochrome c in pig brain mitochondria. The activities were not at all additive, 
despite the fact that the respective dehydrogenases did not interfere with one another. 
The authors suggested that these activities followed the same path in the respiratory 
chain. Retrospective analysis indicates that succinate and glycerol-3-phosphate oxi-
dation use the same CoQ pool. On the other hand a later study (Jackman and Willis 
1996) showed that the combined addition of pyruvate plus malate and glycerol-
3-phosphate induced an almost completely additive respiratory activity in mito-
chondria from rabbit gracilis skeletal muscle, suggesting that the NAD-linked 
pathway may be separate from the succinate pathway.
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Lapuente-Brun et al. (2013) demonstrated that the physical assembly between CI 
and CIII determines a preferential pathway for electrons mediated by a dedicated 
subset of CoQ molecules. According to their results, this compartmentalization pre-
vents significant cross talk between NADH oxidation (CI-dependent) and succinate 
oxidation (dependent on CII) or other flavoenzyme-dependent oxidations. Those CIII 
molecules that physically interact with CI in the formation of SCs are also exclu-
sively dedicated to NADH oxidation while those CIII molecules that are not bound 
to CI are mainly responsible for oxidation of succinate and other substrates using the 
free CoQ pool. Interestingly, when a partial loss of CIII occurs, preservation of the 
association between CI and CIII is preferred to the free state of the complexes. In this 
situation NADH oxidation catalysed by the SC I+III  is preferentially maintained 
despite the risk of compromising the oxidation of FAD-linked substrates (Lapuente- 
Brun et al. 2013).

The already quoted paper by Blaza et  al. (2014) showed that the steady-state 
rates of aerobic NADH and succinate oxidation were not additive in bovine heart 
submitochondrial particles; moreover, the extents of cytochromes reduction (i.e. bH, 
bL, c and c1) in the same cyanide-inhibited particles were similar if the reductant was 
either NADH or succinate or a mixture of the two substrates. Blaza et al. interpreted 
the results as a demonstration that a single homogeneous pool of CoQ molecules 
exists that receives electrons indifferently from CI and CII and that, consequently, 
free CIII and SC-bound CIII are able to equally receive electrons from the CoQ 
pool. We cannot however discriminate on the basis of these mere data whether this 
effect is due to the homogeneity of the CoQ-pool or to the homogeneity of the cyto-
chrome c pool, since electron transfer to oxygen as under Blaza’s experimental 
conditions comprises also the steps of cytochrome c and CIV reduction and 
re-oxidation.

It is likely that cytochrome c be rate-limiting, thus provoking a bottleneck step 
both in NADH oxidation and in succinate oxidation, with electrons from both sub-
strates competing for the same pool of cytochrome c and CIV molecules in free form. 
Indeed most cytochrome c and CIV are free in BHM, with only a small portion of CIV 
forming the respirasome I1III2IV, and are able to receive electrons from any CIII, as 
demonstrated by our flux control analysis data (Bianchi et al. 2004) that showed no 
channelling in the cytochrome c region (see previous sections).

However, when we performed a study of succinate and NADH oxidation by 
exogenous cytochrome c as final electron acceptor under saturating conditions in 
KCN-inhibited BHM at steady-state, the electron transfer pathway for both oxida-
tion reactions was shortened by including only CoQ and CIII as redox partners 
(Lenaz et  al. 2016). Under such condition, the NADH and succinate pathways 
became clearly kinetically distinguishable because of their different CoQ compart-
ments: we found that NADH- and succinate-cytochrome c oxidoreductase activity 
are additive and close to the theoretical summation of the two activities (Table 3.2).

The additivity was progressively lost by inhibitor titration with mucidin (data not 
shown), suggesting that the increased number of inactive CIII units forced CoQ 
reduced by succinate to access also the residual active units bound to CI in the SC 
(see also Sect. 3.6.1.1.).
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3.5.2  The Case of Reverse Electron Transfer

Gutman (1985) investigated the properties of the NADH and succinate oxidation in 
submitochondrial particles in relation to the rates of energy-dependent reverse elec-
tron transfer from succinate to NAD+ and of forward electron transfer from NADH 
to fumarate, concluding that “the electron flux from succinate dehydrogenase to 
oxygen (forward electron transfer towards Complex III) or to NADH dehydrogenase 
(reverse electron transfer) employs the same carrier and is controlled by the same 
reaction” whereas “the electron transfer from NADH to oxygen does not share the 
same pathway through which electrons flow in the NADH-fumarate reductase”. In 
other words, CI and CII are linked by a different pathway with respect to CI and CIII.

This observation poses the puzzling question (Lenaz and Genova 2009b) about 
how ubiquinol reduced in the membrane pool by CII interacts with the CoQ binding 
site in CI, since CI is totally engaged in the SC. The same dilemma applies to the 
NADH-fumarate reductase activity that also involves interaction of CI and CII. In 
view of the recent progress in the knowledge of the detailed atomic structure of CI 
(Efremov and Sazanov 2011; Baradaran et al. 2013), the previous view that two dif-
ferent routes may exist for forward and reverse electron transfer within CI 
(Grivennikova et al. 2003) is no longer tenable as such, unless we consider two dif-
ferent conformations, of which the one present during reverse electron transfer 
makes the CoQ site more accessible to the pool.

It must be noted that the ATP-driven reverse electron transfer from succinate to 
NAD+ occurs in the presence of a high mitochondrial transmembrane protonmotive 
force that, according to Piccoli et al. (2006), might be the physiological signal caus-
ing the structural reorganization of the respiratory complexes. The model hypothe-
sis suggests that the SC I1III2IVn would dissociate its constituting complexes under 
high ΔμH+ condition, and this would no longer limit the access from the CoQ pool 
to the binding site in CI.

This model is apparently incompatible with the observation reported by Gutman 
(1985) that NADH-fumarate reductase, that occurs at low membrane potential, 
shares the same pathway of the reverse reduction of NAD+ by succinate. We have to 
keep in mind, however, that the rate of NADH-fumarate reductase is one order of 
magnitude lower than the rate of NADH-cytochrome c reductase and that of NAD 
reduction by succinate, therefore it might well be within the time range of a dynamic 
equilibrium between CoQ in the SC and CoQ in the membrane pool (cf. Sect. 3.6.1).

Table 3.2 NADH and succinate oxidation by exogenous cytochrome c in cyanide-inhibited BHM

Substrate as electron donor
Rate of cytochrome c reduction
μmoles/min/mg protein

NADH 0.356 ± 0.031 (5)
Succinate 0.591 ± 0.060 (5)
NADH+succinate 0.883 ± 0.071 (5)

Cytochrome c reductase activity was assayed spectrophotometrically in frozen and thawed BHM, 
as described in Lenaz et al. (2016). Data are mean values ± standard deviation of separate experi-
ments, as indicated by the numbers in round brackets
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The most likely explanation, however, is that the pathways linking CII and CI 
during either direct or reverse electron transfer may require the interaction of the 
CoQ pool with CI within the SC and that CI in the SC is somehow accessible to the 
CoQ pool. This accessibility, however, would be no proof against the existence of 
channelling between CI and CIII. Our conclusions are consistent with very recent 
observations by the group of Sazanov (Letts et al. 2016) showing accessibility of the 
CoQ-binding cavities of the mammalian respirasome that are open to the membrane 
and possibly allow free exchange with the CoQ pool.

3.6  What Is the Function of the Coenzyme Q Pool?

Given the considerations of the previous sections, there is no doubt that a mobile 
pool of CoQ in the inner mitochondrial membrane coexists with protein-bound 
CoQ. Is this pool just a reservoir of an excess of CoQ molecules without a specific 
function or is the pool necessary for functioning of the respiratory chain and/or for 
additional functions?

3.6.1  Dissociation Equilibrium of Bound CoQ

3.6.1.1  Free and Bound CoQ Equilibrate

As previously described, CI is almost totally associated in a SC with CIII, and CoQ 
channelling is likely to occur in the lipid boundary comprised between the two com-
plexes. However, this does not exclude that free CoQ in the pool is also necessary 
for proper channelling in the SC.  In fact, the bound inter-complex quinone that 
allows electron flow directly from CI to CIII is in dissociation equilibrium with the 
CoQ pool, so that the amount of bound CoQ, at steady state, would be dictated by 
the size of the pool: the existence of this equilibrium is suggested by the saturation 
kinetics for total ubiquinone exhibited by the integrated activity of CI and CIII 
(Estornell et al. 1992) and by the decrease of respiratory activities in mitochondria 
fused with phospholipids with subsequent dilution of the CoQ pool (Schneider et al. 
1982). To be in agreement with the experimental observations in favour of channel-
ling, this proposition requires that the dissociation rate constants (koff) of bound 
CoQ be considerably slower than the rates of inter-complex electron transfer via the 
same bound quinone molecules. Several observations reported in the previous sec-
tions indicate that such an equilibrium may be kinetically operative under some 
physiological conditions (e.g. concomitant NADH and succinate oxidation, energy- 
driven reverse electron transfer).

By this way, free CoQ acts as a reservoir for binding to the SC I1III2IVn; in addi-
tion, free CoQ may be a reservoir for other functions believed to require CoQ 
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binding to specific proteins, such as uncoupling proteins (Echtay et al. 2000) and the 
permeability transition pore (Walter et al. 2002).

3.6.1.2  May the CoQ Pool Operate in NADH Oxidation?

A different question is whether electron transfer between CI and CIII can occur via 
the CoQ pool in absence of SC organization. Analysis of the literature does not offer 
clear-cut examples of electron flow between CI and CIII in mitochondrial membranes 
mediated with certainty by the CoQ pool. Studies of respiration in pathological 
conditions (Van Raam et al. 2008; Rosca et al. 2008) showed that electron transfer 
in absence of SC organization is lost even if activity of the individual complexes is 
normal. Early reconstitution studies, however, had indicated that electron transfer is 
possible in both modes: the association of CI with CIII (Ragan and Heron 1978; 
Heron et al. 1978) allows both channelling (electron transfer stoichiometric with the 
percentage amount of CIII associated to CI) and CoQ pool behaviour (hyperbolic 
relation). In our reconstitution studies of CI and CIII in phospholipid vesicles (Genova 
et al. 2008), NADH-cytochrome c reductase activity follows pool behaviour at pro-
tein dilutions with phospholipids higher than 1:10, whereas at lower dilution pool 
behaviour is not effective any more. In a proteoliposome system where CI was 
reconstituted together with an alternative oxidase and CoQ10, Jones et  al. (2016) 
found high rates of NADH oxidation in absence of a CI-containing SC, which dem-
onstrates that CoQ10 was able to shuttle electrons from CI by following pool 
behaviour.

3.6.2  Electron Transfer Between Individual Complexes Not 
Involved in Supercomplex Organization

The CoQ pool is required for electron transfer from CII to CIII: indeed CII kinetically 
follows pool behaviour after extraction and reconstitution (Kröger and Klingenberg 
1973a, b) and in intact mitochondria (Stoner 1984) in accordance with the lack of 
SCs found by both BN-PAGE and flux control analysis. Since no clear association 
was demonstrated between CI and CII and most authors agree that CII is not a signifi-
cant part of SCs, also reverse electron transfer from succinate to NAD+, involving 
sequential interaction of CII and CI by means of CoQ, must take place by collisional 
interactions in the CoQ pool. This observation consequently poses the puzzling 
question (Lenaz and Genova 2007) of whether and how ubiquinol produced by CII 
can interact from the pool with the CoQ site in CI at a rate compatible with the 
steady state kinetics of reverse electron transfer if all or most CI units are associated 
with CIII, and the interaction of CoQ in the pool with the quinone-binding site in 
common between the latter two enzymes is necessarily slow. This question has been 
addressed in the previous sections of this chapter.
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Furthermore, other enzymes such as glycerol-3-phosphate dehydrogenase, ETF 
dehydrogenase, dihydroorotate dehydrogenase, choline dehydrogenase, sulphide 
dehydrogenase, that are likely to be in minor amounts and strongly rate-limiting in 
integrated electron transfer, can probably feed electrons to the respiratory chain by 
interaction through the CoQ pool (Lenaz and Genova 2010). A study addressed to 
this problem (Rauchová et  al. 1997) demonstrated that in brown adipose tissue 
(BAT) mitochondria the inhibition curve of glycerol phosphate-cytochrome c reduc-
tase is sigmoidal in the presence of myxothiazol and antimycin, suggesting the pres-
ence of a homogeneous CoQ pool between glycerol phosphate dehydrogenase 
(mtGPDH) and CIII. More recently, it was shown that the delivery of electrons from 
mtGPDH to CIII in human neutrophil mitochondria takes place in the absence of SC 
organisation and of NAD-linked respiration (Van Raam et al. 2008), in line with the 
notion that mtGPDH operates in mitochondria through the CoQ pool. Preliminary 
studies by BN-PAGE (M.L. Genova and H. Rauchova, unpublished) show that mtG-
PDH does not appear linked to any of the respiratory complexes. Accordingly, 
Mráček et  al. (2014) demonstrated that mtGPDH associates into homooligomers 
(presumably as dimer, trimer and tetramer of this rather hydrophobic dehydroge-
nase) as well as high molecular weight SCs of more than 1000 kDa of yet unknown 
composition, better evidenced by clear-native-PAGE than by BN-PAGE, but none 
of them associated with CI, CIII or CIV (i.e. OXPHOS complexes that may share 
common electron transfer pathway with mGPDH and would therefore make kinetic 
sense). The mtGPDH homoligomers are endowed with in-gel activity; it is quite 
plausible that they represent native, though relatively labile (i.e. weak electrostatic 
interactions that are easily dissociated after Coomassie dye addition), forms of 
mtGPDH in the membrane of BAT mitochondria.

Schönfeld et al. (2010) observed that oxidation of carnitine esters of medium- 
and long-chain fatty acids by rat heart mitochondria is not accompanied by reverse 
electron transfer to NAD+ through CI although it produces the same or higher ener-
gization of mitochondria as compared to succinate oxidation by CII. No association 
could be found by BN-PAGE analysis between CI or other OXPHOS complexes and 
the electron transferring flavoprotein (ETF) that participates in fatty acid oxidation. 
It must be remarked, however, that membrane-bound ETF dehydrogenase was not 
included in Schönfeld’s study. The scheme in Fig. 3.5 depicts the current view of the 
respiratory chain in terms of a mixed model of collisional interactions and channel-
ling in SCs.

3.6.3  Saturation Kinetics: Is CoQ Mitochondrial 
Concentration Saturating for Electron Transfer?

In 1959, Crane et al. first demonstrated that succinate oxidation is lost by extracting 
bovine heart mitochondria with acetone, but the activity could be recovered by add-
ing the newly discovered CoQ10 (Crane et  al. 1957), disputing in such way the 
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suggestion that CoQ is located in a side pathway with respect to the main stream of 
electron transfer (Redfearn and Pumphrey 1960). Unfortunately a role of CoQ in 
NADH oxidation could not be tested, because acetone treatment damages CI activ-
ity. The problem was solved in Green’s laboratory by Szarkowska (1966) who dem-
onstrated in lyophilized and pentane-extracted mitochondria that both NADH and 
succinate oxidation are lost by CoQ extraction however can be largely restored 
(80% and 90% of the original activity, respectively) by addition of CoQ10, mito-
chondrial phospholipids and cytochrome c (Fig. 3.6). Relatively large amounts of 
CoQ10 were required for maximal restoration of NADH oxidase activity as com-
pared to the amounts of CoQ (about 5 nmoles/mg protein) normally present in mito-
chondria (see below for more data from Estornell et al. 1992). Notably, when added 
to lyophilized, but unextracted, mitochondria, CoQ10 and phospholipids had no 
stimulatory effect on the oxidation of either substrate.

In their early extraction–reconstitution studies, Lenaz et al. (1968) first reported 
that succinate oxidase is not very specific in the structural and steric requirements 
for the isoprenoid side chain, whereas NADH oxidase is rather specific, being reac-
tivated only by CoQ homologs having long isoprenoid side chains (>6 units). Since 
CoQ reduced by either enzyme is re-oxidised by CIII, the specific requirements of 
NADH oxidation must be referred to properties in the CI active site. Accordingly, 
CoQ homologs having short isoprenoid chains (like CoQ2 and CoQ3) inhibit NADH 
oxidation competitively with long-chain homologs (Landi et al. 1984; Fato et al. 
1996). According to Degli Esposti (1998) CoQ2 behaves as a type C inhibitor, i.e. an 
antagonist of the formation or release of the product ubiquinol.

The difference in specificity of the isoprenoid side chain of CoQ in restoring 
NADH oxidase and succinate oxidase activities of CoQ-depleted mitochondria led 
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Fig. 3.5 A schematic drawing of the respiratory chain depicting the protein complexes and 
their substrates in relation with the inner mitochondrial membrane. Complex I is depicted as 
being totally part of a I-III2-IV supercomplex, whereas all other complexes are also shown in free 
form. I NADH:ubiquinone oxidoreductase, II succinate:ubiquinone oxidoreductase, III ubiquinol: 
cytochrome c oxidoreductase, IV cytochrome oxidase, NDi and NDe internal and external alterna-
tive NAD(P)H dehydrogenases, AOX alternative oxidase, αGP glycerol-3-phosphate, ETF electron 
transfer flavoprotein, DHO dihydroorotate, CoQ oenzyme Q, C cytochrome c

M. L. Genova and G. Lenaz



73

to the formulation of the existence of two sterically different sites for CoQ in NADH 
CoQ reductase and succinate CoQ reductase (Lenaz et al. 1968), having different 
sensitivities to the lipoidal and steric nature of the isoprenoid side chain, as also 
indicated by the different specificity of the two enzymes for the quinones as accep-
tors and by the different sensitivity to CoQ competitive inhibitors (Tan et al. 1993).

It was subsequently found that the saturated chain analog DB was as active as 
CoQ10 in restoring NADH oxidation (Lenaz et al. 1997), in agreement with its high 
acceptor activity (Fato et al. 1996). The hydroxydecyl analog idebenone, used in 
clinics to correct respiratory chain deficiencies (Mashima et al. 1992) and active in 
restoring succinate oxidation (Imada et al. 1989), is however a potent respiratory 
chain inhibitor at the level of CI (Degli Esposti et al. 1996), making its therapeutic 
use of questionable efficacy.

In previous studies we have discussed the relation existing between rate of respi-
ration and CoQ membrane concentration (Qt) (Lenaz and Fato 1986); the rate is 
hyperbolically related to Qt and maximal turnovers of electron transfer are attained 
only at Qt saturating both rates of reduction and oxidation of the quinone pool. The 
“Km” derived by the complex equation describing this composite system (Lenaz and 
Fato 1986; Ragan and Cottingham 1985) is a poised function of Vmax and dissocia-
tion constants for CoQ of the complexes involved; this “Km” can be therefore vary-
ing with rate changes of the complexes linked by the CoQ-pool, but is anyway an 
important parameter, in that it is operationally described as the total CoQ concentra-
tion (Qt) yielding half-maximal velocity of integrated electron transfer.

The relation between electron transfer rate and CoQ concentration was seen for 
NADH and succinate oxidation in reconstituted systems and in phospholipid- 
enriched mitochondria (Estornell et al. 1992; Schneider et al. 1982; Parenti Castelli 

0

200

400

600

800

50

mµ MOLES Q10/ml.

m
µ 

A
T

O
M

S
 O

X
Y

G
E

N
/m

g
P

R
O

T
./M

IN
.

100 150

Fig. 3.6 NADH-oxidase activity as a function of CoQ10 concentration in a lyophilized, 
pentane- extracted preparation of BHM. The experimental conditions included mitochondria 
0.25–0.28 mg protein/ml, cytochrome c 33 μg/ml, mitochondrial phospholipids 342 μg/ml and 
CoQ10 added as a solution in absolute ethanol 33 μl/ml. (Reprinted from Szarkowska (1966), 
Copyright 1966, with permission from Elsevier)

3 Coenzyme Q Function in Mitochondria



74

et al. 1987). Direct titrations of CoQ-depleted mitochondria reconstituted with dif-
ferent CoQ supplements yielded a “Km” of NADH oxidation for Qt in the range of 
2–5 nmol/mg mitochondrial protein (Estornell et al. 1992), corresponding to a Qt 
value of 4–10 mM in the lipid bilayer. A Km value of similar order of magnitude for 
CoQ10 in NADH oxidation was reported by Jones et al. (2016) in a proteoliposome 
system in which CI was totally rate-limiting and the CoQ pool fully oxidized. A 
puzzling observation is that the Km for CoQ10 of NADH-cytochrome c reductase is 
much higher than that of succinate-cytochrome c reductase (Estornell et al. 1992). 
Analysis of the literature shows that the physiological CoQ content of several types 
of mitochondria (Battino et al. 1990) is in the range of the Km for NADH oxidation, 
and therefore not saturating for this activity.

It has been demonstrated that incubation of beef heart submitochondrial particles 
in a CoQ10 solution leads to incorporation of CoQ10 in their membranes (Lenaz et al. 
1994). The same authors found that kinetic saturation with CoQ10 could not be 
achieved because of the intrinsic insolubility of the molecule, thus concluding that the 
upper limit rate of electron transfer from NADH is a function of CoQ10 solubility in 
the membrane phospholipids. Nevertheless we could demonstrate that a soluble for-
mulation of CoQ10 (Qter®) can enter mitochondria and enhance respiratory activity 
when administered to cultured cells (Bergamini et al. 2012). We measured the cellular 
and mitochondrial ubiquinone content in two cell lines (T67 and H9c2) after supple-
mentation with Qter® and with native CoQ10. Our results show that the water soluble 
formulation is more efficient in increasing ubiquinone levels in the cells’ mitochon-
dria. We have evaluated the bioenergetics effect of ubiquinone treatment, demonstrat-
ing that intracellular CoQ10 content after Qter® supplementation positively correlates 
with an improved mitochondrial functionality (increased oxygen consumption rate, 
transmembrane potential, ATP synthesis) and resistance to oxidative stress.

Attempts to raise CoQ concentration and respiratory activity in mitochondria by 
exogenous supplementation of the quinone in humans have been successful in some 
cases of mitochondrial genetic diseases characterized by CoQ deficiency, but the 
studies have shown substantial difficulties due to pharmacokinetic constraints pre-
venting efficient uptake by cells and mitochondria with requirement of extremely 
high dosage (Quinzii and Hirano 2010). Rosenfeldt et  al. (2005) used CoQ10 in 
cardiac surgery patients receiving 300  mg/day orally of CoQ10 dispensed in soy 
bean oil demonstrating a four-fold increase in serum concentration of CoQ10, and a 
2.5-fold increase in of CoQ10 in atrial myocardium which included a 2.4-fold 
increase of CoQ10 in atrial mitochondria. The coupled respiration was low in the 
mitochondria from CoQ10-treated patients, however the ADP:O ratios were signifi-
cantly higher than in untreated patients. It should be borne in mind that there are 
multiple rate-limiting steps in coupled respiration (Moreno-Sanchez et al. 1991), so 
that the extent of CoQ10 deficiency and its correction by exogenous quinone may not 
be apparent if a rate-limiting step involves a reaction where CoQ is not involved.

The manipulation of mouse mutants defective in CoQ biosynthesis provides a 
means of evaluating CoQ redox function in vivo, establishing a relation between 
residual CoQ content and respiratory activity (Wang and Hekimi 2016). Interestingly, 
this relation seems to be organ-dependent. Wang and Hekimi (2016) have been able 
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to rescue CoQ deficiency in mice KO for the enzyme MCLK1/COQ7, which is 
responsible for CoQ hydroxylation in 6-position, by administering 
2,4- dihydroxybenzoate (DHB) as biosynthetic precursor that is already hydroxyl-
ated in the becoming C6 position of the quinone ring. Contrary to that, supplemen-
tation with exogenous CoQ10 was almost ineffective.

3.7  Concluding Evidence About CoQ-Channelling

As we described in the previous sections of this paper, the major observations sup-
porting the notion that SC association determines channelling in the CoQ region are 
the following: (a) rate advantage of NADH-cytochrome c reductase when CI- 
containing SCs are present; (b) both CI and CIII are rate-limiting as measured by flux 
control analysis; (c) evidence for two compartments of CoQ in experiments of com-
petition of NADH and succinate oxidation.

One main point favouring controversy if not recognized is the dynamic character 
of CoQ bound within the SC, that is in dissociation equilibrium with the free pool 
of CoQ in the membrane. According to our hypothesis, some CoQ molecules are 
trapped in a lipid micro-domain within the SC and are channelled from CI to CIII 
during electron transfer at steady state; however, when electron transfer is slow or 
blocked by an inhibitor, the relevance of CoQ dissociation from the SC to the pool 
becomes significant. This notion raises the puzzling question whether the men-
tioned low flux control coefficients found by Quarato et al. (2011) in state-4 (i.e. 
low-rate respiration) were due to the predominance of CoQ dissociation over CoQ 
channelling rather than to the physical disassembly of SC. To this respect, the plas-
ticity model (Acín-Peréz and Enriquez 2014), would be a functional rather than 
structural feature of the respiratory chain, at least in the CoQ region. It is desirable 
that studies on the dissociation constants of CoQ from SC will give an answer to this 
scientific dilemma in the future. In addition, the rate of NADH-fumarate reductase 
(Gutman 1985; Genova and Lenaz 2014) may represent an indirect parameter of the 
dissociation turnover of CoQ from SC to the pool.

Does channelling occur under physiological conditions? A possible bottleneck 
around cytochrome c might induce interaction of the NADH pathway (SC) with the 
succinate pathway (pool); however, if a rate-limiting step is situated upstream, i.e. 
in or before the dehydrogenases, the reducing pressure of CoQ on SC may not be 
present and the two routes would take place independently. When oxidative metabo-
lism proceeds mainly via the glycolytic pathway and the Krebs cycle, there is a 
prevalence of oxidation of NAD-linked substrates over succinate oxidation, allow-
ing an undisturbed electron flux through SC I1III2. Strong oxidation of FAD- linked 
substrates as in fatty acid oxidation (where FAD-linked ETF dehydrogenase is most 
probably not forming a SC) might however induce strong interaction of the highly 
reduced CoQ pool with the SC. At the metabolic level these fast kinetic adjustments 
would be followed by gene expression changes of the level of individual complexes 
as postulated by Enriquez and collaborators (Lapuente-Brun et al. 2013).
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3.8  Coenzyme Q and Proton Translocation

The involvement of CoQ in proton translocation to create the electrochemical 
potential used to drive ATP synthesis has been pioneered by Mitchell (1975) in its 
Q-cycle hypothesis. In the following years, the characteristics of energy-linked pro-
ton translocation by CIII have been documented by extensive experimentation (see 
Crofts 2004 and Cramer et  al. 2011 for historical and structure perspectives). 
Involvement of CoQ in proton translocation by CI was also postulated and several 
models, either cyclic or linear, were proposed, although only the recent crystalliza-
tion of the complex has offered hints to elucidate the linkage of proton chemistry to 
electron transfer during NADH oxidation and quinone reduction.

3.8.1  Complex III

According to the Q-cycle model, recently refined by Crofts et al. (2013), proton- 
coupled oxidation of QH2 at the outer positive site (called Qo-site or site P) of the 
inner membrane occurs through a bifurcated reaction delivering the electrons to two 
different acceptor chains (Fig. 3.7C). The first electron reduces the high potential 
chain (Rieske iron-sulphur protein and hence cytochromes c1 and c), and generates 
an intermediate semiquinone USQH in neutral form (see Fig.  3.1 for formulas). 
Removal of a H+ from USQH yields the unstable anionic species, USQ−, which is 
retained in the Qo-site volume; the net result is release of two protons in the aqueous 
P-phase of the intermembrane space. The second electron, released from USQ−, 
reduces the low potential chain consisting of hemes b566 (bL) and b562 (bH) of cyt b, 
which deliver the electron across the membrane to reduce ubiquinone (or semiqui-
none, see below) at the internal negative site (called site N or Qi-site). The cycle is 
completed by oxidation of a second molecule of QH2. In this second cycle the elec-
tron released by bH reduces the semiquinone at the Qo-site regenerating ubiquinol by 
taking up two protons from the matrix. Thus two turns of the catalytic cycle result 
in the release of four protons into the intermembrane space and consumption of two 
protons from the matrix side; the final stoichiometry of the Q-cycle is given by the 
following expressions:
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Fig. 3.7 Proton translocation in the CoQ region of the respiratory chain. (a) The structure of 
CoQ-dependent respiratory complexes is presented: Complex I from Thermus thermophilus (pro-
tein databank (PDB) identifier 4HEA; Baradaran et al. 2013), Complex II from Sus scrofa (PDB 
identifier 1ZOY; Sun et al. 2005), Complex III from Bos taurus (PDB identifier 1BGY; Iwata et al. 
1998). (b) Proposed coupling mechanism of CI; Upon electron transfer from the Fe–S cluster N2, 
negatively charged quinone (or charged residues nearby) initiates a cascade of conformational 
changes, propagating from the E-channel (at Nqo8, Nqo10 and Nqo11) to the antiporters via the 
central axis (indicated by grey arrows) comprising charged and polar residues that are located 
around flexible breaks in key transmembrane helices (TMHs). Cluster N2-driven shifts (dashed 
arrows) of Nqo4 and Nqo6 helices33 (not shown) are likely to assist overall conformational 
changes. Helix HL and the βH element help to coordinate conformational changes by linking dis-
continuous TMHs between the antiporters. Key charged residues can be protonated from the cyto-
plasm through several possible pathways, including inter-subunit transfer (indicated by black 
arrows). Following the reduction of CoQ and completion of conformational changes, Lys or 
GluTM12 in the antiporters and Glu32 from Nqo11 in the E-channel each eject a proton into the 
periplasm. TMHs are numbered and key charged residues are indicated by red and blue circles. (c) 
Mechanism of CIII; electron transfer in the first step of the Q-cycle is shown by solid arrows; 
dashed arrows indicate the same steps with a second ubiquinol. The oxidation of two ubiquinol 
molecules at the Qo-site releases four protons into the IMS. Two protons are taken up from the 
matrix as ubiquinol at the Qi-site is reduced. FMN, flavin mononucleotide; ΔΨ, membrane poten-
tial. (Reprinted from Sazanov (2015) by permission from Macmillan Publishers Ltd.: Nature 
Reviews Molecular Cell Biology, Copyright (2015))
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3.8.2  Complex I

The redox centre N2 is the direct electron donor to bound ubiquinone (Ohnishi 
1998) and this step is linked to proton translocation (Yano and Ohnishi 2001; 
Flemming et al. 2005), although the mechanism has been strongly debated (Friedrich 
2001; Vinogradov 2001; Brandt et al. 2003; Ohnishi and Salerno 2005; Sherwood 
and Hirst 2006). Most models implied at least partly CoQ redox chemistry in the 
mechanism of H+ transport. Nevertheless, since all redox groups in the enzyme 
appear to be located in the hydrophilic arm or at least at the interface with the hydro-
phobic arm, direct coupling mechanisms appear unlikely to be solely responsible 
for H+ movements; this implies that the driving force for proton translocation must 
be transduced over a considerable distance to the actual pumping process in the 
membrane arm via conformational coupling (Zickermann et al. 2008).

Ohnishi and collaborators (2010) reported that two distinct EPR-detectable 
semiquinone species also play important roles in CI. They were called SQNf (fast 
relaxing semiquinone) and SQNs (slow relaxing semiquinone). It was proposed that 
QNf plays a role in a “direct” redox-driven proton pump, while QNs triggers an “indi-
rect” conformation-driven proton pump. QNf and QNs together serve as (1e−/2e−) 
converter, for the transfer of reducing equivalent to the CoQ-pool. According to this 
model, 2H+ would be transported by the direct mechanism and 2H+ by the confor-
mational mechanism. Note however that the controversy about the existence of 
more than one quinone molecule in the CI is still open and the idea of a second 
functional quinone-binding site, which has been suggested to be located in 
antiporter- like subunit Nqo14 (ND2), is not in agreement with structural and muta-
genesis data indicating that all three antiporter-like subunits have similar roles in 
proton translocation (cf. Sazanov 2015 for extensive review and discussion about 
notable difference between the mitochondrial and bacterial structure around the 
quinone-binding site of CI).

The recent X-ray structure of CI allows a better understanding of the mechanism 
of H+ translocation (Sazanov 2015). The bacterial L-shaped assembly consists of the 
alpha-helical model for the membrane domain, with 63 transmembrane helices, and 
the known structure of the hydrophilic domain. Each symmetry-related set of five 
helices in the antiporter-like subunits (Nqo12, Nqo13 and Nqo14) forms an apparent 
half-channel for proton translocation (Fig.  3.7). The architecture of the complex 
provides strong clues about the coupling mechanism: the most widely accepted 
model currently is probably the ‘one-stroke one-site’ model, which proposes that all 
four protons are translocated at once, driven by the redox chemistry of one bound 
CoQ molecule, which takes into account the known redox potentials of quinone 
reduction intermediates and the reversibility of the overall CI reaction (Efremov and 
Sazanov 2012). In brief, upon electron transfer from N2, the negatively charged 
ubiquinol (or charged residues nearby that control its protonation) can interact elec-
trostatically with key negatively charged residues in the quinone cavity and drive 
conformational changes in the E-channel (at Nqo8, Nqo10 and Nqo11). Cluster N2 
could also contribute, as helices that directly contact Nqo8 move following N2 
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reduction. Conformational changes in the E-channel can be transmitted to the near-
est antiporter-like subunit Nqo14 and propagated to the tip of the membrane domain 
of CI through interactions of charged residues in neighboring subunits. As a result, 
key charged residues would be protonated and de-protonated, and access to the cyto-
plasm and periplasm gated, as required for the H+ pumping cycle.

It is worth noting that the key role of the CoQ redox cycle in driving conforma-
tional changes is consistent with the reversibility of the overall reaction catalysed by 
CI. This complex functions close to an equilibrium in vivo and, under conditions of 
high proton motive force and in the presence of a highly reduced CoQ pool, the 
reaction can be driven in the reverse direction so that QH2 reduces NAD+. In this 
case, conformational changes driven by high ΔΨ can result in high affinity for QH2 
and in a low redox potential of bound QH2 so that electron transfer can proceed in 
reverse towards FMN (Efremov and Sazanov 2012).

3.9  Coenzyme Q as Mitochondrial Antioxidant 
and Anti-apoptotic Agent

Besides being a redox component of the respiratory chain, physiological CoQ10 
behaves as a strong antioxidant in its reduced form. Ubiquinol can prevent the initia-
tion of lipid peroxidation or also break the chain reaction by reacting with lipid 
peroxide radicals (LOO·), thus generating ubisemiquinone and a non-radical lipid 
hydroperoxide as indicated in eq. 3.5 (Ernster and Dallner 1995):

 QH LOO Q LOOH H2 + → + + +· ·  (3.5)

Physiological ubisemiquinones having long side chains do not react with oxy-
gen, except in CIII under the very special conditions of the Q-cycle. On the other 
hand, short chain ubiquinones, as CoQ1 and also hydroxydecyl-ubiquinone (idebe-
none), a compound having some clinical application, have a pro-oxidant effect in 
CI. Idebenone also inhibits CI (Degli Esposti et al. 1996); despite these effects, ide-
benone does not appear to be prooxidant in vivo (cf. McDaniel et al. 2005; Duveau 
et  al. 2010), presumably because of prevalence of its reduced form in the cells 
(Imada et al. 2008).

In mitochondria the reduced antioxidant form of CoQ is regenerated by the respi-
ratory chain (cf. previous sections). However, several other enzymes also catalyse 
CoQ reduction to achieve its antioxidant reduced state in eukaryotic cells. NADH- 
cytochrome b5 reductase can reduce CoQ through a one-electron reaction mecha-
nism (Arroyo et al. 1998). The soluble enzyme NAD(P)H-quinone oxidoreductase 
1 (NQO1, DT-diaphorase) can reduce quinones by a two-electron reaction and 
maintains the reduced state of CoQ10 in vitro (Beyer et al. 1996). A distinct cytosolic 
NADPH-CoQ reductase different from NQO1 has been also described (Takahashi 
et al. 1995).
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Murphy and coworkers (Kelso et al. 2001) developed a new antioxidant, named 
MitoQ, a ubiquinone derivative targeted to mitochondria by covalent attachment to 
a lipophilic triphenylphosphonium cation through an aliphatic carbon chain. Due to 
the large mitochondrial membrane potential, the cation is accumulated within mito-
chondria inside cells, where the ubiquinone moiety inserts into the lipid bilayer and 
is reduced by the respiratory chain. The ubiquinol derivative thus formed is an effec-
tive antioxidant that prevents lipid peroxidation and protects mitochondria from 
oxidative damage. After detoxifying a reactive oxygen species, the ubiquinol moi-
ety is regenerated by the respiratory chain enabling its antioxidant activity to be 
recycled. In cell culture studies (Kelso et al. 2001), the mitochondrially localized 
antioxidant protects mammalian cells from hydrogen peroxide-induced apoptosis. 
On the other hand, it is worth noting that MitoQs of different alkyl chain lengths, 
although specifically directed to mitochondria, are not able to restore electron trans-
fer in CoQ-deficient mitochondria (James et al. 2005) and do not always exhibit 
antioxidant properties (Plecitá-Hlavatá et al. 2009).

Other studies (Yamamura et al. 2001; Papucci et al. 2003; Naderi et al. 2006) 
have confirmed a protective role of CoQ10 against apoptosis by showing inhibition 
of cell death independently of its antioxidant effect, presumably by inhibition of 
opening of the permeability transition pore (PTP), a high conductance protein chan-
nel located in the inner mitochondrial membrane (Bernardi and Forte 2007) which 
depolarizes the mitochondrion and leads to the release in the cytoplasm of proteins 
contained in the space between the two mitochondrial membranes, such as cyto-
chrome c and other factors that trigger the process of programmed cell death (apop-
tosis). In fact quinones have been shown to exert a direct effect on PTP. Walter et al. 
(2000) found that three functional classes of quinone analogues could be defined in 
relation to PTP: (i) PTP inhibitors, as CoQ0, CoQ2, decylubiquinone; (ii) PTP induc-
ers, as idebenone (2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4- 
benzoquinone); (iii) PTP-inactive quinones, that counteract the effects of both 
inhibitors and inducers, such as CoQ1. The quinones modulate the PTP through a 
common binding site rather than through oxidation-reduction reactions. Occupancy 
of this site can modulate the PTP open-closed transitions, possibly through second-
ary changes of the Ca2+ binding affinity for the pore. PTP opening by its inducers 
led the cells to apoptosis (Devun et al. 2010). In these studies the effect of hydro-
phobic long-chain quinones could not be investigated, however an indirect study by 
Li et al. (2005) suggests that CoQ10 may be a PTP inhibitor. These authors exposed 
SHSY5Y neuroblastoma cells to neurotoxic β-amyloid peptides (Aβ) and oxygen/
glucose deprivation (OGD) to investigate the neuroprotective effect of 10  μM 
CoQ10. Pore opening and superoxide anion concentration were increased in the 
group Aβ+/OGD+ relative to control, and were attenuated to the control level when 
CoQ10 was administered, indirectly demonstrating that CoQ10 inhibits the opening 
of the pore besides reducing the concentration of superoxide anion.

Durán-Prado et al. (2014) also demonstrated that pretreatment with CoQ at phys-
iological concentrations in human plasma after oral CoQ supplementation protects 
HUVEC endothelial cells from β-amyloid-induced injury by preventing cell necro-
sis and apoptosis and restoring their ability to proliferate, migrate and form 
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tube- like structures in vitro, which is mirrored by a restoration of the cell metabolic 
profile to control levels. Moreover, CoQ reduced the influx of extracellular Ca2+, and 
Ca2+ release from mitochondria caused by PTP opening after β-amyloid administra-
tion, in addition to decreasing O2

.− and H2O2 levels.
Similar studies indicated a protective effect of CoQ10 on PTP opening in amitrip-

tyline toxicity (Cordero et al. 2009) and in ischemia and reperfusion in the heart 
(Sahach et al. 2007). It is not clear in these studies whether the effect of CoQ10 on 
the transition pore is a direct one or is mediated by the antioxidant effect.

3.9.1  Transcriptional Effects of CoQ

Several studies have revealed effects of CoQ10 on gene expression (Linnane et al. 
2002; Gorelick et al. 2004; Groneberg et al. 2005; Nohl et al. 2005; Schmelzer et al. 
2009; Sohet et al. 2009). In theory, these effects might be mediated directly by, for 
example, interactions with a transcription factor. However, reactive oxygen species 
(ROS) are also potent inducers of gene expression. H2O2 has been identified as an 
activator of the pro-inflammatory nuclear transcription factor NFκB (Kaltschmidt 
et al. 1999). In view of the antioxidant properties of the reduced form of CoQ10 and 
the effective enzymatic conversion of oxidized CoQ10 into its reduced form, CoQ10 
might mediate anti-inflammatory effects via gene expression.

Triggering of cells with lipopolysaccharide LPS induces downstream signalling 
cascades of the transcription factor NFκB, which in turn leads to the induction of 
inflammatory genes; CoQ10 downregulates LPS-inducible genes in the monocytic 
cell line THP-1, presumably due to its antioxidant impact on gene expression 
(Schmelzer and Döring 2010).

In another study (Park et al. 2009) caloric restriction inhibited age-related expres-
sion of five genes in heart and cerebellum; among dietary antioxidants, lipoic acid 
and CoQ10 were as effective as caloric restriction in the cerebellum.

Tian et al. (2014) reported that dietary supplementation with ubiquinol-10 also 
prevents age-related decreases in the expression of sirtuin gene family members, 
which results in the activation of PGC-1α (peroxisome proliferator-activated recep-
tor γ coactivator 1α), a major factor that controls mitochondrial biogenesis and res-
piration, as well as superoxide dismutase-2 (SOD2) and isocitrate dehydrogenase- 2 
(IDH2), which are major mitochondrial antioxidant enzymes and protect against the 
symptoms of age-related diseases. Furthermore, these authors demonstrate that ubi-
quinol-10 may activate Sirt1 and PGC-1α gene expression in SAMP1 mice by 
increasing cyclic adenosine monophosphate (cAMP) levels that, in turn, activate 
cAMP response element-binding protein (CREB) and AMP-activated protein 
kinase (AMPK).

Similar effects at the transcription level are promoted by the mitochondria-direct 
derivative MitoQ (Chacko et al. 2010). Thus it is likely that all effects of CoQ at the 
genetic level may be mediated by its antioxidant effect.
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Chapter 4
Extramitochondrial Coenzyme Q10 
in Aging
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Abstract Organisms maintain a complex relationship between the production of 
oxidative radicals and endogenous antioxidant levels and antioxidant enzymatic 
activities. Apart of its bioenergetics role in mitochondria, CoQ10 is also present in 
the rest of cell membranes and in plasma lipoproteins. In these structures, CoQ10 
plays a key antioxidant role, preventing lipidic oxidative damage and regulating 
enzymatic and regulatory activities. Many years ago, two essential CoQ10-dependent 
dehydrogenases were characterized, cytochrome b5 reductase and NQO1. These 
enzymes are able to maintain a redox cycle of CoQ10 in membrane, preventing oxi-
dative damage and maintaining other antioxidant systems depending on ascorbic 
acid and α-tocopherol. Recently, other CoQ10-dependent enzymes such as a mito-
chondrial dehydrogenase (FSP1) and a dehydrogenase associated with the outer leaf 
of the plasma membrane have increased the importance of CoQ10 in the prevention 
of oxidative damage and the regulation of apoptosis. The role of these enzymes in 
aging remains to be clearly determined but CR, a known prolongevity procedure, 
increases the activity of CoQ10-dependent dehydrogenases and prevents oxidative 
damage associated with aging. Then, maintenance of the activity of these extrami-
tochondrial CoQ10-dependent activities seems to be important for aging and 
longevity.
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4.1  Introduction

Coenzyme Q (CoQ) is widely known to be located in the inner mitochondrial mem-
brane where it transfer electrons in the mitochondrial electron transport chain 
(Lopez-Lluch 2017). In addition to its bioenergetics role in mitochondria, CoQ is 
also present in the rest of cell membranes where it acts as main lipidic antioxidant. 
In all the cell membranes, including mitochondrial membranes, the reduced form of 
CoQ, named ubiquinol, is maintained in a redox cycle by many oxidoreductases 
(Lopez-Lluch et al. 2010). In mitochondrial membranes, electron transport chain 
complex I and II and Acyl-CoQ reductase are able to transfer electrons from matrix 
NADH, succinate or fatty acids to the oxidized form, ubiquinone, bound to the inner 
mitochondrial membrane. Further, ubiquinol transfers these electrons to Complex 
III being, then, essential for the respiratory activity of mitochondria (Crane et al. 
1957). Mitochondrial CoQ is also a substrate for receiving electrons from other 
enzymes associated to mitochondria. Dihydroorotate dehydrogenase is involved in 
the novo synthesis of pyrimidine nucleotides and uses ubiquinone as electron accep-
tor (Hey-Mogensen et  al. 2014; Loffler et  al. 1997). Deficiency in this enzyme 
causes severe diseases by leading to mitochondrial dysfunction (Fang et al. 2013). 
Premature aging has been associated with a rise in the ratio of ubiquinol/ubiquinone 
associated with a defect in the synthesis of pyrimidine nucleotides and the capacity 
of reparation of DNA and cell division (Olgun 2009). Mitochondrial glycerol- 3- 
phosphate dehydrogenase is a known enzyme involved in lipid metabolism in mito-
chondria and receives electrons from cytosolic redox intermediates (Alcázar-Fabra 
et al. 2016). Other enzyme is sulfide:quinone oxidoreductase involved in the oxida-
tion pathway of sulfides that can affect the metabolism in glutathione, glutamate, 
serotonin and catecholamines (Quinzii et al. 2017; Ziosi et al. 2017).

In addition to the essential role of CoQ in the above indicated metabolic activi-
ties, another key function of CoQ is a main lipidic antioxidant. CoQ protects phos-
pholipids against oxidative damage directly by disrupting the lipid peroxidation 
chain or indirectly through maintaining α-tocopherol or ascorbic acid in their 
respective activated state (Fernandez-Ayala et al. 2000). In plasma membrane (PM), 
maintenance of CoQ levels in its active form, ubiquinol, depends on the activity of 
different oxidoreductases (Ernster and Dallner 1995) that accept electrons from 
cytosolic NAD(P)H and donate them to intramembranous CoQ. Once in its reduced 
form, ubiquinol transfers electrons to membrane or exogenous electron acceptors in 
a system known as plasma membrane redox system (PMRS) (Villalba et al. 1995). 
NAD(P)H-dehydrogenases include a NADH-cytochrome b5 reductase (Cyb5R3) that 
reduces CoQ by using a one-electron mechanism (Arroyo et al. 2000; Navarro et al. 
1995) and NQO1 (NAD(P)H:quinone oxidoreductase 1) that reduces CoQ by a two 
electron mechanism (Beyer et al. 1996).

PMRS has been also associated with many regulatory activities such as the pre-
vention of the activation of the neutral sphingomyelinase activity and then, the 
release of ceramide and induction of cell death (Fig.  4.1) or the activation of 
adenylyl- cyclase and the modulation of the release of cAMP (Lopez-Lluch et al. 
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1998; Lopez-Lluch et  al. 2005a) or the maintenance of growth in mitochondrial 
deficiency conditions.

Protection of lipids against oxidative damage in plasma lipoproteins is also a key 
extramitochondrial function of CoQ10. Blood plasma CoQ10 is associated with lipo-
proteins, mainly with LDL (Johansen et  al. 1991). Levels of CoQ10 in LDL are 
directly related with the resistance of these particles to oxidative damage (Mohr 
et al. 1992) whereas, low CoQ10 levels in plasma have been associated with a higher 
degree of lipid peroxidation increasing the risk for cardiovascular disease (Stocker 
et  al. 1991). As in cell membranes, CoQ10 maintains also α-tocopherol levels in 
plasma and thus, it can be considered the main lipophilic antioxidant preventing 
lipid peroxidation (Stocker et al. 1991). Further, plasma CoQ10 can also suppress the 
oxidative damage in endothelial cells by regulating oxidative stress-dependent 
response (Tsai et al. 2011). The importance of plasma CoQ10 in the prevention of 
oxidative damage in cardiovascular diseases has been highlighted by the inverse 
relationship between CoQ10 levels and the risk of mortality in acute phase patients 
(Shimizu et al. 2017)

CoQ10 plays essential functions in cells from bioenergetics to antioxidant protec-
tion in mitochondria, cell membranes and blood plasma lipoproteins. The putative 

Fig. 4.1 Essential role of CoQ-dependent plasma membrane oxidoreductases. Maintenance of the 
redox cycle of CoQ10 in plasma membrane and other membrane prevents lipid peroxidation and the 
release of proapoptotic and proferroptotic compounds. For this role, the presence and activity of 
Cyb5R3, located at the plasma membrane, NQO1, translocated from cytoplasm, and FSP1, translo-
cated from mitochondria, play a key role. Further, the activity of these enzymes is also associated 
with the local regulation of redox-associated signaling pathways and the bioenergetics regulation 
of the cell through Sirtuin and other enzymes. Further, a recent study indicates the presence of an 
enzyme located at the outer side of the plasma membrane of hepatocytes able to maintain CoQ10H2 
in plasma lipoproteins

4 Extramitochondrial Coenzyme Q10 in Aging
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decrease of CoQ10 levels during aging can be a very important risk factor for mito-
chondrial dysfunction but also for oxidative damage in cell membranes and in lipo-
proteins. Further, a dysfunction of the antioxidant capacity of CoQ10 during aging 
can aggravate the progression of many age-related diseases that depends on plasma 
membrane signaling processes. This chapter shows the importance of extramito-
chondrial functions of CoQ10 and CoQ-dependent activities during aging and its 
regulation with prolongevity effectors.

4.2  Origen of Extramitochondrial CoQ

Location of the synthesis of CoQ is a controversial subject for debate since it has 
been associated with the endoplasmic reticulum (ER)-Golgi system or with the 
matrix side of the inner mitochondrial membrane. If the synthesis is associated with 
the ER-Golgi system (Teclebrhan et al. 1995), the distribution to the rest of extrami-
tochondrial cell membranes is clear through the secretory pathway. However, the 
location of the synthesis of CoQ10 in the inner mitochondrial membrane indicates 
the existence of a CoQ10 transfer mechanism from mitochondria to ER-Golgi sys-
tem. Recently, it has been suggested that UBIAD1, a prenyltransferase located in 
the Golgi membrane is responsible for the synthesis of CoQ10 since its depletion 
reduces the cytosolic pool of CoQ10 and increases lipid peroxidation in endothelial 
cells (Mugoni et al. 2013). However, depletion of this protein also affects the cho-
lesterol metabolism and its distribution into mitochondria (Morales et  al. 2014) 
indicating a main function in the metabolism of the CoQ10-isoprene side-chain than 
in the modification of the benzene ring that clearly occurs in mitochondria (Stefely 
and Pagliarini 2017).

Cell culture experiments performed by our group demonstrate that in human 
cells de novo synthesis of CoQ10 in human cells occurs in mitochondria (Fernandez- 
Ayala et al. 2005a). By using a radioactive precursor of the CoQ10 benzene ring, 
[14C]-parahydroxy-benzoate, we found that CoQ10-associated radioactivity was ini-
tially found in mitochondria and later in mitochondria-associated ER membranes 
(MAMs), ER, Golgi and plasma membrane (Fernandez-Ayala et  al. 2005a). 
Exogenously added CoQ also reach mitochondrial membranes and can affect the 
mitochondrial electron transport chain (Fernandez-Ayala et al. 2005b). This means 
that a flux between the ER-Golgi system and mitochondria exists through MAMs 
that link mitochondria to ER (Sharma et al. 2019). The important role of these mem-
branes in mitochondrial dynamics, biogenesis and transport in cells suggests the 
transport of CoQ10 to all the cell membranes can be associated with the function of 
MAMs. Interestingly, mitochondrial-ER contacts decrease in aged cells (Janikiewicz 
et al. 2018) probably by the decrease in the levels of mitofusin 2, a key protein in 
mitochondrial fusion and dynamics (de Brito and Scorrano 2008). Interestingly, 
mitofusin 2 is required to maintain CoQ levels in mitochondria indicating the 
importance of mitochondrial fusion and/or interaction with ER through MAMs in 
mitochondrial synthesis and traffic (Mourier et al. 2015). The synthesis of CoQ10 
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requires the coordinated activity of different enzymes and regulatory proteins 
(Chap. 2 of this book). These proteins are known as COQ proteins and to date more 
than 12 members have been described (Stefely and Pagliarini 2017). As a two senses 
road, the incorporation of the isoprene side-chain synthesized by COQ1 complex 
and its binding to pHB through COQ2 can occurs in these MAMs whereas the 
modification of the benzene ring occurs  in the inner mitochondrial membrane. 
Then, the decrease in MAMs-mitochondria contacts during aging can affects both, 
de novo synthesis of CoQ10 in mitochondria and its transfer to the rest of membranes 
and also the incorporation of exogenous CoQ10 to mitochondria.

4.3  Extramitochondrial CoQ Oxidoreductases

The redox cycle of CoQ in extramitochondrial membranes is maintained by several 
oxidoreductases that transfer electrons from cytosolic electron donors to ubiqui-
none. This function is mainly played by two main oxidoreductases, cytochrome b5 
reductase, (Cyb5Rase) and NAD(P)H:quinone oxidoreductase 1, (NQO1) (Ross and 
Siegel 2017). Although with minor capacity, other enzymes such a cytosolic 
NAD(P)H-ubiquinone reductase (Takahashi et al. 1992), lipoamide dehydrogenase 
(Olsson et al. 1999), thioredoxin reductase and even glutathione reductase can also 
transfer electrons to ubiquinone (Nordman et al. 2003). Recently, other mitochondria- 
linked enzymes have emerged as CoQ-dependent oxidoreductases affecting extra-
mitochondrial functions of CoQ. These enzymes are ferroptosis suppressor protein 
1 (FSP1) (Bersuker et  al. 2019) and CDGSH iron sulfur domain 1 protein 
(mitoNEET) (Wang et al. 2017). Further, an extracellular NADH-dependent CoQ10 
reductase seems to be responsible of the maintenance of blood plasma ubiquinol 
levels (Takahashi et al. 2019). All these enzymes offers a complete system for the 
extramitochondrial maintenance of ubiquinol levels in cell membranes and to con-
trol many physiological activities in cells and tissues.

4.3.1 Cyb5Rase

Cyb5Rase (E.C. 1.6.5.5.), was discovered as a phospholipid-dependent NADH-CoQ 
reductase associated with plasma membrane (Navarro et al. 1995). Known also as 
ascorbate free radical reductase (Villalba et al. 1995) it is not only associated with 
the protection against oxidative stress but also in the regulation of metabolic homeo-
stasis (Siendones et  al. 2014). In fact, deficiency of membrane bound Cyb5Rase 
causes recessive hereditary methaemoglobinaemia in humans. This incurable rare 
disease causes, among other symptoms, severe neurological disorders (Siendones 
et al. 2018). In Cyb5R3-deficient cells, a decrease in the NAD+/NADH ratio is found, 
indicating the importance of this enzyme in metabolic regulation. Further, this 
enzyme has been also associated with mitochondrial activity since its deficiency 
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affects mitochondrial respiration rate, activity of mitochondrial electron transport 
chain complexes and ATP production (Martin-Montalvo et al. 2016).

Cyb5R3 is regulated by erythroid-derived 2-like2 (NRF2) transcription factor, 
indicating a redox stress-dependent regulation (Siendones et al. 2014). However, 
experiments performed in cultured cells demonstrated that high levels of ROS pro-
duce a negative effect in the levels of Cyb5R3 (Bello et  al. 2003). It seems that 
Cyb5Rase activity and levels associated to plasma membrane are affected by aging 
and also modulated by prolongevity effectors as caloric restriction and resveratrol 
indicating a role in aging progression (Rodriguez-Bies et al. 2016; Rodriguez-Bies 
et al. 2015).

4.3.2  NQO1

NQO1, also known as DT-diaphorase (E.C. 1.6.99.2.), is the most known quinone 
oxidoreductases in cells. NQO1 reduces quinones by a two-electron mechanism. It 
is highly inducible and seems to play several roles in adaptive and stress cell 
responses (Joseph et al. 1994; Prochaska et al. 1992) by their induction through the 
activation of the NRF2 transcription factor or the Aryl carbon (Ah) receptor (Jaiswal 
2000; Vasiliou et al. 1994). The activity of NQO1 in chemoprotection and catabo-
lism of quinones has been extensively studied (Ernster et al. 1986; Ernster et al. 
1972; Ross et al. 1990). Other functions of the enzyme are associated with stabiliza-
tion or proteins such as p53, p63, ornithine decarboxylase and PGC1α (Ross and 
Siegel 2017) or in the control of the stability of mRNA of serpins and others (Di 
Francesco et al. 2016; Ross and Siegel 2017).

NQO1 levels increase rapidly under stress conditions indicating their essential 
role as member of the antioxidant system in cells. As a target of NRF2, NQO1 is 
induced under oxidative challenge and by inducers of oxidative damage response 
such as polyphenols (Hsieh et al. 2006). As antioxidant enzyme, NQO1 acts a CoQ- 
reductase transferring two electrons from NADPH to ubiquinone in cell membranes. 
In fact, the protective activity of CoQ10 against membrane damage could be blocked 
by inhibition of NQO1 (Beyer et al. 1996).

4.3.3  Lipoamide Reductase, Glutathione Oxidoreductase 
and Thioredoxin Reductase

Lipoamide dehydrogenase, a member of the family of pyridine nucleotide disulfide 
dehydrogenases was proposed to reduce ubiquinone in cell membranes (Xia et al. 
2001). This enzyme belongs to the same family than glutathione and thioredoxin 
reductases, is present both, inside and outside mitochondria and reduces ubiquinone 
(Olsson et al. 1999), lipoic acid and lipoamide (Williams et al. 1967) and has been 
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proposed to play an important role in the protection of biological membranes from 
lipid peroxidation (Xia et al. 2001). The activity of this enzyme has been associated 
with the protection of dopaminergic cells against neurotoxicity in Parkinson’s dis-
ease (Dhanasekaran et al. 2008).

The selenoprotein thioredoxin reductase (TrxR) and thioredoxin (Trx) is an ubiq-
uitous antioxidant system also playing regulatory roles of many physiological func-
tions in cells (Nordberg and Arner 2001). TrxR1 reduces ubiquinone in a 
selenium-dependent manner and this relationship has been used to stablish the asso-
ciation of CoQ10 levels and selenium (Xia et al. 2003). TrxR and glutathione reduc-
tase has been strongly associated with the maintenance of the levels of ubiquinol in 
cells (Nordman et al. 2003).

4.3.4  FSP1

Ferroptosis suppressor protein 1 (FSP1), previously known as apoptosis-inducing 
factor mitochondrial 2 (AIFM2, AIF2), has been very recently shown as a CoQ10- 
dependent oxidoreductase  linked to plasma membrane by a myristoyl chain 
(Bersuker et al. 2019). As in the case of Cyb5R3 and NQO1, FSP1 association with 
plasma membrane permits to maintain CoQ10 in its reduced form, ubiquinol, by 
using cytosolic NAD(P)H as electron donor (Doll et  al. 2019). Interestingly, the 
function of FSP1 is essential in the protection of cells against ferroptosis in 
Glutathione Peroxidase 4 knock out cells indicating a putative synergistic effect of 
FSP1 with this peroxidase in the prevention of phospholipid peroxidation (Doll 
et al. 2019).

The importance of this protein in aging and cell survival remains to be stablished. 
However, it has been associated with the protection of neurons against ferroptosis 
associated with the progression of age-related neurodegenerative diseases (Santoro 
2020). Considered in the beginning as a brain specific form of AIF, this redox-active 
mitochondrial enzyme was considered to be strongly anchored to the inner mem-
brane of mitochondria facing the intermembrane space (Hangen et  al. 2010). 
Downregulation of FSP1/AIF2 has been also associated with mitochondrial dys-
function indicating also a role in the maintenance of mitochondrial activity (Chen 
et al. 2019) probably by regulating the NAD+/NADH ratio through its activity at 
the plasma membrane (Doll et al. 2019). Its study in aging and longevity field would 
indicate its importance in the prevention of age-related diseases.

4.3.5  mitoNEET

MitoNEET (CISD1, CDGSH iron sulfur domain 1 protein) is a small 2Fe-2S con-
taining protein located at the outer mitochondrial membrane, able to regulate oxida-
tive capacity (Wiley et al. 2007). It has been recently considered as a therapeutic 

4 Extramitochondrial Coenzyme Q10 in Aging



98

target for type II diabetes and other age-associated diseases such as neurodegenera-
tion or cancer (Lipper et  al. 2019). MitoNEET is associated with mitochondrial 
homeostasis by regulating mitochondrial pore (VDAC1) opening in a redox- 
dependent manner (Lipper et al. 2019) and with the control of energy metabolism, 
iron homeostasis and ROS production (Li et al. 2018). Interestingly, long time ago, 
regulation of this pore in mitochondria was also suggested through an ubiquinone- 
binding site (Fontaine et al. 1998). As in the case of FSP1, mitoNEET has been also 
linked to the protection against ferroptosis by protecting mitochondria from lipid 
peroxidation (Yuan et  al. 2016). Interestingly, two recent studies have suggested 
that ubiquinone can be a natural acceptor of electrons from this protein regulating 
its redox status and many of their functions (Li et al. 2018; Wiley et al. 2007). CoQ10 
has been proposed to accept electrons and maintain this protein in its oxidized sta-
tus. Taken into consideration that the oxidized form of this protein is the active form 
that can transfer [2Fe-2S] clusters to cytosolic and mitochondrial proteins, ubiqui-
none can play an important regulatory role in the homeostasis of mitochondrial 
activity through this protein (Wang et al. 2017).

4.4  CoQ10 in Blood Plasma

The presence of CoQ10 in blood plasma is associated with the lipoproteins that dis-
tribute cholesterol among different organs (Stocker et al. 1991). Interestingly, CoQ10 
in lipoproteins is maintained in its reduced form. Even after supplementation with 
ubiquinone, the ratio ubiquinol/ubiquinone in plasma remains unchanged and near 
the 100% (Okamoto et al. 1989) indicating the existence of a system that maintains 
CoQ10 in its reduced form in plasma. The putative reductase involved in mainte-
nance of CoQ10 in its reduced form has been elusive although recently it has been 
shown that a liver cancer cell line, HepG2, can reduce extracellular CoQ10 in a 
mechanism independent on the reduction of intracellular CoQ10 or the leakage of 
intracellularly reduced CoQ10 (Takahashi et  al. 2019). This capacity was already 
found some years ago with HepG2 cells and red blood cells membranes although in 
some way discarded since reduction of short chain CoQ forms was much faster than 
LDL-associated CoQ10 (Stocker and Suarna 1993). This new finding opens the pos-
sibility of the presence of members of the PMRS able to transfer electrons from 
intracellular reductants to oxidized extracellular CoQ10 or the presence of a reduc-
tase in the outer side of the plasma membrane able to use extracellular NAD(P)H to 
reduce ubiquinone (Fukuwatari and Shibata 2009) both involved in the maintenance 
of the high levels of blood plasma ubiquinol.

Decrease in the ratio ubiquinol/ubiquinone in blood plasma has been considered 
as a biomarker of aging in European adults (Niklowitz et al. 2016). Further, this 
ratio has been considered as a marker of oxidative stress in blood plasma (Yamamoto 
and Yamashita 1997). Levels of CoQ10 in plasma seems to respond to physical activ-
ity of individuals but affecting in a different manner depending of the age of the 
individuals. Whereas high activity is associated with lower levels of CoQ10 in plasma 
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in young individuals, this relationship is positive in older people indicating an age- 
dependent regulation (Del Pozo-Cruz et al. 2014a). Sedentary lifestyle and obesity 
show an inverse relationship with CoQ10 levels in plasma increasing the risk for 
cardiovascular disease by reducing lipid peroxidation protection and showing a gen-
der difference since it affects more to women than men (Del Pozo-Cruz et  al. 
2014b). The discovery of an extracellular CoQ10 reductase in liver can associate 
age-dependent changes in plasma ubiquinol/ubiquinone ratio with changes in the 
expression or activity of this enzyme (Takahashi et al. 2019). Further research must 
be performed in order to clarify the importance of this enzyme in the progression of 
cardiovascular disease and plasma oxidation during aging.

4.5  Antioxidant Role of CoQ in Cell Membranes

Phospholipids, sphingolipids and cholesterol are the main components of cell mem-
branes. Cell membranes also contains other lipids involved in the antioxidant pro-
tection against oxidative damage such as α-tocopherol and CoQ. In cell membranes, 
α-tocopherol protects unsaturated fatty acids from peroxidation (Niki 1987). On the 
other hand, ubiquinol is responsible for the maintenance of α-tocopherol and also 
prevention of lipid peroxidation (Lass and Sohal 1998). A great body of evidence 
have demonstrated that ubiquinol  is the main component in cell membranes for 
preventing lipid peroxidation and blocking oxidative damage cascade. We stab-
lished the existence of an inverse relationship between the levels of CoQ in plasma 
membrane and the rate of lipid peroxidation (Lopez-Lluch et al. 1999). We clearly 
demonstrated that the presence of CoQ in plasma membrane blocks lipid peroxida-
tion cascade directly but also indirectly by regenerating other main antioxidants 
such as extracellular ascorbate (Gomez-Diaz et al. 1997a; Santos-Ocana et al. 1998) 
and α-tocopherol (Bello et al. 2003; Crane and Navas 1997). This protective activity 
of ubiquinol against oxidation in cell membranes has been associated with the pre-
vention of apoptosis induced by chemical compounds but not by receptor- dependent 
apoptotic signaling (Alleva et al. 2001).

Deficiency in α-tocopherol and selenium is compensated by the induction of the 
enzymatic system involved in the maintenance of CoQ in its reduced form in plasma 
membrane. This induction not only affected the amount of CoQ but also increased 
the levels of CoQ-dependent reductases such as Cyb5Rase and NQO1 that accumu-
lated in plasma membrane (Navarro et al. 1998). Maintenance of the system involved 
in CoQ reduction in PM is key to keep its antioxidant function. High rates of lipid 
peroxidation in PM in aged animals are associated with low levels of CoQ reduc-
tases (De Cabo et  al. 2004). Moreover, overexpression of NQO1 and Cyb5Rase 
increased the resistance of neuronal cells to oxidative insults whereas cells depleted 
of these enzymes were more vulnerable to oxidative stress (Hyun et al. 2012; Hyun 
and Lee 2015). All these results indicate that the maintenance of a redox recycling 
system for CoQ in membranes is essential to prevent lipid peroxidation cascade and 
then, to reduce cell damage and death.
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The activity of CoQ as antioxidant makes it as an essential factor in the protec-
tion of apoptosis induced by oxidative stress. This activity blocks the apoptotic 
program induced by oxidative stress induced by serum deprivation in human cells 
(Fernandez-Ayala et al. 2000; Rodriguez-Aguilera et al. 2000). Plasma membrane 
CoQ was very effective blocking the activation of plasma membrane bound Mg2+-
dependent neutral sphingomyelinase (Mg2+-nSMase) and the subsequent activation 
of ceramide-dependent caspase activation in serum deprived cells (Navas et  al. 
2002; Villalba and Navas 2000). The same effect was found in aged rats fed with 
different nutritional oils (Bello et al. 2006). In comparison with animals fed with 
sunflower oil, animals fed with olive oil showed less lipoperoxidation and higher 
levels of CoQ in plasma membrane resulting in lower activation of Mg2+-nSMase in 
the liver of aged rats (Bello et al. 2006). The same inhibitory effect was found when 
rats fed with a PUFA-rich diet were supplemented with CoQ10 indicating the impor-
tance of CoQ levels in plasma membrane to inhibit the apoptotic program depen-
dent of oxidative damage (Bello et al. 2005).

4.6  Regulatory Role of CoQ in Plasma Membrane

PM is also the barrier that delimits cells but also the structure by which the cell 
interacts with the environment receiving and releasing signals to the extracellular 
milieu. The importance of the physiological role of CoQ in plasma membrane was 
clarified in by its essential role in the maintenance of cell growth and survival in 
serum-free animal (Sun et  al. 1990) and plant cells (Crane et  al. 1991). CoQ- 
dependent oxidoreductases are also regulated by growth factors, insulin and pitu-
itary extracts indicating a modulatory role in cell signaling associated with the 
response to hormones (Brightman et al. 1992). The promotion of cell growth by the 
activation of PMRS was associated with many functions including the above indi-
cated membrane antioxidant protection but also with intracellular redox homeosta-
sis maintenance, modulation of intracellular signals, opening of membrane pore or 
regulation of intracellular NAD+/NADH levels (Sun et al. 1992a, b; Lopez-Lluch 
et al. 2010). The role of this system in the promotion of cell growth and survival was 
highlighted by the effect of ferrycianide, as extracellular electron acceptor of the 
PMRS, and CoQ10 in the promotion of growth in mitochondrial electron transport 
chain defective ρ0 cells (Martinus et al. 1993). Then, it seems clear that, PMRS can 
affect cell growth and survival by controlling NAD+/NADH ratio in cells when 
mitochondrial activity is defective.

Furthermore, the activity of the PMRS has been proposed to play an important 
role in development (Crane and Navas 1997). The activity of CoQ-dependent oxi-
doreductases in PM is modulated during erythrocyte differentiation (Gomez-Diaz 
et al. 1997a). Moreover, the activation of this system in myeloid cells enhances the 
differentiation to monocytes induced by 1α,25-dihydroxyvitamin D3 (Lopez-Lluch 
et  al. 1998; Quesada et  al. 1996). In this effect, we found that PMRS activation 
modulates second messengers such as cAMP that regulate the activity of 
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transcription factors  involved in differentiation (Lopez-Lluch et  al. 1998, 2001; 
Quesada et al. 1996).

The redox state of CoQ in plasma membrane has been also associated with the 
regulation of the activity of tyrosine kinases through the local generation of H2O2 
(Crane et al. 1994). The inhibitory effect of H2O2 on protein phosphatases could 
increase the activated status of many tyrosine kinases associated with growth recep-
tors (Brightman et al. 1992). It has been proposed that in this role, Cyb5R3 would 
play an important function since this enzyme reduces CoQ by an one-electron 
mechanism and, thus, can produce semiquinone forms that can act as prooxidant 
(Villalba et al. 1995).

Another important function of CoQ-dependent reductases in the PMRS is based 
on the regulation of the electron donors in cytoplasm. The control of intracellular 
NAD+/NADH ratio can regulate the activity of NAD+-dependent Sirtuins and, then, 
modulate the activity of enzymes regulated by acetylation/deacetylation, many of 
them involved in cell homeostasis and metabolism (Lopez-Lluch et  al. 2010). 
Sirtuins are key factors in aging process and its activation has shown effects on cell 
metabolism, physiology and lifespan (Baur et al. 2006). As it has been mentioned 
before, the regulation of the NAD+/NADH ratio affects cell bioenergetics (Larm 
et al. 1994) and up-regulation of PMRS activity maintains growth in cells lacking 
functional mitochondria (Gomez-Diaz et al. 1997b; Hyun and Lee 2015; Larm et al. 
1994). For this reason, PMRS activity has been considered essential in the mainte-
nance of cell bioenergetics when the activity of mitochondria decreases as hap-
pends in aging and many age-related diseases (de Grey 2001).

4.7  Maintenance of CoQ-Dependent Extramitochondrial 
Activities Can Be Associated with Aging Progression

Aging, many chronic diseases, and other age-related diseases are associated with 
mitochondrial dysfunction (Haas 2019). When mitochondrial dysfunction occurs, 
cells can adapt to maintain ATP production through metabolic adaptive mechanisms 
such as lactate fermentation. For this reason, mitochondrial DNA-depleted cells, ρ0 
cells, unable to maintain the activity of mitochondrial electron transport chain, can 
survive by enhancing glycolysis and also to increase the activity of CoQ-dependent 
PMRS that oxidizes the excess of NADH (Gomez-Diaz et al. 1997b; Piechota et al. 
2006). In these ρ0 cells, production of ROS and the activity of plasma membrane 
redox enzymes are induced to maintain redox homeostasis (Hyun et al. 2007). The 
same compensating response can be attributed to the increase of the activity of 
plasma membrane redox enzymes found in insulin-dependent human patients show-
ing deficiency in mitochondrial activity (Lenaz et al. 2002). Activation of PMRS has 
been associated with the control of mitochondrial function. In yeast, the activation 
of NQR1, a plasma membrane associated CoQ reductase, increases when cells shift 
to respiratory metabolism (Jimenez-Hidalgo et  al. 2009). Then, the capacity to 
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increase PMRS activity under caloric restriction or with polyphenols such as resve-
ratrol helps to the adaptation of senescent cells to mitochondrial dysfunction associ-
ated with aging (Hyun et al. 2006; Kim et al. 2013; Rodriguez-Bies et al. 2016; 
Tung et al. 2014).

Overexpression of CytB5Rase in neuronal cells protects them against oxidative, 
metabolic, energetic and proteotoxic stress, many of them associated with aging 
progression (Hyun and Lee 2015). Similarly, overexpression of NQO1 also protects 
cells against metabolic and proteotoxic stress through maintaining bioenergetics 
and increasing mitochondrial function (Hyun et al. 2012; Kim et al. 2013). On the 
other hand, dysfunction of these enzymes have been associated with the progression 
of aging and age-related diseases. The expression of NQO1 decreases in a mouse 
model of Alzheimer’s disease (Torres-Lista et al. 2014) and alterations of NQO1 
activity have been also found in Alzheimer’s Disease patients showing increase in 
the staining in astrocytes and neurites surrounding senile plaques (SantaCruz 
et al. 2004).

The activation of PMRS can be also associated with the modifications of mito-
chondrial physiology after nutritional challenging. Caloric restriction increases 
mitochondrial fusion by inhibition of a protein involved in fission, DRP1, through 
the increase of cAMP and activation of PKA (Jheng et al. 2012). We demonstrated 
that both, CytB5Rase and NQO1 are induced under caloric restriction in liver of 
both, rats (De Cabo et al. 2004) and mice (Lopez-Lluch et al. 2005b). Activation of 
PMRS is also associated with the enhancement of monocyte differentiation through 
induction of cAMP (Lopez-Lluch et al. 2005a), an effect that was also associated 
with changes in mitochondrial physiology (Lopez-Lluch et al. 2001). Furthermore, 
activity of PMRS has been associated with the maintenance of mitochondrial func-
tion and the delay in senescence progression in a senescence-accelerated mice 
model (Tian et al. 2014), in a process associated with a rise of cAMP and the activa-
tion of Sirt1 and PGC1-α. Then, the maintenance of mitochondrial physiology dur-
ing aging can be associated with the activity of CoQ10-dependent plasma membrane 
associated activities through modulation of cAMP levels and activation of PKA that 
can affect both mitochondrial structure (Jheng et  al. 2012) and transport (Wang 
et al. 2015). All these evidence indicate that activation of PMRS and CoQ-dependent 
oxidoreductases is important in the maintenance of cell activity and in the preven-
tion of mitochondrial dysfunction during aging.

As has been above indicated, PMRS can also regulate SMase-dependent signal-
ing. Activation of Mg2+-nSMase releases ceramides from PM to the cytosol and is 
involved in cell signaling and apoptosis (Chatterjee 1999). Activity of this enzyme 
increases in brain and liver during maturation and aging (Petkova et al. 1988; Spence 
and Burgess 1978; Venable et  al. 1995). Its activity is also enhanced in cerebral 
cortex in accelerated senescence mice models (Kim et al. 1997). For this reason, the 
role of Mg2+-nSMase in aging has been suggested (Venable et  al. 1995) and its 
chronic activation and the release of ceramide has been associated with aging pro-
gression and aging-related diseases (Cutler and Mattson 2001; Lightle et al. 2000). 
We demonstrated that the activity of PMRS inhibits nSMase and prevents ceramide- 
dependent apoptosis in human cells (Fernandez-Ayala et  al. 2000; Navas et  al. 
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2002). For this reason, the maintenance of CoQ levels and CoQ-dependent activities 
at the plasma membrane during aging can be considered important factor to prevent 
senescence and cell death during aging.

4.8  Conclusion

It seems clear that activation of PMRS in aging can be considered one important 
prolongevity strategy (Saraswat and Rizvi 2017). Extramitochondrial CoQ- 
dependent oxidoreductase such as Cyb5Rase and NQO1 are induced by prolongev-
ity interventions such as caloric restriction, nutritional bioactive compounds such as 
resveratrol and physical activity. Activation of these oxidoreductases and other 
CoQ-dependent enzymes increase the resistance of cell membranes to oxidative 
stress and the protection against oxidative damage-related senescence and apopto-
sis. Further, activation of PMRS, maintains redox homeostasis in cells, preventing 
or delaying mitochondrial dysfunction and maintaining redox conditions to com-
pensate mitochondrial deficiency. This process is regulated by NAD+-dependent 
deacetylases such as sirtuins and by second messengers such as cAMP induced by 
the activation of PMRS.

Acknowledgements This work was supported by grants from the Instituto de Salud Carlos III.

References

Alcázar-Fabra M, Navas P, Brea-Calvo G (2016) Coenzyme Q biosynthesis and its role in 
the respiratory chain structure. Biochimica et Biophysica Acta (BBA)  – Bioenergetics 
1857(8):1073–1078. https://doi.org/10.1016/j.bbabio.2016.03.010

Alleva R, Tomasetti M, Andera L, Gellert N, Borghi B, Weber C, Murphy MP, Neuzil J (2001) 
Coenzyme Q blocks biochemical but not receptor-mediated apoptosis by increasing mitochon-
drial antioxidant protection. FEBS Lett 503(1):46–50

Arroyo A, Kagan VE, Tyurin VA, Burgess JR, de Cabo R, Navas P, Villalba JM (2000) NADH and 
NADPH-dependent reduction of coenzyme Q at the plasma membrane. Antioxid Redox Signal 
2(2):251–262. https://doi.org/10.1089/ars.2000.2.2-251

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS, Lopez- 
Lluch G, Lewis K, Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M, Ramaswamy 
S, Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas P, Puigserver P, 
Ingram DK, de Cabo R, Sinclair DA (2006) Resveratrol improves health and survival of mice 
on a high-calorie diet. Nature 444(7117):337–342. https://doi.org/10.1038/nature05354

Bello RI, Alcain FJ, Gomez-Diaz C, Lopez-Lluch G, Navas P, Villalba JM (2003) Hydrogen per-
oxide- and cell-density-regulated expression of NADH-cytochrome b5 reductase in HeLa cells. 
J Bioenerg Biomembr 35(2):169–179

Bello RI, Gomez-Diaz C, Buron MI, Alcain FJ, Navas P, Villalba JM (2005) Enhanced anti- oxidant 
protection of liver membranes in long-lived rats fed on a coenzyme Q10-supplemented diet. 
Exp Gerontol 40(8–9):694–706. https://doi.org/10.1016/j.exger.2005.07.003

4 Extramitochondrial Coenzyme Q10 in Aging

https://doi.org/10.1016/j.bbabio.2016.03.010
https://doi.org/10.1089/ars.2000.2.2-251
https://doi.org/10.1038/nature05354
https://doi.org/10.1016/j.exger.2005.07.003


104

Bello RI, Gomez-Diaz C, Buron MI, Navas P, Villalba JM (2006) Differential regulation of 
hepatic apoptotic pathways by dietary olive and sunflower oils in the aging rat. Exp Gerontol 
41(11):1174–1184. https://doi.org/10.1016/j.exger.2006.08.012

Bersuker K, Hendricks J, Li Z, Magtanong L, Ford B, Tang PH, Roberts MA, Tong B, Maimone 
TJ, Zoncu R, Bassik MC, Nomura DK, Dixon SJ, Olzmann JA (2019) The CoQ oxidore-
ductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature. https://doi.org/10.1038/
s41586-019-1705-2

Beyer RE, Segura-Aguilar J, Di Bernardo S, Cavazzoni M, Fato R, Fiorentini D, Galli MC, Setti M, 
Landi L, Lenaz G (1996) The role of DT-diaphorase in the maintenance of the reduced antioxi-
dant form of coenzyme Q in membrane systems. Proc Natl Acad Sci U S A 93(6):2528–2532. 
https://doi.org/10.1073/pnas.93.6.2528

Brightman AO, Wang J, Miu RK, Sun IL, Barr R, Crane FL, Morre DJ (1992) A growth factor- and 
hormone-stimulated NADH oxidase from rat liver plasma membrane. Biochim Biophys Acta 
1105(1):109–117. https://doi.org/10.1016/0005-2736(92)90168-l

Chatterjee S (1999) Neutral sphingomyelinase: past, present and future. Chem Phys Lipids 
102(1–2):79–96. https://doi.org/10.1016/s0009-3084(99)00077-8

Chen W, Liu H, Wang T, Bao G, Wang N, Li RC (2019) Downregulation of AIF-2 inhibits prolif-
eration, migration, and invasion of human glioma cells via mitochondrial dysfunction. J Mol 
Neurosc 68(2):304–310. https://doi.org/10.1007/s12031-019-01306-y

Crane FL, Navas P (1997) The diversity of coenzyme Q function. Mol Asp Med 18(Suppl):S1–S6
Crane FL, Hatefi Y, Lester RL, Widmer C (1957) Isolation of a quinone from beef heart mitochon-

dria. Biochim Biophys Acta 25(1):220–221
Crane FL, Sun IL, Barr R, Low H (1991) Electron and proton transport across the plasma mem-

brane. J Bioenerg Biomembr 23(5):773–803. https://doi.org/10.1007/bf00786001
Crane FL, Sun IL, Crowe RA, Alcain FJ, Low H (1994) Coenzyme Q10, plasma membrane oxi-

dase and growth control. Mol Asp Med 15(Suppl):S1–11
Cutler RG, Mattson MP (2001) Sphingomyelin and ceramide as regulators of development and 

lifespan. Mech Ageing Dev 122(9):895–908. https://doi.org/10.1016/s0047-6374(01)00246-9
de Brito OM, Scorrano L (2008) Mitofusin 2: a mitochondria-shaping protein with signaling roles 

beyond fusion. Antioxid Redox Signal 10(3):621–633. https://doi.org/10.1089/ars.2007.1934
De Cabo R, Cabello R, Rios M, Lopez-Lluch G, Ingram DK, Lane MA, Navas P (2004) Calorie 

restriction attenuates age-related alterations in the plasma membrane antioxidant system in rat 
liver. Exp Gerontol 39(3):297–304. https://doi.org/10.1016/j.exger.2003.12.003

de Grey AD (2001) A proposed mechanism for the lowering of mitochondrial electron leak by caloric 
restriction. Mitochondrion 1(2):129–139. https://doi.org/10.1016/s1567-7249(01)00008-3

Del Pozo-Cruz J, Rodriguez-Bies E, Ballesteros-Simarro M, Navas-Enamorado I, Tung BT, 
Navas P, Lopez-Lluch G (2014a) Physical activity affects plasma coenzyme Q10 levels dif-
ferently in young and old humans. Biogerontology 15(2):199–211. https://doi.org/10.1007/
s10522-013-9491-y

Del Pozo-Cruz J, Rodriguez-Bies E, Navas-Enamorado I, Del Pozo-Cruz B, Navas P, Lopez- 
Lluch G (2014b) Relationship between functional capacity and body mass index with plasma 
coenzyme Q10 and oxidative damage in community-dwelling elderly-people. Exp Gerontol 
52:46–54. https://doi.org/10.1016/j.exger.2014.01.026

Dhanasekaran M, Albano CB, Pellet L, Karuppagounder SS, Uthayathas S, Suppiramaniam V, 
Brown-Borg H, Ebadi M (2008) Role of lipoamide dehydrogenase and metallothionein on 
1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine-induced neurotoxicity. Neurochem Res 
33(6):980–984. https://doi.org/10.1007/s11064-007-9468-9

Di Francesco A, Di Germanio C, Panda AC, Huynh P, Peaden R, Navas-Enamorado I, Bastian 
P, Lehrmann E, Diaz-Ruiz A, Ross D, Siegel D, Martindale JL, Bernier M, Gorospe M, 
Abdelmohsen K, de Cabo R (2016) Novel RNA-binding activity of NQO1 promotes 
SERPINA1 mRNA translation. Free Radic Biol Med 99:225–233. https://doi.org/10.1016/j.
freeradbiomed.2016.08.005

G. López-Lluch

https://doi.org/10.1016/j.exger.2006.08.012
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1073/pnas.93.6.2528
https://doi.org/10.1016/0005-2736(92)90168-l
https://doi.org/10.1016/s0009-3084(99)00077-8
https://doi.org/10.1007/s12031-019-01306-y
https://doi.org/10.1007/bf00786001
https://doi.org/10.1016/s0047-6374(01)00246-9
https://doi.org/10.1089/ars.2007.1934
https://doi.org/10.1016/j.exger.2003.12.003
https://doi.org/10.1016/s1567-7249(01)00008-3
https://doi.org/10.1007/s10522-013-9491-y
https://doi.org/10.1007/s10522-013-9491-y
https://doi.org/10.1016/j.exger.2014.01.026
https://doi.org/10.1007/s11064-007-9468-9
https://doi.org/10.1016/j.freeradbiomed.2016.08.005
https://doi.org/10.1016/j.freeradbiomed.2016.08.005


105

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, Grocin AG, Xavier da Silva 
TN, Panzilius E, Scheel C, Mourao A, Buday K, Sato M, Wanninger J, Vignane T, Mohana V, 
Rehberg M, Flatley A, Schepers A, Kurz A, White D, Sauer M, Sattler M, Tate EW, Schmitz 
W, Schulze A, O’Donnel V, Proneth B, Popowicz GM, Pratt D, Angeli JPF, Conrad M (2019) 
FSP1 is a glutathione-independent ferroptosis suppressor. Nature. https://doi.org/10.1038/
s41586-019-1707-0

Ernster L, Dallner G (1995) Biochemical, physiological and medical aspects of ubiquinone func-
tion. Biochim Biophys Acta 1271(1):195–204. https://doi.org/10.1016/0925-4439(95)00028-3

Ernster L, Lind C, Rase B (1972) A study of the DT-diaphorase activity of warfarin-resistant rats. 
Eur J Biochem 25(1):198–206. https://doi.org/10.1111/j.1432-1033.1972.tb01685.x

Ernster L, Atallah AS, Hochstein P (1986) DT diaphorase and the cytotoxicity and mutagenicity of 
quinone-derived oxygen radicals. Prog Clin Biol Res 209A:353–363

Fang J, Uchiumi T, Yagi M, Matsumoto S, Amamoto R, Takazaki S, Yamaza H, Nonaka K, Kang 
D (2013) Dihydro-orotate dehydrogenase is physically associated with the respiratory com-
plex and its loss leads to mitochondrial dysfunction. Biosci Rep 33(2):e00021. https://doi.
org/10.1042/bsr20120097

Fernandez-Ayala DJ, Martin SF, Barroso MP, Gomez-Diaz C, Villalba JM, Rodriguez-Aguilera 
JC, Lopez-Lluch G, Navas P (2000) Coenzyme Q protects cells against serum withdrawal- 
induced apoptosis by inhibition of ceramide release and caspase-3 activation. Antioxid Redox 
Signal 2(2):263–275. https://doi.org/10.1089/ars.2000.2.2-263

Fernandez-Ayala DJ, Brea-Calvo G, Lopez-Lluch G, Navas P (2005a) Coenzyme Q distribu-
tion in HL-60 human cells depends on the endomembrane system. Biochim Biophys Acta 
1713(2):129–137. https://doi.org/10.1016/j.bbamem.2005.05.010

Fernandez-Ayala DJ, Lopez-Lluch G, Garcia-Valdes M, Arroyo A, Navas P (2005b) Specificity of 
coenzyme Q10 for a balanced function of respiratory chain and endogenous ubiquinone bio-
synthesis in human cells. Biochim Biophys Acta 1706(1–2):174–183. https://doi.org/10.1016/j.
bbabio.2004.10.009

Fontaine E, Ichas F, Bernardi P (1998) A ubiquinone-binding site regulates the mitochondrial 
permeability transition pore. J Biol Chem 273(40):25734–25740. https://doi.org/10.1074/
jbc.273.40.25734

Fukuwatari T, Shibata K (2009) Consideration of diurnal variations in human blood NAD and 
NADP concentrations. J Nutr Sci Vitaminol 55(3):279–281. https://doi.org/10.3177/jnsv.55.279

Gomez-Diaz C, Rodriguez-Aguilera JC, Barroso MP, Villalba JM, Navarro F, Crane FL, Navas P 
(1997a) Antioxidant ascorbate is stabilized by NADH-coenzyme Q10 reductase in the plasma 
membrane. J Bioenerg Biomembr 29(3):251–257. https://doi.org/10.1023/a:1022410127104

Gomez-Diaz C, Villalba JM, Perez-Vicente R, Crane FL, Navas P (1997b) Ascorbate stabiliza-
tion is stimulated in rho(0)HL-60 cells by CoQ10 increase at the plasma membrane. Biochem 
Biophys Res Commun 234(1):79–81. https://doi.org/10.1006/bbrc.1997.6582

Haas RH (2019) Mitochondrial dysfunction in aging and diseases of aging. Biology (Basel) 8(2). 
https://doi.org/10.3390/biology8020048

Hangen E, De Zio D, Bordi M, Zhu C, Dessen P, Caffin F, Lachkar S, Perfettini JL, Lazar V, 
Benard J, Fimia GM, Piacentini M, Harper F, Pierron G, Vicencio JM, Benit P, de Andrade A, 
Hoglinger G, Culmsee C, Rustin P, Blomgren K, Cecconi F, Kroemer G, Modjtahedi N (2010) 
A brain-specific isoform of mitochondrial apoptosis-inducing factor: AIF2. Cell Death Differ 
17(7):1155–1166. https://doi.org/10.1038/cdd.2009.211

Hey-Mogensen M, Goncalves RL, Orr AL, Brand MD (2014) Production of superoxide/H2O2 
by dihydroorotate dehydrogenase in rat skeletal muscle mitochondria. Free Radic Biol Med 
72:149–155. https://doi.org/10.1016/j.freeradbiomed.2014.04.007

Hsieh TC, Lu X, Wang Z, Wu JM (2006) Induction of quinone reductase NQO1 by resveratrol 
in human K562 cells involves the antioxidant response element ARE and is accompanied 
by nuclear translocation of transcription factor Nrf2. Med Chem 2(3):275–285. https://doi.
org/10.2174/157340606776930709

4 Extramitochondrial Coenzyme Q10 in Aging

https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1016/0925-4439(95)00028-3
https://doi.org/10.1111/j.1432-1033.1972.tb01685.x
https://doi.org/10.1042/bsr20120097
https://doi.org/10.1042/bsr20120097
https://doi.org/10.1089/ars.2000.2.2-263
https://doi.org/10.1016/j.bbamem.2005.05.010
https://doi.org/10.1016/j.bbabio.2004.10.009
https://doi.org/10.1016/j.bbabio.2004.10.009
https://doi.org/10.1074/jbc.273.40.25734
https://doi.org/10.1074/jbc.273.40.25734
https://doi.org/10.3177/jnsv.55.279
https://doi.org/10.1023/a:1022410127104
https://doi.org/10.1006/bbrc.1997.6582
https://doi.org/10.3390/biology8020048
https://doi.org/10.1038/cdd.2009.211
https://doi.org/10.1016/j.freeradbiomed.2014.04.007
https://doi.org/10.2174/157340606776930709
https://doi.org/10.2174/157340606776930709


106

Hyun DH, Lee GH (2015) Cytochrome b5 reductase, a plasma membrane redox enzyme, protects 
neuronal cells against metabolic and oxidative stress through maintaining redox state and bio-
energetics. Age (Dordr) 37(6):122. https://doi.org/10.1007/s11357-015-9859-9

Hyun DH, Emerson SS, Jo DG, Mattson MP, de Cabo R (2006) Calorie restriction up-regulates 
the plasma membrane redox system in brain cells and suppresses oxidative stress during aging. 
Proc Natl Acad Sci U S A 103(52):19908–19912. https://doi.org/10.1073/pnas.0608008103

Hyun DH, Hunt ND, Emerson SS, Hernandez JO, Mattson MP, de Cabo R (2007) Up-regulation 
of plasma membrane-associated redox activities in neuronal cells lacking functional mitochon-
dria. J Neurochem 100(5):1364–1374. https://doi.org/10.1111/j.1471-4159.2006.04411.x

Hyun DH, Kim J, Moon C, Lim CJ, de Cabo R, Mattson MP (2012) The plasma membrane 
redox enzyme NQO1 sustains cellular energetics and protects human neuroblastoma cells 
against metabolic and proteotoxic stress. Age (Dordr) 34(2):359–370. https://doi.org/10.1007/
s11357-011-9245-1

Jaiswal AK (2000) Regulation of genes encoding NAD(P)H:quinone oxidoreductases. Free Radic 
Biol Med 29(3–4):254–262

Janikiewicz J, Szymanski J, Malinska D, Patalas-Krawczyk P, Michalska B, Duszynski J, Giorgi 
C, Bonora M, Dobrzyn A, Wieckowski MR (2018) Mitochondria-associated membranes in 
aging and senescence: structure, function, and dynamics. Cell Death Dis 9(3):332. https://doi.
org/10.1038/s41419-017-0105-5

Jheng HF, Tsai PJ, Guo SM, Kuo LH, Chang CS, Su IJ, Chang CR, Tsai YS (2012) Mitochondrial 
fission contributes to mitochondrial dysfunction and insulin resistance in skeletal muscle. Mol 
Cell Biol 32(2):309–319. https://doi.org/10.1128/mcb.05603-11

Jimenez-Hidalgo M, Santos-Ocana C, Padilla S, Villalba JM, Lopez-Lluch G, Martin-Montalvo 
A, Minor RK, Sinclair DA, de Cabo R, Navas P (2009) NQR1 controls lifespan by regulat-
ing the promotion of respiratory metabolism in yeast. Aging Cell 8(2):140–151. https://doi.
org/10.1111/j.1474-9726.2009.00461.x

Johansen K, Theorell H, Karlsson J, Diamant B, Folkers K (1991) Coenzyme Q10, alpha- 
tocopherol and free cholesterol in HDL and LDL fractions. Ann Med 23(6):649–656. https://
doi.org/10.3109/07853899109148098

Joseph P, Xie T, Xu Y, Jaiswal AK (1994) NAD(P)H:quinone oxidoreductase1 (DT-diaphorase): 
expression, regulation, and role in cancer. Oncol Res 6(10–11):525–532

Kim SS, Kang MS, Choi YM, Suh YH, Kim DK (1997) Sphingomyelinase activity is enhanced in 
cerebral cortex of senescence-accelerated mouse-P/10 with advancing age. Biochem Biophys 
Res Commun 237(3):583–587. https://doi.org/10.1006/bbrc.1997.7133

Kim J, Kim SK, Kim HK, Mattson MP, Hyun DH (2013) Mitochondrial function in human neu-
roblastoma cells is up-regulated and protected by NQO1, a plasma membrane redox enzyme. 
PLoS One 8(7):e69030. https://doi.org/10.1371/journal.pone.0069030

Larm JA, Vaillant F, Linnane AW, Lawen A (1994) Up-regulation of the plasma membrane oxi-
doreductase as a prerequisite for the viability of human Namalwa rho 0 cells. J Biol Chem 
269(48):30097–30100

Lass A, Sohal RS (1998) Electron transport-linked ubiquinone-dependent recycling of alpha- 
tocopherol inhibits autooxidation of mitochondrial membranes. Arch Biochem Biophys 
352(2):229–236. https://doi.org/10.1006/abbi.1997.0606

Lenaz G, Paolucci U, Fato R, D’Aurelio M, Parenti Castelli G, Sgarbi G, Biagini G, Ragni L, 
Salardi S, Cacciari E (2002) Enhanced activity of the plasma membrane oxidoreductase in 
circulating lymphocytes from insulin-dependent diabetes mellitus patients. Biochem Biophys 
Res Commun 290(5):1589–1592. https://doi.org/10.1006/bbrc.2002.6392

Li X, Wang Y, Tan G, Lyu J, Ding H (2018) Electron transfer kinetics of the mitochondrial outer 
membrane protein mitoNEET.  Free Radic Biol Med 121:98–104. https://doi.org/10.1016/j.
freeradbiomed.2018.04.569

Lightle SA, Oakley JI, Nikolova-Karakashian MN (2000) Activation of sphingolipid turnover 
and chronic generation of ceramide and sphingosine in liver during aging. Mech Ageing Dev 
120(1–3):111–125. https://doi.org/10.1016/s0047-6374(00)00191-3

G. López-Lluch

https://doi.org/10.1007/s11357-015-9859-9
https://doi.org/10.1073/pnas.0608008103
https://doi.org/10.1111/j.1471-4159.2006.04411.x
https://doi.org/10.1007/s11357-011-9245-1
https://doi.org/10.1007/s11357-011-9245-1
https://doi.org/10.1038/s41419-017-0105-5
https://doi.org/10.1038/s41419-017-0105-5
https://doi.org/10.1128/mcb.05603-11
https://doi.org/10.1111/j.1474-9726.2009.00461.x
https://doi.org/10.1111/j.1474-9726.2009.00461.x
https://doi.org/10.3109/07853899109148098
https://doi.org/10.3109/07853899109148098
https://doi.org/10.1006/bbrc.1997.7133
https://doi.org/10.1371/journal.pone.0069030
https://doi.org/10.1006/abbi.1997.0606
https://doi.org/10.1006/bbrc.2002.6392
https://doi.org/10.1016/j.freeradbiomed.2018.04.569
https://doi.org/10.1016/j.freeradbiomed.2018.04.569
https://doi.org/10.1016/s0047-6374(00)00191-3


107

Lipper CH, Stofleth JT, Bai F, Sohn YS, Roy S, Mittler R, Nechushtai R, Onuchic JN, Jennings 
PA (2019) Redox-dependent gating of VDAC by mitoNEET.  Proc Natl Acad Sci U S A 
116(40):19924–19929. https://doi.org/10.1073/pnas.1908271116

Loffler M, Jockel J, Schuster G, Becker C (1997) Dihydroorotat-ubiquinone oxidoreduc-
tase links mitochondria in the biosynthesis of pyrimidine nucleotides. Mol Cell Biochem 
174(1–2):125–129

Lopez-Lluch G (2017) Mitochondrial activity and dynamics changes regarding metabolism in age-
ing and obesity. Mech Ageing Dev 162:108–121. https://doi.org/10.1016/j.mad.2016.12.005

Lopez-Lluch G, Buron MI, Alcain FJ, Quesada JM, Navas P (1998) Redox regulation of cAMP 
levels by ascorbate in 1,25-dihydroxy- vitamin D3-induced differentiation of HL-60 cells. 
Biochem J 331(Pt 1):21–27

Lopez-Lluch G, Barroso MP, Martin SF, Fernandez-Ayala DJ, Gomez-Diaz C, Villalba JM, Navas 
P (1999) Role of plasma membrane coenzyme Q on the regulation of apoptosis. Biofactors 
9(2–4):171–177

Lopez-Lluch G, Blazquez MV, Perez-Vicente R, Macho A, Buron MI, Alcain FJ, Munoz E, Navas 
P (2001) Cellular redox state and activating protein-1 are involved in ascorbate effect on 
calcitriol- induced differentiation. Protoplasma 217(1–3):129–136

Lopez-Lluch G, Fernandez-Ayala DJ, Alcain FJ, Buron MI, Quesada JM, Navas P (2005a) 
Inhibition of COX activity by NSAIDs or ascorbate increases cAMP levels and enhances dif-
ferentiation in 1alpha,25-dihydroxyvitamin D3-induced HL-60 cells. Arch Biochem Biophys 
436(1):32–39. https://doi.org/10.1016/j.abb.2004.12.031

Lopez-Lluch G, Rios M, Lane MA, Navas P, de Cabo R (2005b) Mouse liver plasma membrane 
redox system activity is altered by aging and modulated by calorie restriction. Age (Dordr) 
27(2):153–160. https://doi.org/10.1007/s11357-005-2726-3

Lopez-Lluch G, Rodriguez-Aguilera JC, Santos-Ocana C, Navas P (2010) Is coenzyme Q a key 
factor in aging? Mech Ageing Dev 131(4):225–235. https://doi.org/10.1016/j.mad.2010.02.003

Martin-Montalvo A, Sun Y, Diaz-Ruiz A, Ali A, Gutierrez V, Palacios HH, Curtis J, Siendones E, 
Ariza J, Abulwerdi GA, Sun X, Wang AX, Pearson KJ, Fishbein KW, Spencer RG, Wang M, 
Han X, Scheibye-Knudsen M, Baur JA, Shertzer HG, Navas P, Villalba JM, Zou S, Bernier M, 
de Cabo R (2016) Cytochrome b5 reductase and the control of lipid metabolism and healths-
pan. NPJ Aging Mech Dis 2:16006. https://doi.org/10.1038/npjamd.2016.6

Martinus RD, Linnane AW, Nagley P (1993) Growth of rho 0 human Namalwa cells lacking oxi-
dative phosphorylation can be sustained by redox compounds potassium ferricyanide or coen-
zyme Q10 putatively acting through the plasma membrane oxidase. Biochem Mol Biol Int 
31(6):997–1005

Mohr D, Bowry VW, Stocker R (1992) 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 
1126(3):247–254. https://doi.org/10.1016/0005-2760(92)90237-p

Morales CR, Grigoryeva LS, Pan X, Bruno L, Hickson G, Ngo MH, McMaster CR, Samuels ME, 
Pshezhetsky AV (2014) Mitochondrial damage and cholesterol storage in human hepatocellular 
carcinoma cells with silencing of UBIAD1 gene expression. Mol Genet Metab Rep 1:407–411. 
https://doi.org/10.1016/j.ymgmr.2014.09.001

Mourier A, Motori E, Brandt T, Lagouge M, Atanassov I, Galinier A, Rappl G, Brodesser S, 
Hultenby K, Dieterich C, Larsson NG (2015) Mitofusin 2 is required to maintain mitochon-
drial coenzyme Q levels. J Cell Biol 208(4):429–442. https://doi.org/10.1083/jcb.201411100

Mugoni V, Postel R, Catanzaro V, De Luca E, Turco E, Digilio G, Silengo L, Murphy MP, Medana 
C, Stainier DY, Bakkers J, Santoro MM (2013) Ubiad1 is an antioxidant enzyme that regu-
lates eNOS activity by CoQ10 synthesis. Cell 152(3):504–518. https://doi.org/10.1016/j.
cell.2013.01.013

Navarro F, Villalba JM, Crane FL, Mackellar WC, Navas P (1995) A phospholipid-dependent 
NADH-coenzyme Q reductase from liver plasma membrane. Biochem Biophys Res Commun 
212(1):138–143. https://doi.org/10.1006/bbrc.1995.1947

4 Extramitochondrial Coenzyme Q10 in Aging

https://doi.org/10.1073/pnas.1908271116
https://doi.org/10.1016/j.mad.2016.12.005
https://doi.org/10.1016/j.abb.2004.12.031
https://doi.org/10.1007/s11357-005-2726-3
https://doi.org/10.1016/j.mad.2010.02.003
https://doi.org/10.1038/npjamd.2016.6
https://doi.org/10.1016/0005-2760(92)90237-p
https://doi.org/10.1016/j.ymgmr.2014.09.001
https://doi.org/10.1083/jcb.201411100
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1016/j.cell.2013.01.013
https://doi.org/10.1006/bbrc.1995.1947


108

Navarro F, Navas P, Burgess JR, Bello RI, De Cabo R, Arroyo A, Villalba JM (1998) Vitamin E 
and selenium deficiency induces expression of the ubiquinone-dependent antioxidant system at 
the plasma membrane. FASEB J 12(15):1665–1673. https://doi.org/10.1096/fasebj.12.15.1665

Navas P, Fernandez-Ayala DM, Martin SF, Lopez-Lluch G, De Caboa R, Rodriguez-Aguilera JC, 
Villalba JM (2002) Ceramide-dependent caspase 3 activation is prevented by coenzyme Q 
from plasma membrane in serum-deprived cells. Free Radic Res 36(4):369–374. https://doi.
org/10.1080/10715760290021207

Niki E (1987) Antioxidants in relation to lipid peroxidation. Chem Phys Lipids 44(2–4):227–253
Niklowitz P, Onur S, Fischer A, Laudes M, Palussen M, Menke T, Doring F (2016) Coenzyme Q10 

serum concentration and redox status in European adults: influence of age, sex, and lipoprotein 
concentration. J Clin Biochem Nutr 58(3):240–245. https://doi.org/10.3164/jcbn.15-73

Nordberg J, Arner ES (2001) Reactive oxygen species, antioxidants, and the mammalian 
thioredoxin system. Free Radic Biol Med 31(11):1287–1312. https://doi.org/10.1016/
s0891-5849(01)00724-9

Nordman T, Xia L, Bjorkhem-Bergman L, Damdimopoulos A, Nalvarte I, Arner ES, Spyrou G, 
Eriksson LC, Bjornstedt M, Olsson JM (2003) Regeneration of the antioxidant ubiquinol 
by lipoamide dehydrogenase, thioredoxin reductase and glutathione reductase. Biofactors 
18(1–4):45–50. https://doi.org/10.1002/biof.5520180206

Okamoto T, Matsuya T, Fukunaga Y, Kishi T, Yamagami T (1989) Human serum ubiquinol-10 
levels and relationship to serum lipids. Int J Vitam Nutr Res 59(3):288–292

Olgun A (2009) Converting NADH to NAD+ by nicotinamide nucleotide transhydrogenase as a 
novel strategy against mitochondrial pathologies during aging. Biogerontology 10(4):531–534. 
https://doi.org/10.1007/s10522-008-9190-2

Olsson JM, Xia L, Eriksson LC, Bjornstedt M (1999) Ubiquinone is reduced by lipoamide dehy-
drogenase and this reaction is potently stimulated by zinc. FEBS Lett 448(1):190–192. https://
doi.org/10.1016/s0014-5793(99)00363-4

Petkova DH, Momchilova-Pankova AB, Markovska TT, Koumanov KS (1988) Age-related 
changes in rat liver plasma membrane sphingomyelinase activity. Exp Gerontol 23(1):19–24. 
https://doi.org/10.1016/0531-5565(88)90016-2

Piechota J, Szczesny R, Wolanin K, Chlebowski A, Bartnik E (2006) Nuclear and mitochondrial 
genome responses in HeLa cells treated with inhibitors of mitochondrial DNA expression. Acta 
Biochim Pol 53(3):485–495

Prochaska HJ, Santamaria AB, Talalay P (1992) Rapid detection of inducers of enzymes that pro-
tect against carcinogens. Proc Natl Acad Sci U S A 89(6):2394–2398

Quesada JM, Lopez LG, Buron MI, Alcain FJ, Borrego F, Velde JP, Blanco I, Bouillon R, Navas P 
(1996) Ascorbate increases the 1,25 dihydroxyvitamin D3-induced monocytic differentiation 
of HL-60 cells. Calcif Tissue Int 59(4):277–282

Quinzii CM, Luna-Sanchez M, Ziosi M, Hidalgo-Gutierrez A, Kleiner G, Lopez LC (2017) The 
role of Sulfide oxidation impairment in the pathogenesis of primary CoQ deficiency. Front 
Physiol 8:525. https://doi.org/10.3389/fphys.2017.00525

Rodriguez-Aguilera JC, Lopez-Lluch G, Santos-Ocana C, Villalba JM, Gomez-Diaz C, Navas 
P (2000) Plasma membrane redox system protects cells against oxidative stress. Redox Rep 
5(2–3):148–150. https://doi.org/10.1179/135100000101535528

Rodriguez-Bies E, Navas P, Lopez-Lluch G (2015) Age-dependent effect of every-other-day feed-
ing and aerobic exercise in ubiquinone levels and related antioxidant activities in mice muscle. 
J Gerontol A Biol Sci Med Sci 70(1):33–43. https://doi.org/10.1093/gerona/glu002

Rodriguez-Bies E, Tung BT, Navas P, Lopez-Lluch G (2016) Resveratrol primes the effects 
of physical activity in old mice. Br J Nutr 116(6):979–988. https://doi.org/10.1017/
S0007114516002920

Ross D, Siegel D (2017) Functions of NQO1 in cellular protection and CoQ10 metabolism and 
its potential role as a redox sensitive molecular switch. Front Physiol 8:595. https://doi.
org/10.3389/fphys.2017.00595

G. López-Lluch

https://doi.org/10.1096/fasebj.12.15.1665
https://doi.org/10.1080/10715760290021207
https://doi.org/10.1080/10715760290021207
https://doi.org/10.3164/jcbn.15-73
https://doi.org/10.1016/s0891-5849(01)00724-9
https://doi.org/10.1016/s0891-5849(01)00724-9
https://doi.org/10.1002/biof.5520180206
https://doi.org/10.1007/s10522-008-9190-2
https://doi.org/10.1016/s0014-5793(99)00363-4
https://doi.org/10.1016/s0014-5793(99)00363-4
https://doi.org/10.1016/0531-5565(88)90016-2
https://doi.org/10.3389/fphys.2017.00525
https://doi.org/10.1179/135100000101535528
https://doi.org/10.1093/gerona/glu002
https://doi.org/10.1017/S0007114516002920
https://doi.org/10.1017/S0007114516002920
https://doi.org/10.3389/fphys.2017.00595
https://doi.org/10.3389/fphys.2017.00595


109

Ross D, Siegel D, Gibson NW, Pacheco D, Thomas DJ, Reasor M, Wierda D (1990) Activation 
and deactivation of quinones catalyzed by DT-diaphorase. Evidence for bioreductive acti-
vation of diaziquone (AZQ) in human tumor cells and detoxification of benzene metabo-
lites in bone marrow stroma. Free Radic Res Commun 8(4–6):373–381. https://doi.
org/10.3109/10715769009053371

SantaCruz KS, Yazlovitskaya E, Collins J, Johnson J, DeCarli C (2004) Regional NAD(P)
H:quinone oxidoreductase activity in Alzheimer’s disease. Neurobiol Aging 25(1):63–69. 
https://doi.org/10.1016/s0197-4580(03)00117-9

Santoro MM (2020) The antioxidant role of non-mitochondrial CoQ10: mystery solved! Cell Metab 
31(1):13–15. https://doi.org/10.1016/j.cmet.2019.12.007

Santos-Ocana C, Villalba JM, Cordoba F, Padilla S, Crane FL, Clarke CF, Navas P (1998) Genetic 
evidence for coenzyme Q requirement in plasma membrane electron transport. J Bioenerg 
Biomembr 30(5):465–475. https://doi.org/10.1023/a:1020542230308

Saraswat K, Rizvi SI (2017) Novel strategies for anti-aging drug discovery. Expert Opin Drug 
Discov 12(9):955–966. https://doi.org/10.1080/17460441.2017.1349750

Sharma A, Smith HJ, Yao P, Mair WB (2019) Causal roles of mitochondrial dynamics in longevity 
and healthy aging. EMBO Rep:e48395. https://doi.org/10.15252/embr.201948395

Shimizu M, Miyazaki T, Takagi A, Sugita Y, Yatsu S, Murata A, Kato T, Suda S, Ouchi S, Aikawa 
T, Hiki M, Takahashi S, Hiki M, Hayashi H, Kasai T, Shimada K, Miyauchi K, Daida H (2017) 
Low circulating coenzyme Q10 during acute phase is associated with inflammation, malnu-
trition, and in-hospital mortality in patients admitted to the coronary care unit. Heart Vessel 
32(6):668–673. https://doi.org/10.1007/s00380-016-0923-x

Siendones E, SantaCruz-Calvo S, Martin-Montalvo A, Cascajo MV, Ariza J, Lopez-Lluch 
G, Villalba JM, Acquaviva-Bourdain C, Roze E, Bernier M, de Cabo R, Navas P (2014) 
Membrane-bound CYB5R3 is a common effector of nutritional and oxidative stress response 
through FOXO3a and Nrf2. Antioxid Redox Signal 21(12):1708–1725. https://doi.org/10.1089/
ars.2013.5479

Siendones E, Ballesteros M, Navas P (2018) Cellular and molecular mechanisms of reces-
sive hereditary methaemoglobinaemia type II.  J Clin Med 7(10). https://doi.org/10.3390/
jcm7100341

Spence MW, Burgess JK (1978) Acid and neutral sphingomyelinases of rat brain. Activity in 
developing brain and regional distribution in adult brain. J Neurochem 30(4):917–919. https://
doi.org/10.1111/j.1471-4159.1978.tb10804.x

Stefely JA, Pagliarini DJ (2017) Biochemistry of mitochondrial coenzyme Q biosynthesis. Trends 
Biochem Sci 42(10):824–843. https://doi.org/10.1016/j.tibs.2017.06.008

Stocker R, Suarna C (1993) Extrecellular reduction of ubiquinone-1 and -10 by human 
Hep G2 and blood cells. Biochim Biophys Acta Gen Subj 1158(1):15–22. https://doi.
org/10.1016/0304-4165(93)90090-U

Stocker R, Bowry VW, Frei B (1991) Ubiquinol-10 protects human low density lipoprotein more 
efficiently against lipid peroxidation than does alpha-tocopherol. Proc Natl Acad Sci U S A 
88(5):1646–1650. https://doi.org/10.1073/pnas.88.5.1646

Sun IL, Sun EE, Crane FL, Morré DJ (1990) Evidence for coenzyme Q function in transplasma 
membrane electron transport. Biochem Biophys Res Commun 172(3):979–984. https://doi.
org/10.1016/0006-291X(90)91542-Z

Sun IL, Sun EE, Crane FL (1992a) Stimulation of serum-free cell proliferation by Coenzyme 
Q. Biochem Biophys Res Commun 189(1):8–13. https://doi.org/10.1016/0006-291X(92)91517-T

Sun IL, Sun EE, Crane FL, Morre DJ, Lindgren A, Low H (1992b) Requirement for coenzyme 
Q in plasma membrane electron transport. Proc Natl Acad Sci U S A 89(23):11126–11130. 
https://doi.org/10.1073/pnas.89.23.11126

Takahashi T, Shitashige M, Okamoto T, Kishi T, Goshima K (1992) A novel ubiquinone reductase activ-
ity in rat cytosol. FEBS Lett 314(3):331–334. https://doi.org/10.1016/0014-5793(92)81499-c

4 Extramitochondrial Coenzyme Q10 in Aging

https://doi.org/10.3109/10715769009053371
https://doi.org/10.3109/10715769009053371
https://doi.org/10.1016/s0197-4580(03)00117-9
https://doi.org/10.1016/j.cmet.2019.12.007
https://doi.org/10.1023/a:1020542230308
https://doi.org/10.1080/17460441.2017.1349750
https://doi.org/10.15252/embr.201948395
https://doi.org/10.1007/s00380-016-0923-x
https://doi.org/10.1089/ars.2013.5479
https://doi.org/10.1089/ars.2013.5479
https://doi.org/10.3390/jcm7100341
https://doi.org/10.3390/jcm7100341
https://doi.org/10.1111/j.1471-4159.1978.tb10804.x
https://doi.org/10.1111/j.1471-4159.1978.tb10804.x
https://doi.org/10.1016/j.tibs.2017.06.008
https://doi.org/10.1016/0304-4165(93)90090-U
https://doi.org/10.1016/0304-4165(93)90090-U
https://doi.org/10.1073/pnas.88.5.1646
https://doi.org/10.1016/0006-291X(90)91542-Z
https://doi.org/10.1016/0006-291X(90)91542-Z
https://doi.org/10.1016/0006-291X(92)91517-T
https://doi.org/10.1073/pnas.89.23.11126
https://doi.org/10.1016/0014-5793(92)81499-c


110

Takahashi T, Mine Y, Okamoto T (2019) Extracellular coenzyme Q10 (CoQ10) is reduced to ubi-
quinol- 10 by intact Hep G2 cells independent of intracellular CoQ10 reduction. Arch Biochem 
Biophys 672:108067. https://doi.org/10.1016/j.abb.2019.108067

Teclebrhan H, Jakobsson-Borin A, Brunk U, Dallner G (1995) Relationship between the endoplas-
mic reticulum-Golgi membrane system and ubiquinone biosynthesis. Biochim Biophys Acta 
1256(2):157–165. https://doi.org/10.1016/0005-2760(95)00016-6

Tian G, Sawashita J, Kubo H, Nishio SY, Hashimoto S, Suzuki N, Yoshimura H, Tsuruoka M, 
Wang Y, Liu Y, Luo H, Xu Z, Mori M, Kitano M, Hosoe K, Takeda T, Usami S, Higuchi K 
(2014) Ubiquinol-10 supplementation activates mitochondria functions to decelerate senes-
cence in senescence-accelerated mice. Antioxid Redox Signal 20(16):2606–2620. https://doi.
org/10.1089/ars.2013.5406

Torres-Lista V, Parrado-Fernandez C, Alvarez-Monton I, Frontinan-Rubio J, Duran-Prado M, 
Peinado JR, Johansson B, Alcain FJ, Gimenez-Llort L (2014) Neophobia, NQO1 and SIRT1 as 
premorbid and prodromal indicators of AD in 3xTg-AD mice. Behav Brain Res 271:140–146. 
https://doi.org/10.1016/j.bbr.2014.04.055

Tsai KL, Chen LH, Chiou SH, Chiou GY, Chen YC, Chou HY, Chen LK, Chen HY, Chiu TH, 
Tsai CS, Ou HC, Kao CL (2011) Coenzyme Q10 suppresses oxLDL-induced endothelial oxi-
dative injuries by the modulation of LOX-1-mediated ROS generation via the  AMPK/PKC/
NADPH oxidase signaling pathway. Mol Nutr Food Res 55(Suppl 2):S227–S240. https://doi.
org/10.1002/mnfr.201100147

Tung BT, Rodriguez-Bies E, Ballesteros-Simarro M, Motilva V, Navas P, Lopez-Lluch G (2014) 
Modulation of endogenous antioxidant activity by resveratrol and exercise in mouse liver 
is age dependent. J Gerontol A Biol Sci Med Sci 69(4):398–409. https://doi.org/10.1093/
gerona/glt102

Vasiliou V, Theurer MJ, Puga A, Reuter SF, Nebert DW (1994) Mouse dioxin-inducible NAD(P)H: 
menadione oxidoreductase: NMO1 cDNA sequence and genetic differences in mRNA levels. 
Pharmacogenetics 4(6):341–348

Venable ME, Lee JY, Smyth MJ, Bielawska A, Obeid LM (1995) Role of ceramide in cellular 
senescence. J Biol Chem 270(51):30701–30708. https://doi.org/10.1074/jbc.270.51.30701

Villalba JM, Navas P (2000) Plasma membrane redox system in the control of stress-induced apop-
tosis. Antioxid Redox Signal 2(2):213–230. https://doi.org/10.1089/ars.2000.2.2-213

Villalba JM, Navarro F, Cordoba F, Serrano A, Arroyo A, Crane FL, Navas P (1995) Coenzyme Q 
reductase from liver plasma membrane: purification and role in trans-plasma-membrane elec-
tron transport. Proc Natl Acad Sci U S A 92(11):4887–4891

Wang Z, Zhang L, Liang Y, Zhang C, Xu Z, Zhang L, Fuji R, Mu W, Li L, Jiang J, Ju Y, Wang Z 
(2015) Cyclic AMP mimics the anti-ageing effects of calorie restriction by up-regulating sir-
tuin. Sci Rep 5:12012. https://doi.org/10.1038/srep12012

Wang Y, Landry AP, Ding H (2017) The mitochondrial outer membrane protein mitoNEET is a 
redox enzyme catalyzing electron transfer from FMNH2 to oxygen or ubiquinone. J Biol Chem 
292(24):10061–10067. https://doi.org/10.1074/jbc.M117.789800

Wiley SE, Murphy AN, Ross SA, van der Geer P, Dixon JE (2007) MitoNEET is an iron- containing 
outer mitochondrial membrane protein that regulates oxidative capacity. Proc Natl Acad Sci U 
S A 104(13):5318–5323. https://doi.org/10.1073/pnas.0701078104

Williams CH Jr, Zanetti G, Arscott LD, McAllister JK (1967) Lipoamide dehydrogenase, glutathi-
one reductase, thioredoxin reductase, and thioredoxin. J Biol Chem 242(22):5226–5231

Xia L, Bjornstedt M, Nordman T, Eriksson LC, Olsson JM (2001) Reduction of ubiqui-
none by lipoamide dehydrogenase. An antioxidant regenerating pathway. Eur J Biochem 
268(5):1486–1490. https://doi.org/10.1046/j.1432-1327.2001.02013.x

Xia L, Nordman T, Olsson JM, Damdimopoulos A, Bjorkhem-Bergman L, Nalvarte I, Eriksson 
LC, Arner ES, Spyrou G, Bjornstedt M (2003) The mammalian cytosolic selenoenzyme thiore-
doxin reductase reduces ubiquinone. A novel mechanism for defense against oxidative stress. J 
Biol Chem 278(4):2141–2146. https://doi.org/10.1074/jbc.M210456200

G. López-Lluch

https://doi.org/10.1016/j.abb.2019.108067
https://doi.org/10.1016/0005-2760(95)00016-6
https://doi.org/10.1089/ars.2013.5406
https://doi.org/10.1089/ars.2013.5406
https://doi.org/10.1016/j.bbr.2014.04.055
https://doi.org/10.1002/mnfr.201100147
https://doi.org/10.1002/mnfr.201100147
https://doi.org/10.1093/gerona/glt102
https://doi.org/10.1093/gerona/glt102
https://doi.org/10.1074/jbc.270.51.30701
https://doi.org/10.1089/ars.2000.2.2-213
https://doi.org/10.1038/srep12012
https://doi.org/10.1074/jbc.M117.789800
https://doi.org/10.1073/pnas.0701078104
https://doi.org/10.1046/j.1432-1327.2001.02013.x
https://doi.org/10.1074/jbc.M210456200


111

Yamamoto Y, Yamashita S (1997) Plasma ratio of ubiquinol and ubiquinone as a marker of oxida-
tive stress. Mol Asp Med 18(Suppl):S79–S84. https://doi.org/10.1016/s0098-2997(97)00007-1

Yuan H, Li X, Zhang X, Kang R, Tang D (2016) CISD1 inhibits ferroptosis by protection against 
mitochondrial lipid peroxidation. Biochem Biophys Res Commun 478(2):838–844. https://doi.
org/10.1016/j.bbrc.2016.08.034

Ziosi M, Di Meo I, Kleiner G, Gao XH, Barca E, Sanchez-Quintero MJ, Tadesse S, Jiang H, Qiao 
C, Rodenburg RJ, Scalais E, Schuelke M, Willard B, Hatzoglou M, Tiranti V, Quinzii CM 
(2017) Coenzyme Q deficiency causes impairment of the sulfide oxidation pathway. EMBO 
Mol Med 9(1):96–111. https://doi.org/10.15252/emmm.201606356

4 Extramitochondrial Coenzyme Q10 in Aging

https://doi.org/10.1016/s0098-2997(97)00007-1
https://doi.org/10.1016/j.bbrc.2016.08.034
https://doi.org/10.1016/j.bbrc.2016.08.034
https://doi.org/10.15252/emmm.201606356


113© Springer Nature Switzerland AG 2020
G. López Lluch (ed.), Coenzyme Q in Aging, 
https://doi.org/10.1007/978-3-030-45642-9_5

Chapter 5
Regulation of Synthesis of Coenzyme Q10

María Victoria Cascajo-Almenara and Guillermo López-Lluch

Abstract The  regulation of gene expression needs many mechanisms of con-
trol which are multiple and diverse, encompassing from DNA structure to synthesis, 
modification and location of proteins. These processes, in addition to being tissue- 
specific, change during embryonic development and throughout the life of the 
organism. CoQ10 is essential to maintain cell homeostasis and to increase life-span. 
CoQ10 biosynthesis pathway is strictly regulated and this program involves different 
levels of regulation (transcriptional, post-transcriptional and post-translational). 
Here we have focused on processes of post-transcriptional regulation governed by 
RNA-binding proteins (RBPs) and review the role of these RBPs in senescence and 
aging. Finally, we report post-transcriptional and post-translational events involved 
in the regulation of several COQs genes involved in the CoQ10 synthesis complex 
assembly. The knowledge of processes that control CoQ10 levels in cells is key to 
develop therapies to stimulate the endogenous synthesis of CoQ10.

Keywords Coenzyme Q · Protein stability · Protein regulation · HuR · RNA 
binding proteins (RBPs)

5.1  Introduction

The expression of genes changes enormously along the life of organisms. The set of 
genes characterizing each cell and tissue in different stage of the development are 
transcriptionally regulated by different transcription factors that bind to regulatory 
elements located normally near the promotor or each gene. However, this is not the 
only level of regulation that affects the transit from DNA to protein, several post- 
transcriptional regulatory processes are also involved in the control of the levels of 
the proteins codified by these genes. This post-transcriptional regulation involves 
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processes related with mRNA metabolism, such as splicing, nuclear export, cyto-
plasm localization, stability and translation (Glisovic et al. 2008; Mata et al. 2005; 
Zhao et al. 2017).

Many authors defend the existence of common expression patterns occurring in 
a coordinated way. Thus, cells are able to adapt and respond coordinately to differ-
ent alterations or stimuli. This adaptation also occurs during aging. Many of mRNA 
encoding proteins related with aging are associated to RNA-binding proteins (RBPs) 
which regulate protein production, at least in part, by modification of the mRNA 
stability and translation level (Masuda et al. 2012). These post- transcriptional regu-
lation processes involve cis-acting elements in the RNA molecule, such as AU-rich 
elements (AREs) generally located at the 5′ and 3′mRNA untranslated regions 
(UTR), and poliA tail. AREs play a critical role in the regulation of gene expression 
during cell growth, differentiation, immune response and cancer (Chen and 
Shyu 1995).

AREs are responsible for regulating the stability of transcripts (Franks and 
Lykke-Andersen 2008; Pesole et  al. 2001). The regulation of these elements is 
important during aging since many senescence-associated genes contain ARE 
sequences (Borbolis and Syntichaki 2015). These motifs specifically interact with 
trans-acting factors, microRNA and RNA-binding proteins, forming ribonucleopro-
tein complexes (RNPs) (Krecic and Swanson 1999). Theses interactions are very 
dynamic and RNPs composition depends on cell type, growth conditions, cell com-
partment and target mRNA (Masuda et al. 2009). In this chapter, we will focus in 
RBPs and its function in cellular senescence, aging and control of the members of 
the CoQ synthesis complex.

5.2  Molecular Mechanisms of mRNA Stability Regulation

The molecular mechanisms by which RBPs regulate mRNA stability are still not 
completely clarified. Among RBPs, several of them, decrease the mRNA stability 
whereas others stabilize mRNA and even regulate translational rate. RBPs associate 
mRNA with cellular structures such as exosome, processing P-bodies and stress 
granules involved in the mRNA turnover (Adjibade and Mazroui 2014; Chen et al. 
2001; Kedersha and Anderson 2002; Sheth and Parker 2003; von Roretz et al. 2011). 
Some RBPs increase half-life of mRNA through a binding competition preventing 
the association of destabilizing RBPs (Kuwano et  al. 2008). It has been also 
described that several RBPs act at the translational level, specifically during initia-
tion, elongation and/or termination regulating the translation rate of transcripts with 
which they interact (Kawai et al. 2006; Mazan-Mamczarz et al. 2006).

Different RBPs include some proteins that show affinity for the same 
mRNA. Consequently, these proteins probably associate and function in a coopera-
tive or competitive manner on the regulation of the same target mRNA (Lal et al. 
2004). Among the RBPs identified involved in senescence and aging, we can find 
stabilizing proteins such as HuR, a RBP ubiquitously expressed belonging to ELAV 
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(embryonic lethal abnormal visual)/Hu protein family (Herman and Autieri 2017) 
and QKI, Quaking RBP (Darbelli and Richard 2016). AUF1, ARE /poly(U)-bind-
ing/degradation factor 1 (Gratacos and Brewer 2010), CUGBP1, a member of the 
CUG-BP- and ETR-3-like factors family (Jones et al. 2012), KSRP, KH-type splic-
ing regulatory protein are involved in alternative splicing, destabilization and trans-
lation enhancement (Apponi et al. 2011). CRT, calreticulin (Timchenko et al. 2002), 
and TTP, tristetraprolin (Apponi et  al. 2011) regulate the destabilization of 
mRNA.  On the other hand, other RBPs show dual activity, for example  TIA-1, 
T-cell restricted intracellular antigen 1, that functions as a translational repressor of 
mitochondrial proteins such as cytochrome c (Kawai et al. 2006) whereas promotes 
mitochondrial fragmentation by enhancing mitochondrial fission factor translation 
(Tak et al. 2017). In general, all these proteins have been associate with the regula-
tion of transcripts and translation during development and aging (Campos-Melo 
et al. 2014; Kai 2016; Kim et al. 2017). Among the proteins regulated by the RBPs, 
we can fing the cyclin kinase inhibitors p16, p21 and p27 and cyclins A and B (Cho 
et al. 2010; Kullmann et al. 2002; Wang et al. 2000, 2005). Levels of these proteins 
change with age, and they are involved in stress response, proliferation and cell 
cycle control.

5.3  RBPs-Dependent Regulation of mRNA Stability in Cell 
Growth and Senescence

Cellular senescence is the process by cells remain retained in cell cycle, after a finite 
number of divisions, but they are viable and metabolically active for a long time. 
HuR is one of the most studied RBP and has been associated with cell senescence. 
This family also includes to HuB, HuC y HuD, which are expressed predominantly 
in neurons. HuR has three RNA-recognition motives (RRM) through which it binds 
to AU and U-rich elements mainly located in 3′UTR of the transcripts (Lopez de 
Silanes et al. 2004; Ma et al. 1996; Peng et al. 1998). Although, HuR is found pri-
marily in the nucleus, its function on target mRNA depends of its cytoplasmic local-
ization (Atasoy et  al. 1998). In fact, HuR can be shuttled between nucleus and 
cytoplasm through its RNS sequence (shuttling sequence) located between second 
and third RRM (Fan and Steitz 1998).

Cell cycle progression depends on HuR cytoplasmic level since HuR regulates 
mRNA encoding cyclins A and B1 (Wang et al. 2000). The stability of both cyclins 
increases by HuR interaction. Conversely, reduction of HuR level destabilizes the 
mRNA of cyclin A, B1 and c-fos mRNA, decreasing its respective protein level and 
thereby inducing cell senescence (Wang et al. 2000). The effect of HuR is controlled 
by a methyltransferase (CARM1) that enhances the regulatory capacity of HuR on 
these mRNAs (Pang et al. 2013) Further, it’s been shown that this RBP binds to the 
cycling kinase inhibitor p27kip1 mRNA at its 5′UTR inhibiting its translation 
(Kullmann et  al. 2002). Since p27kip1 binds to cyclin E/Cdk2 or cyclin D/Cdk 2 
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inhibiting the progression through G1 phase of the cell cycle, its inhibition by HuR 
will reduce the possibility of cell cycle blocking (Polyak et al. 1994). On the other 
hand, interaction of HuR to p16/INK4 3′UTR induces a decrease of mRNA stabil-
ity, by recruitment of another RBP, AUF1 (Chang et al. 2010).

HuR also regulates stress and immune response proteins, such as, c-myc, vascu-
lar endothelial growth factor (VEGF), hypoxia-inducible factor (HIF)-1, prothymo-
sin, cyclooxygenase (COX)-2, tumor necrosis factor-alpha (TNF-α), and several 
interleukins, indicating a putative role in the control of the immune system and in 
immunosenescence (Casolaro et al. 2008; Dean et al. 2001; Galban et al. 2008; Lal 
et al. 2005; Levy et al. 1998; Liu et al. 2009; Sengupta et al. 2003).

Expression of three RBPs, HuR, AUF1 and TIA-1, were analyzed in a model of 
cellular aging, such as human diploid fibroblasts (HDF) in culture (Wang et  al. 
2001). In these cells, the interaction of RBPs to target transcripts decreased during 
replicative senescence, so this situation induced a reduction of mRNA stability and 
the level of protein regulated by HuR. On the other hand, HuR, AUF1 and TIA-1 
level studied from biopsies of different human tissues and different age (fetal, 
young, adult and old) remains unchanged, or even a slight increase in lung and 
intestine, suggesting that HuR is functional during tissue aging (Kim et al. 2017; 
Masuda et al. 2009; Pesole et al. 2001). The reduction of HuR protein expression in 
senescence seems to be due to a lower translation rate, because mRNA levels remain 
unchanged. Additionally, HuR cellular distribution changes during senescence (Yi 
et al. 2010). In a positive feedback, HuR can associate to 3′UTR of HuR mRNA 
regulating the nuclear export and consequently increasing the HuR translation rate. 
This mechanism of regulation might explain the progressive loss of HuR protein 
during senescence and increase in cancer model.

The discrepancies between these studies raises the differences between in vivo 
and HDF in culture senescence. Scientific community agrees that senescence of 
HDF cells recapitulates some features of elderly cells although not all of them in the 
whole organism. Senescent cells accumulate with age and they contribute to process 
of aging by accelerating the tissue regeneration loss. However, the exact connection 
between cellular senescence and aging is still not clear. All these works show the 
need to deepen in study of senescence models used and the influence of RBPs in this 
process.

5.4  Deregulation of the Stability of mRNA Is Associated 
with Aging and Age Related Diseases

Aging is accompanied by multiple levels of deregulation of several systems affect-
ing cells and tissue in different ways. In the case of mRNA stability, the role of 
RBPs in the decline of functionality of organs and tissues is not completely clear. 
However, although the information about the functions of these proteins in the 
response of organs such as muscle to disuse, aging or exercise, is limited, it has been 
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recently proposed that the dynamic changes in RBPs can play a key role in the 
response of muscle to muscle loss in aged people (Van Pelt et al. 2019).

Differences in the profile of transcripts during aging are clear although the mech-
anisms involved have not been clarified to date. In studies carried out in human 
cohorts, the profile of N6-methyladenosine (m6A) decreases and this decrease neg-
atively affects the levels of several mRNAs (Min et  al. 2018). Dysregulation of 
mRNA stability has been associated with aged tissues and importantly with the 
progression of age-associated diseases like atherosclerosis and inflammatory profile 
(Herman and Autieri 2018; Masuda et al. 2009). However, the information about the 
dynamic of RBPs during aging and immunosenescence is not clear and needs fur-
ther research (Herman and Autieri 2018).

In the case of mitochondrial dysfunction as hallmark of aging, RBPs can be 
involved in a vicious cycle. The mechanism of response to mitochondrial protein 
stress, named mitochondrial unfolded protein response (mtUPR), is essential to 
maintain mitochondrial turnover (Yi et  al. 2018). However, in some cases this 
mechanism can be blocked by mRNA instability that affects aging or the progres-
sion of aging-related diseases. The response to mtUPR seems to depend on a mito-
chondrial transporter known as ABCB10. Deletion of this protein causes increase of 
ROS levels and cell death indicating an important role in mitochondrial activity. 
Huntingtin, the protein involved in Hungtinton’s disease, decreases the levels of 
ABCB10 protein by reducing the stability of its mRNA and decreases its translation 
(Fu et al. 2019).

5.5  Post-transcriptional Regulation of of CoQ10

Regulation of the half life of mRNA transcripts and translation rate of the compo-
nents of the CoQ10 synthesis machinery is not clear. We have found organ- dependent 
changes in the levels of the transcripts of many of these genes along mice life show-
ing a puzzling regulation. In many of the organs, especially in those showing mitotic 
capacity, the mRNA levels of the components of the synthesis increase during matu-
rity and decrease to young levels or less in the case of aged animals (Campos-Silva 
et al. 2017). This behavior of the COQs transcripts resembles the pattern of expres-
sion found in humans in which the levels of expression of miRNAs in centenari-
ans are more similar to the pattern in young people than to the pattern in octogenarians 
(Serna et al. 2012). In fact, centenarians seem to maintain the capacity to produce 
microRNAs whereas this pathway is impaired in octogenarians (Borras et al. 2017) 
and their transcriptome is distinct from septuagenarians, probably indicating the 
induction of regulatory pathways involved in survival at very advanced ages resem-
bling the regulation of young people (Borras et al. 2016).

As it has been previously indicated in Chap. 2 of this book that Coenzyme Q 
(CoQ10 in human and CoQ6 in yeast) is a lipid endogenously synthesized in mito-
chondria, and it is present in all the cell membranes. CoQ biosynthesis pathway is a 
complex process that involved at least the product of 13 genes in mammals (COQs 
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and ADCKs). The products of COQs genes form a multi-enzyme complex, anchored 
in the inner mitochondrial membrane. PDSS1, PDSS2, COQ2, COQ3, COQ5, 
COQ6 and COQ7 proteins play an enzymatic function. The role of several other 
proteins is still unknown, such as COQ4, COQ8A, COQ8B, COQ9, COQ10 and 
COQ11 and some authors hypothesized that they play regulatory functions (Stefely 
and Pagliarini 2017).

Homeostasis of ubiquinone is essential to maintain mitochondrial function, and 
therefore, to keep appropriate physiological activities in the cell. CoQ content and 
COQs gene regulation change in function of tissue, nutritional, physiological and 
pathological conditions and it’s known that CoQ is essential in the longevity of dif-
ferent animal models (SPAcosta et al. 2016; Linnane et al. 2002; Navas et al. 2005; 
Parrado-Fernandez et al. 2011). We have found that gene expression patterns change 
enormously throughout the life of an organism (Campos-Silva et al. 2017). All these 
evidences suggest that biosynthetic pathway must be tightly regulated, including 
several levels of regulation (transcriptional and post-translational), to balance oxi-
dative phosphorylation and adapting to changes in nutritional and/or physiological 
conditions and mitochondrial activity. .

In humans, deficit of CoQ10 induces heterogeneous and very severe symptoms, 
such as nephrotic syndrome, encephalomyopathy and ataxia (Quinzii et al. 2007). 
CoQ10 deficiency is considered a rare disease caused by either mutation in any gene 
involved in its biosynthesis (primary deficiency) or by other mitochondrial dysfunc-
tions producing CoQ10 deficiency in which CoQ-synthome is not be directly affected 
(secondary deficiency) (Doimo et al. 2014; Kuhl et al. 2017; Yubero et al. 2016).

Regulatory mechanisms of CoQ biosynthesis include transcriptional regulation 
of enzymes in the mevalonate pathway, which is shared with other lipids such as 
dolichol and cholesterol, via the transcriptional factor PPARα (Bentinger et  al. 
2008; Bentinger et al. 2003). The transcriptional induction of COQ7 expression has 
been associated to the activity of NF-κB in response to oxidative stress and probably 
in inflammation responses (Brea-Calvo et al. 2009). Interestingly, CoQ10 has been 
associated with the regulation of NF-E2 related factor 2 (NRF2)/antioxidant 
response element (ARE) in many systems (Choi et al. 2009; Li et al. 2016), but, 
despite its important role as antioxidant (Chap. 3 in this book), this regulatory factor 
has not been directly related with the control of COQs gene expression.

Several findings have demonstrated that, in many cases, there is not a direct rela-
tionship between mRNA and protein levels. In theses cases, increase at the mRNA 
levels are not accompanied by high protein amount indicating the presence of post- 
translational mechanisms of regulation affecting mRNA stability and/or transla-
tional rate (Lohman et  al. 2014; Luna-Sanchez et  al. 2015). Recent literature 
highlights the importance of post-transcriptional regulation of COQ genes and the 
structure of the complex of CoQ synthesis in the modulation of ubiquinone levels. 
At post-transcriptional level, it has been described that mRNA-binding proteins 
(RBPs) regulate CoQ10 biosynthesis. Specifically, HuR and hnRNP C1/C2 bind to 
3’UTR of COQ7 mRNA modulating the stability and translation of the transcript of 
COQ7. HuR and hnRNP C1/C2 play opposite roles. Whereas HuR stabilizes COQ7 
mRNA, maintaining the physiological level of protein, hnRNP C1/C2 induces 
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COQ7 mRNA destabilization (Cascajo et  al. 2016). Through these factors, the 
dynamic of COQ7 mRNA would depend on the specific tissue and on metabolic and 
stress conditions.

In the case of COQ3 and COQ6 transcripts, it seems that they could be possible 
targets of the Clu1/CluA homologue (CLUH) (Gao et al. 2014). CLUH binds to 
several mRNA of nuclear-encoded mitochondrial proteins and also induces mito-
chondrial clustering, probably linking the biogenesis of mitochondrial proteins with 
the distribution of the organelle. Although these authors did not demonstrate specifi-
cally the function of this RBP in COQs genes, they showed that CLUH depletion 
reduces the translation of several of its target proteins. Another member of the CoQ- 
synthome, COQ5, has been shown as a target of Puf3 in yeast (Lapointe et al. 2018). 
In fact, this RBP regulates CoQ6 biosynthesis in yeast (Garcia-Rodriguez et  al. 
2007; Lapointe et al. 2018). All these results support the idea that post- transcriptional 
regulation through RBPs regulating mRNA half life and translational rate is a key 
process in control of CoQ homeostasis (Figs. 5.1 and 5.2).

Fig. 5.1 Regulation levels of CoQ10 biosynthesis. Synthesis of CoQ10 depends on several levels 
of regulation. 1. Transcriptional regulation is not completely known since many of the probable 
transcriptional factors involved in the expression of the members of the Q-synthome are not known 
yet. 2–5. Regulation of the mRNA processing, such as transport, location, stability and translation 
control depends on RBPs and these processes seem to be key points in regulation of the synthesis 
of CoQ10. 6. Post-translational modifications involve putative phosphorylation points and proteoly-
sis into mitochondria. 7. Proteins are finally assembled in a multicomplex and it is also an essential 
regulation point at the end of the process
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5.6  Post-translational Regulation of CoQ10 Synthesis

Although it is clear that CoQ10 synthesis is driven by a complex of proteins, the 
interactions between these proteins and the regulation of the activity of the syn-
thome remains elusive. Post-translational modifications of COQs proteins such as 
phosphorylations and proteolysis also regulate the biosynthesis of CoQ. PPTC7, a 
human mitochondrial phosphatase, modulates CoQ10 content by controlling COQ7 
phosphorylation (Gonzalez-Mariscal et al. 2018; Niemi et al. 2019; Stefely et al. 
2015; Xie et al. 2011). No further regulation by phosphorylation has been suggested 
although many of the members of the CoQ-synthome show putative phosphoryla-
tion sites.

Regarding proteolytic processes, COQ5 has been suggested to be a target of the 
mitoprotease Oct1p. Proteolytic modification of COQ5 improves protein stability 
and in consequence CoQ6 synthesis in yeast (Veling et al. 2017). On the other hand, 
we have recently found that PARL, a human protease found in mitochondria, is 
involved in CoQ10 biosynthesis and cell respiration by regulating COQ4 and 
UQCRFS1, a respiratory Complex III subunit (Spinazzi et al. 2019).

Other regulatory mechanisms of CoQ synthesis have been recently described. 
Some of the COQ proteins, with yet unknown function (COQ4, COQ9 and COQ8), 
would coordinate the association between CoQ precursors and enzymatic proteins 
to regulate the assembly of the CoQ synthesis complex (Kamzalov and Sohal 2004; 
Marbois et al. 2009; Zampol et al. 2010). Specifically, COQ9 protein interacts with 
COQ7 affecting both level and enzymatic function of COQ7 protein in mice 
(Lohman et al. 2014). This result is also supported by the fact that patients with 
COQ9 mutations show reduced levels of COQ7 protein (Danhauser et al. 2016). 
These authors showed that COQ9 stabilizes other COQs proteins and they suggest 
that this regulatory process is tissue-specific. In addition, it has been described that 
COQ9 possess lipid-binding activity (Lohman et al. 2014). Both CoQ and its pre-
cursors are extremely hydrophobic due to isoprenoid tail, which keep it embedded 
within of mitochondrial inner membrane. This tail is attached to polar head that is 
sequentially modified by enzymatic COQ proteins to produce the mature CoQ 

Fig. 5.2 mRNA regulatory processes of members of the Q-synthome. RBPs bind to mRNA at 
the 5′UTR or the 3′UTR ends. 5′UTR binding proteins regulate translation rate of the mRNA and 
can control the level of protein. Probably RBPs bound to the 3′UTR control mRNA stability, thus 
keeping the level of mRNA available for quick synthesis of proteins.
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molecule. In addition to binding and stabilizing COQs proteins, COQ9 is capable of 
interacting with different lipid intermediates of CoQ synthesis pathway. In fact, 
other non-enzymatic proteins of CoQ pathway, such as COQ8/ADCK3 or ADCK4, 
also show lipid-binding activity (Reidenbach et al. 2018).

On the other hand, other processes no directly involved in CoQ10 synthesis can 
influence the structure of the complex. It has been demonstrated that head- modifying 
enzymes are specifically organized into domains inside mitochondria, both in yeast 
and human cells. Concentration and distribution of these domains depend on func-
tional status of CoQ biosynthesis pathway. ER-mitochondrial contacts are enriched 
sites in lipids and enzymatic proteins that could play an important role in this regu-
latory process (Subramanian et al. 2019). In fact, mitofusin 2 protein, a key factor in 
mitochondrial fusion/fission dynamics, is enriched in ER-mitochondrial con-
tacts and is required to maintain CoQ levels in cells (Mourier et al. 2015).

According to our recent studies, ADCK2 emerges as other protein with regula-
tory function in CoQ synthesis (Vazquez-Fonseca et al. 2019). ADCKs (ADCK1–5) 
are domain-containing mitochondrial protein kinases, but their functions need to be 
studied in more details (Vazquez-Fonseca et al. 2019). Recently, we have found that 
lipid metabolism and CoQ biosynthesis are affected by ADCK2 mutations in mice 
and humans. In fact, it has been proposed that ADCK2 could be involved in trans-
port of lipids inside the mitochondria. More experimental approaches are needed in 
order to demonstrate if ADCK2 have a role in CoQ domains and ER-mitochondrial 
contacts.

All these elements are required to maintain the concentration and spatial distri-
bution of lipid intermediates, adequate protein levels for the synthesis of CoQ10, 
and, in consequence, an efficient CoQ10 homeostasis within the mitochondria and 
other cell membranes. All these processes of regulation, from COQ gene expression 
(transcriptional control), to mRNA metabolism, protein synthesis (post- 
transcriptional control) and protein complex assembly (post-translational control), 
might be perfectly coordinated. It seems that they can be tissue-specific and they are 
probably associated with mitochondrial turnover and dynamic, being for this reason 
modulated throughout development and life of an organism. Because alterations in 
any of these mechanisms could cause a CoQ deficit, their knowledge would help to 
develop specific therapies to modulate CoQ content.
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Chapter 6
Coenzyme Q and Aging in C. elegans

Claudio Asencio

Abstract The free-living roundworm Caenorhabditis elegans has been extensively 
used in aging research because its short life span, its inexpensive laboratory growth 
and its easy genetic manipulation permitting an enormous amount of mutants. 
Aging studies using this organism as model have demonstrated that many environ-
mental factors, including food availability, temperature, population density and 
drugs affect C. elegans life span. One of these factors is coenzyme Q, that has been 
associated with aging in this organism through its activity in the control of mito-
chondrial metabolism. The use of mutants in the synthesis of coenzyme Q in this 
organism associated a key role of clk-1 in coenzyme Q synthesis and longevity.

Keywords C. elegans · clk-1 · Coenzyme Q · Worm · Longevity

6.1  Introduction

The roundworm Caenorhabditis elegans is a free-living nematode that has been 
extensively used in aging research (Gems and Partridge 2013). Several characteris-
tics, like its short life span of about 3 weeks, its lack of strong heterosis (Johnson 
and Hutchinson 1993), its inexpensive laboratory growth and its easy genetic 
manipulation, make this organism especially suitable for longevity studies (Kenyon 
2005). Many environmental factors, including food availability, temperature, popu-
lation density and drugs are known to affect C. elegans life span (Kenyon 1997). 
However, the discovery more than 30 years ago of age-1, the first gene that when 
mutated resulted in increased life span (Friedman and Johnson 1988), suggested 
that the aging process might respond to a genetic program and therefore be poten-
tially modulated. This extraordinary discovery triggered an intense research effort, 
which widely expanded our understanding of the aging process and its related dis-
eases. Although several physiological processes, such as endocrine signaling, stress 
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response, telomeres shortening and metabolism have been related to longevity in 
C. elegans (Kenyon 2005), in this chapter we are going to focus on coenzyme Q 
metabolism and its role in C. elegans aging.

6.2  The Synthesis of Coenzyme Q Affects Longevity 
in C. elegans

About two decades ago, the research on the role of coenzyme Q in C. elegans aging 
started unintentionally. Wong and colleagues used unbiased genetic screens, one of 
the most powerful genetic approaches to analyze physiological traits in C. elegans, 
to identify maternal-effect mutations. These experiments isolated mutations that 
slowed the timing of several physiological processes of the worms, such as growth, 
defecation rhythm, swimming and pharyngeal pumping. Interestingly, these muta-
tions also slowed the rhythm of embryo and postembryonic development and 
extended the life span of the worms. Three of these mutations resulted in allelic 
variants, e2519, qm51 and qm30, of the same gene, which was named clk-1, as these 
worms showed alterations in their physiological clock. In concordance with the 
design of the genetic screens, these three allelic mutations could be maternally res-
cued and the homozygous worms were viable (Wong et  al. 1995; Hekimi et  al. 
1995). A detailed analysis of these clk-1 alleles showed that qm51 and qm30 were 
null mutations and e2519 was a missense mutation (Ewbank et al. 1997).

The clk-1 gene was later found to encode for a protein with high similarity to 
yeast Coq7p (Jonassen et  al. 1996) and to a still uncharacterized human protein 
(Ewbank et al. 1997). Felkai and colleagues observed that in addition to its mito-
chondrial expression in all somatic cells, the mutations in the clk-1 gene affected 
mitochondrial function in vivo, resulting in a mild reduction in respiration. 
Furthermore, overexpression of the CLK-1 protein resulted in an increase in the rate 
of aging. Therefore, the CLK-1 protein was proposed to control respiration, behav-
ior and aging in C. elegans (Felkai et al. 1999).

Subsequent work proved that the CLK-1/COQ7 protein is highly conserved in 
eukaryotes and that it is involved in coenzyme Q biosynthesis in C. elegans. In this 
way, complementation experiments showed that the human COQ7 expressed in a 
multicopy vector could restore the respiratory growth of COQ7 knock out yeast 
cells (Vajo et al. 1999). Instead, it was later shown that clk-1 worms displayed alter-
ations in quinone biosynthesis (Miyadera et  al. 2001). Miyadera and colleagues 
employed reverse phase HPLC coupled to mass spectrometry analyses to show that 
C. elegans produces coenzyme Q9. However, clk-1 mutants did not produce Q9 and 
were found to accumulate its immediate precursor, 5-demethoxyubiquinone 9 
(DMQ9), at a similar level to Q9 in the WT worms (Levavasseur et al. 2001). These 
results proved that the CLK-1 protein is necessary for the step converting DMQ9 to 
Q9 in C. elegans, as was suggested by computational analyses (Rea 2001).

The striking connections between coenzyme Q and aging brought a remarkable 
interest in the ubiquinone biosynthesis pathway in C. elegans. The straightforward 
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silencing of C. elegans genes by RNA interference (RNAi) (Fire et  al. 1998; 
Timmons and Fire 1998) and the high homology of different genomic regions with 
the known yeast COQ genes allowed the identification of the novel genes coq-1, 
coq-2, coq-4, coq-5, coq-6 and coq-8 (Asencio et  al. 2003). Silencing of these 
genes, and the previously described coq-3 (Hihi et al. 2002) and clk-1/coq-7 genes, 
resulted in a significant reduction in coenzyme Q content in C. elegans (Asencio 
et al. 2003). The identification of these genes was later confirmed by complementa-
tion experiments. Yeast deletion mutants for the genes COQ7 and COQ5 recovered 
growth in non-fermentable carbon sources when complemented with the C. elegans 
clk-1 and coq-5 genes respectively (Rodriguez-Aguilera et al. 2003). Silencing of 
coq genes resulted not only in reduced coenzyme Q content but also in a longer life 
span, partially resembling the longevity of clk-1 mutants. Interestingly, silenced 
worms did not reproduce the rest of the slowed phenotypes of clk-1 mutants. Normal 
I + III and II + III mitochondrial activities and a reduction of at least 30% in super-
oxide anions production was observed in silenced worms (Asencio et  al. 2003). 
These results suggested that the content of coenzyme Q in silenced animals was 
sufficient to maintain respiration but low enough to significantly reduce the produc-
tion of damaging superoxide anions, which led to increased longevity.

As coenzyme Q is essential for respiration in eukaryotes, researchers wanted to 
understand the unexpectedly almost normal respiration levels and survival rates of 
the homozygous clk-1 mutants. Jonassen and colleagues detected coenzyme Q8 in 
samples of both wild type worms and clk-1 mutants (Jonassen et al. 2001, 2002). 
Coenzyme Q8 is the endogenous ubiquinone isoform synthesized by E. coli OP50, 
the standard C. elegans laboratory food. These results indicated that C. elegans can 
readily incorporate coenzyme Q8 from the diet. Likewise, when WT and clk-1 
mutants were fed with the Q-depleted E. coli GD1 strain (ubiG KO) the WT worms 
showed unaltered development and fertility, while the clk-1 mutants arrested devel-
opment at the second larval stage. It is remarkable that this developmental arrest 
was not observed with other long lived mutants, such as daf-2, suggesting that the 
phenotypes of clk-1 mutants derived from a novel longevity pathway. In fact, the 
growth of the clk-1 mutants, the accumulation of DMQ9 and the presence of Q8 were 
restored when the animals were fed a rescued E. coli strain expressing the depleted 
ubiG gene. This led Jonassen and colleagues to conclude that the uptake of coen-
zyme Q8 from diet can partially rescue the otherwise lethal mutations of the clk-1 
gene, which was therefore confirmed to be involved in coenzyme Q9 biosynthesis in 
C. elegans (Jonassen et al. 2001).

At that point, it was still unclear whether the survival of clk-1 worms when fed 
with the Q-replete E. coli OP50 strain depended on the endogenous production of 
DMQ9, the ingested coenzyme Q8 or both. Hihi and colleagues observed that clk-1 
mutants did not grow when fed on E. coli strains carrying mutations in different 
ubi- genes. These genes are involved in coenzyme Q8 biosynthesis in bacteria and as 
a consequence, these strains were unable to synthesize coenzyme Q8. It is remark-
able the lack of survival of the clk-1 mutants when fed an E.coli ubiF mutant. This 
gene is the homologue of clk-1 in E. coli and therefore this bacterial strain does not 
produce coenzyme Q8 and accumulates DMQ8. These experiments confirmed that 
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the survival of clk-1 mutants was not supported by DMQ8 and solely depended on 
the presence of dietary coenzyme Q8 (Hihi et al. 2002). Interestingly, this survival 
was not observed with other homozygous coq mutants, which did not produce either 
Q9 nor DMQ9, such as coq-1 and coq-2 (Gavilan et al. 2005) or coq-3 (Hihi et al. 
2002). Indeed, Arroyo and colleagues detected a small amount of coenzyme Q9 in 
purified mitochondria from clk-1 animals (Arroyo et al. 2006). Together, this indi-
cated that the presence of DMQ9 or maybe a small amount of coenzyme Q9 was 
essential for the coenzyme Q8-dependent survival of clk-1 mutants (Hihi et  al. 
2002). This observation resembles the maternal rescue of homozygous clk-1 mutants 
derived from heterozygous mothers fed the Q-depleted E. coli GD1 bacteria. In this 
way, the amount of CLK-1 protein provided by the mothers to the homozygous 
embryos is enough to promote larval and reproductive development. However, this 
maternal rescue is lost in the next generation, and the homozygous clk-1 mutants are 
not viable when kept on Q-depleted bacteria (Burgess et al. 2003). It was evident 
that the main difference between clk-1 animals and other coq mutants resided in the 
presence of DMQ9 in mitochondria. However, it was unclear whether the increased 
longevity of clk-1 animals derived from the presence of DMQ9, the effect of the 
dietary Q8, the mild reduction in respiration, additional functions of the CLK-1 
protein or a combination of some or all of these factors.

To investigate these questions, Branicky and colleagues carried out genetic 
screens to identify mutations that could suppress both the slow development of clk-1 
worms when fed the Q-replete E. coli OP50 bacteria and the developmental arrest 
when fed on the Q-deficient DM123 bacterial strain. Two and seven suppressors 
were found respectively for the clk-1 e2519 mutant and none for qm30. Importantly, 
all the suppressor mutations were mapped to genes encoding for tRNAGlu synthe-
tases. As the e2519 mutation results in a Glu to Lys change in the CLK-1 protein, 
the suppression effects of these mutations were directly involved in the restoration, 
at least partially, of the endogenous synthesis of coenzyme Q9 (Branicky et  al. 
2006). Suppressors still accumulated DMQ9 and produced a very small amount of 
coenzyme Q9. However, this small coenzyme Q9 content was apparently sufficient 
for maintaining growth and fertility, since all the suppressors were fully fertile when 
fed in Q-depleted bacteria. Remarkably, it was observed that some of the clk-1 phe-
notypes could be uncoupled. The otherwise still long-living suppressors showed 
neither delayed embryonic development nor slow behaviors. Indeed, the rhythm of 
pharyngeal pumping was restored to wild type levels, which suggested that the 
extended longevity of the original clk-1 mutants did not simply derive from caloric 
restriction (Branicky et  al. 2006). As the majority of the clk-1 phenotypes were 
rescued in the suppressors but they still accumulated DMQ9, Branicky and col-
leagues finally proposed that these clk-1 phenotypes were not caused by the pres-
ence of this compound.
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6.3  Antioxidant Role of Coenzyme Q and Longevity

As a well-known antioxidant, coenzyme Q is widely used as a nutritional supple-
ment for humans. The survival and extension of life span for clk-1 mutants when fed 
a diet containing Q8 were in agreement with the beneficial effects of dietary supple-
mentation with coenzyme Q.  Surprisingly, Larsen and colleagues proved that 
dietary Q8 reduces the life span of wild type worms (Larsen and Clarke 2002). 
Particularly, wild type animals and conditional fertility fer-15 mutants fed on a 
Q-depleted E. coli strain lived 59% longer than when fed with the standard Q-replete 
E. coli OP50. As this shortening in life span appeared to be solely dependent on the 
Q8 content of E. coli, the researchers aimed to study the effect of supplementing 
C. elegans with different isoforms of coenzyme Q varying in their side chain length. 
While the fertility of wild type animals and daf-2, clk-2 and isp-1 long living mutants 
was not affected by the different isoforms of coenzyme Q, the clk-1 qm30 and qm51 
mutants were only fertile when fed on Q9 or Q8 producing E. coli. This phenotype is 
less severe in the case of the missense clk-1 mutant strain e2519, which was fertile 
when supplemented with dietary Q7, Q8 and Q9 and for one generation when fed Q6 
(Hihi et al. 2003). Similar results were obtained by Jonassen and colleagues and in 
addition they showed that e2519 and qm30 mutants transport Q8 to mitochondria 
more effectively than Q7 (Jonassen et al. 2003). Only the exogenous supplementa-
tion with coenzyme Q10 was found to extend the life span of wild type worms and to 
reduce the production of superoxide anions (Ishii et  al. 2004). These data were 
confirmed by Yang and colleagues who also proved that the mitochondrial oxidative 
stress and H2O2 production in clk-1 mutants were significantly reduced when fed 
with coenzyme Q10 (Yang et al. 2009). As a consequence, the role of Coenzyme Q 
in C. elegans physiology and aging is more complex than originally expected. On 
the one side, coenzyme Q is essential for respiration and in this way, dietary Q8 is 
required for the survival of clk-1 mutants. However, on the other side, the supple-
mentation of coenzyme Q to wild type worms modulates its life span according to 
the length of its side chain. Feeding wild type animals with coenzyme Q8 reduces its 
life span (Larsen and Clarke 2002), while feeding them with coenzyme Q10 reduced 
oxidative stress and increased longevity (Ishii et al. 2004). Together, these results 
suggest that the balance between mitochondrial respiration and the generation of 
oxidative damage should be finely regulated to maintain cellular homeostasis and 
promote longevity.

In this context, several laboratories investigated the mitochondrial activities of 
clk-1 mutants. Kayser and colleagues found normal complex I, complex II and com-
plex II +  III dependent activities in clk-1 mitochondria. However, the complex I 
+ III activity was found to be severely reduced in these animals, which suggested 
that complexes I and II may have different affinities for coenzyme Q (Kayser et al. 
2004). Although the role of accumulated DMQ9 in these mutants remained unclear, 
the authors proposed that this compound, together with rhodoquinone 9 (RQ9) may 
support respiration in adult clk-1 when fed on a Q-less diet. However, later data did 
not support this idea. Extraction of all quinones of clk-1 and wild type mitochondria 
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and later replenishment with coenzyme Q9 resulted in similar I + III and II + III 
mitochondrial activities. Furthermore, no differences in the assembly of the respira-
tory supercomplexes were found between clk-1 and wild type mitochondria as ana-
lyzed by blue native electrophoresis (Yang et al. 2011). To investigate the specific 
effect of DMQ 9 in mitochondria, clk-1 pentane extracts were added to coenzyme Q9 
to enrich it with DMQ9. The wild type quinone-depleted mitochondria were later 
replenished with coenzyme Q9 with and without DMQ9. Yang and colleagues found 
a significant reduction in complex I + III activities upon addition of DMQ9 to replen-
ished wild type mitochondria. As the complex II + III activity was not affected, and 
even though the presence of other inhibitory metabolites in the clk-1 extracts could 
not be excluded, it was proposed that DMQ9 specifically inhibits either the transfer 
of electrons from complex I to Q or from Q to complex III (Yang et al. 2011).

6.4  Coenzyme Q Levels and Generation of ROS 
in Mitochondria

As mitochondria is the main source of oxidative damage in the cell, the generation 
of ROS and oxidative damage in clk-1 mutants was studied by different laboratories. 
From these studies, ROS (Yang et al. 2009) and superoxide production (Braeckman 
et  al. 2002) in clk-1 mitochondria were found to be higher than in a wild type. 
Strikingly, despite the increased ROS production, clk-1 mutants had normal or 
decreased levels of oxidative damage (Kayser et al. 2004; Yang et al. 2007, 2009; 
Yang and Hekimi 2010). A possible explanation for these counterintuitive results 
was the upregulation of sod-2 and sod-3 mRNAs observed in clk-1 worms 
(Braeckman et al. 2002; Van Raamsdonk et al. 2010). This implies that the increased 
ROS production in clk-1 mutants may trigger a defensive response leading to a net 
reduction in oxidative damage and therefore longer life span. In fact, the stimulation 
of mitochondrial respiration in C. elegans by the glycolysis inhibitor 2-deoxy-D- 
glucose (DOG), triggers the formation of ROS and a subsequent induction of stress 
resistance resulting in extended longevity (Schulz et al. 2007). Yang and colleagues 
later proposed that superoxide is indeed a protective signal that may initiate changes 
in gene expression affecting the life span of C. elegans (Yang and Hekimi 2010). In 
this way, gene expression profiling experiments of clk-1 mutants showed important 
changes in gene expression compared to the wild type. This included upregulation 
of genes involved in glycolysis, gluconeogenesis, detoxification and collagen syn-
thesis (Cristina et  al. 2009; Fischer et  al. 2014) and downregulation of genes 
involved in growth and reproduction (Fischer et al. 2014). The observed changes in 
gene expression in clk-1 mutants were accompanied with an increase in mitochon-
drial DNA content that together resembled the retrograde response of yeast petite 
mitochondrial mutants, which are also long lived (Cristina et al. 2009). This response 
is called retrograde since the information flows in the reverse direction, in this case, 
from the mitochondria to the nucleus (Kirchman et al. 1999). One of the genes with 
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increased gene expression in clk-1 mutants is fstr-1. The silencing of both fstr-1 and 
its homologue fstr-2 restored the behavioral rates and life span of clk-1 animals to 
wild type levels. Importantly, these worms still accumulated DMQ9 and did not 
produced coenzyme Q9. In other words, these results implied that the fstr-1/2 genes 
slow the biological rhythms and extend the life span of the clk-1 mutants in response 
to coenzyme Q levels (Cristina et al. 2009). Furthermore, the expression profile of 
other mutants with impaired respiration was found to be similar to that observed in 
clk-1 animals and also resembled the yeast mitochondrial retrograde response 
(Cristina et al. 2009). Therefore, the retrograde response is probably necessary for 
the extended life span observed in other C. elegans respiratory mutants. However, 
the physical connection, in the form of a molecule or protein, linking the altered 
mitochondrial metabolism to changes in nuclear gene expression remained elusive.

Strikingly, Monaghan and colleagues demonstrated that, apart from its tradi-
tional mitochondrial localization, the CLK-1 protein can also localize to the nucleus 
in both C. elegans and human cells (Monaghan et  al. 2015). Indeed, the CLK-1 
protein contains two localization signals, an N-terminal mitochondrial transfer sig-
nal (MTS) that is degraded upon import into mitochondria, and a second nuclear 
transfer signal (NTS) downstream of the mitochondrial one. Both localization sig-
nals are so close to one another that they are degraded when CLK-1 is imported into 
mitochondria. Only uncleaved COQ7/CLK-1 proteins will keep the NTS and there-
fore be imported into the nucleus, where they were found to bind to chromatin and 
regulate the expression of a subset of genes. This includes genes involved in the 
mitochondrial unfolded protein response (UPRmt) and other genes involved in the 
regulation of the cellular redox balance like GLNA-1 glutaminase and WWOX oxi-
doreductase. Monaghan and colleagues proved that nuclear content of COQ7/
CLK-1 inversely correlated with the presence of ROS. Thus, the exposure of cells 
and worms to the antioxidant N-acetyl-L-cysteine (NAC) decreased the amount on 
COQ-7/CLK-1 in the nucleus, while an increase in ROS resulted in a higher propor-
tion of uncleaved COQ7/CLK-1 and increased nuclear localization. Interestingly, 
the nuclear form of COQ7/CLK-1 functions independently of the mitochondrial one 
and was found to potentially regulate metabolic pathways that alter ROS production 
independently of coenzyme Q.  Monaghan and colleagues proposed the nuclear 
CLK-1/COQ7 protein to work as a rheostat to maintain ROS homeostasis. In this 
way, during normal mitochondrial respiration, a basal production of ROS directs a 
certain amount of CLK-1 to the nucleus where it alters gene expression. As some of 
these regulated genes are involved in ROS metabolism, the nuclear CLK-1 could 
mediate a reduction in ROS production, which in turns leads CLK-1 to be mainly 
localized in mitochondria. CLK-1-dependent gene regulation is therefore decreased, 
basal ROS production is resumed and homeostasis is maintained in the cell 
(Monaghan et al. 2015)

These results strongly support the hormesis theory of aging (Rattan 2001), which 
implies that short non-lethal stressors trigger a response mechanism that not only 
mitigates the initial stress but also promotes overall health and increased life span. 
This theory was already proposed by Shulz and colleagues to explain the extended 
life span observed in worms upon glycolysis inhibition, resulting in the induction of 
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mitochondrial respiration and increased oxidative stress (Schulz et  al. 2007). In 
agreement with this theory, Sanchez-Blanco and colleagues also proposed that the 
persistent supplementation of dietary coenzyme Q8 to wild type worms results in a 
lower cellular oxidation level that could impair the mechanisms maintaining the 
REDOX homeostasis in the cells resulting in a shorter life span (Sanchez-Blanco 
et al. 2016). Indeed, Schulz and colleagues advised against the widespread use of 
antioxidants as food supplements, as this might lead to a systemically impairment 
of the cellular hermetic response mechanism causing a net increase in oxidative 
damage and premature aging (Schulz et al. 2007).

6.5  Conclusions

In conclusion, the last two decades of research widely expanded our understanding 
of the role of coenzyme Q metabolism in the aging process of C. elegans. These 
efforts led to the identification of the first respiratory enzyme, CLK-1, that is tar-
geted to two different cellular compartments, the mitochondria and the nucleus, 
were it can affect the aging process at different levels. In mitochondria, CLK-1 
directly promotes respiration, whereas in the nucleus, CLK-1 senses metabolic 
activity and responds by modulating gene expression. More research will be 
required to increase our understanding of the exact mechanism by which CLK-1 
modifies transcription of specific loci. Likewise, it remains unclear whether other 
mitochondrial enzymes also use the retrograde response of CLK-1. Research on this 
particular topic may lead to the discovery of a novel paradigm for maintaining 
homeostasis that promotes health and increased longevity.
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Chapter 7
Coenzyme Q and Aging in the Fruit Fly 
Drosophila melanogaster

Daniel J. M. Fernández-Ayala and Alberto Sanz

Abstract Aging is the consequence of the gradual accumulation of molecular and 
cellular damage during life. Oxidative damage due to mitochondrial malfunction 
seems to be the main contributor to aging. Although, recently it has been propose 
that reverse electron transport participate in signalling more than in damage the cell 
by ROS production. Other molecules has been described to take part in the aging 
process, as they are NAD, antioxidants and several microRNAs, as well new path-
ways that regulate the progression of aging. In addition, gene regulation due to 
epigenetic modification seems to be the responsible of providing a protective or 
permissive environment to age faster or slower. In this chapter, we review these 
things using the fruit fly as a model organism.

Keywords Aging · D. melanogaster · Coenzyme Q · NAD · Longevity · Reactive 
oxygen species

7.1  Introduction

It is generally accepted that aging is a consequence of the gradual accumulation of 
molecular and cellular damage during life. The ‘Free Radical Theory of Ageing’ 
(Harman 1956) updated to the “Mitochondrial Free Radical Theory of Ageing” 
(Harman 1972) (MFRTA) proposed that Reactive Oxygen Species (ROS) produced 
as by-products during normal metabolism cause the accumulation of oxidative dam-
age. Accumulation of oxidative damage, such as oxidized DNA and proteins, or 
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even DNA breaks, may cause the fall of biological systems. Thus, oxidative damage 
can lead to higher mitochondrial ROS production through a vicious circle mecha-
nism. Although MFRTA is the most popular damage theory, there are many other 
theories proposing alternative mechanisms of damage e.g. telomere attrition, accu-
mulation of cellular debris, epigenetics changes, etc. (Lopez-Otin et  al. 2013). 
Recently, a new paradigm has been postulated where damage is not a cause but a 
consequence of a genetic program or “quasi-program” driven by continuous activa-
tion of pro-growth pathways such as nutrient sensing pathways controlled by Target 
of Rapamycin (Blagosklonny 2006).

Although, the proximal cause of aging remains unknown, it is clear that manipu-
lation of metabolism alter the rate of aging. Three different metabolic pathways 
have been shown to affect the rate of aging: (1) the activity level of the electron 
transport chain in mitochondria, (2) the Insulin-like growth factor (IIS) signalling 
pathway, and (3) the Sirtuin pathway responsive to caloric restriction. Although 
these pathways affect aging separately, they have additive increases in lifespan 
(Taylor and Dillin 2011).

Aging is the greatest known risk factor for most non-communicable human dis-
eases. Apart of the obvious ethical reasons, the use of humans in aging research is 
complicated due to our extreme long natural life span and to several other environ-
mental and social factors that would make impossible to control lifespan studies 
properly. Cellular models of human disease provide important information about 
the underlying mechanisms; however, they have limitations that need to be over-
come by in vivo models. Therefore, the use of animal models in aging research is 
instrumental to understand the proximal cause of aging and find new therapies to 
delay, prevent or reverse age-related diseases (Mitchell et al. 2015).

Here, we review some of the most recent findings on aging research using the 
fruit fly Drosophila melanogaster as animal model. In addition, we report the latest 
interventions that extend life span and health span in Drosophila.

7.2  Aging in Flies

Drosophila melanogaster has been widely used for biological research in studies of 
genetics, development and organogenesis, physiology, pathogenesis, pharmacol-
ogy, degenerative diseases, cardiomyopathies and inflammatory diseases, cancer 
and aging (Fernandez-Ayala et al. 2014). Drosophila has also been used to model 
mitochondrial disease in order to understand the underlying genetic and physiologi-
cal mechanism and to try new therapies including gene therapy, or even for mito-
chondrial gene therapy (Fernandez-Ayala et  al. 2014). Drosophila is perfect for 
aging studies because it is easy to culture, has a short lifespan and life cycle, pro-
duces abundant progeny and has a powerful genetics that allows spatiotemporal 
manipulation of gene expression.

Here, we will review some of the most exciting research recently published using 
Drosophila melanogaster in the aging field. We will briefly describe those pathways 
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that seem to regulate aging rate, how age-related pathologies are studied in flies and 
how epigenetic modifications affect gene regulation in old individuals. For the sake 
of space, we will focus on the role of mitochondria and ROS, how manipulations 
during development affect adult lifespan, and how supplements in the diet can 
extend healthy lifespan. For a full description of a gene, function or the biological 
process where is involved, the reader is advised to visit FlyBase (http://flybase.org). 
The annotation symbol (“CG”) of a gene is shown next to the name of the gene.

7.2.1  The Role of Mitochondria in Drosophila’s Aging

Mitochondrial dysfunction is one of the few universal hallmarks of aging (Lopez- 
Otin et  al. 2013). Aged individuals are characterized by reduced bioenergetics 
capacity, increased ROS production, more oxidative damage in mitochondrial DNA 
and RNA, and accumulation of mutations in mtDNA. Although, mutations in super-
oxide dismutase 1 and 2 increase superoxide levels and shorten lifespan (Phillips 
et al. 1989). The role of mitochondrial ROS in Drosophila’s aging remains contro-
versial (see below).

Reduction in ATP generation caused by reduced mitochondrial function can 
compromise cellular viability triggering cell death. Accordingly, interruption of 
mitochondrial protein translation in tko25t mutants, due to a point mutation in the 
nuclear gene that encodes the mitoribosomal protein S12 (CG7925), causes a severe 
phenotype characterized by reduction in mitochondrial respiration, development 
delay, and a dramatic shortening in lifespan, reproducing many of the symptoms 
observed in human mitochondrial disorders (Toivonen et al. 2001). A subsequent 
transcriptomic analysis revealed systematic and compensatory changes in the 
expression of genes involved in metabolism, including up-regulation of lactate 
dehydrogenase and many other genes related to the catabolism of fat and proteins, 
the TCA cycle and various anaplerotic pathways, as well as several pathways 
involved in gut transport and absorption of lipids and proteins. Overall, these results 
indicate that OXPHOS dysfunction is perceived physiologically as a starvation for 
particular biomolecules, inducing mitochondria to trigger a general programmed 
response similar to those produced in response to caloric restriction (Fernandez- 
Ayala et al. 2010). However, caloric restriction or mild mitochondrial dysfunction 
(e.g. mild knock-down of components of the electron transport chain) extends lifes-
pan (Partridge et al. 2005; Copeland et al. 2009) because their much more moderate 
effect on mitochondrial function.

Aging has been associated with a progressive decline of mitochondrial function 
accompanied with a reduction of physical activity in Drosophila melanogaster 
(Peleg et  al. 2016). Accordingly, increasing mitochondrial turnover of damaged 
mitochondria by over-expressing the master regulator of mitophagy: parkin 
(CG10523) extends lifespan (Rana et al. 2013). Similarly, boosting mitochondrial 
function by over-expressing spargel (CG9809) in the intestine also increases lon-
gevity (Rera et  al. 2011). However, aging can be much more complex than 
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anticipated with unknown players participating in determining aging rate. For 
example, there is a growing interest in the role of metabolic intermediates (e.g. 
Krebs’s cycle intermediates) in triggering cancer and other pathological processes 
(Yang et al. 2013). Interestingly, cellular metabolism during early aging showed an 
increment of both several mitochondrial metabolic substrates, like Acetyl-CoA, 
citrate and isocitrate, and their related-enzymatic activities, which are accompanied 
with an increment in oxygen consumption at middle age (Peleg et al. 2016). Acetyl-
CoA is a key metabolite in the central metabolism, and also a cofactor for the acety-
lation of lysine residues. Protein-acetylation of specific aminoacids is a key 
posttranslational modification for many metabolic enzymes as well as nuclear regu-
lators of gene expression, mainly histone proteins (Graff and Tsai 2013). Changes 
in acetyl-coA levels could trigger alterations in metabolic function that would 
explain some of the phenotypes observed during aging. However, it is still unclear 
if the aging process leads to metabolic alterations, or if changes in the metabolic 
state of an organism trigger the process of aging.

Recent research suggests that is possible to reverse mitochondrial decay with 
dietary supplements that increase cellular levels of NAD (nicotinamide adenine 
dinucleotide). NAD is a central coenzyme in the Kreb’s cycle, but also participates 
in other metabolic redox reactions, being a precursor for several cellular signalling 
molecules, and a substrate for posttranslational modifications to proteins. CG9940 
encodes the NAD+ synthase protein that catalyses the final step in de novo NAD+ 
biosynthesis, and transfers the amide from either ammonia or glutamine to nicotinic 
acid adenine di-nucleotide (NaAD). The over-expression of CG9940 enhances car-
diac output and reduces heart failure in aged flies, delays age-related mobility 
decline, and prolongs lifespan (Wen et  al. 2016). Conversely, knock-down of 
CG9940 by RNA-interference has negative effects on these parameters. Also, 
expression levels of the NAD+ synthase regulates the adaptation to exercise in aging 
(Wen et  al. 2016). Over-expression of CG9940 boosts the response to exercise 
increasing cardiac function, mobility, and lifespan in old flies, whereas a low expres-
sion of the gene reduces the capacity of flies to respond to the stress caused by 
exercise.

7.2.2  The Role of ROS in Longevity in Drosophila

The role of ROS in determining Drosophila’s lifespan is unclear with different stud-
ies reporting opposite results (Sanz 2016). As predicted by MFRTA, depletion of 
both SOD1 and SOD2 either in muscle or in nervous system produces ROS accu-
mulation, impairment of locomotive activity and shortens lifespan (Oka et al. 2015). 
However, other studies have shown results that do not support MFRTA. For exam-
ple, although mitochondrial ROS production has been shown to negatively correlate 
with lifespan in wild type strains (Sanz et al. 2010a), experimental reduction of ROS 
levels by ectopic expression of an alternative oxidase from Ciona intestinalis (AOX) 
does not extend lifespan in flies (Sanz et  al. 2010a). AOX expression is able to 
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complement the semilethality of partial knockdown of both cyclope (CG14028, 
COXVIc) and the complex IV assembly factor Surf1 (CG9943) (Fernandez-Ayala 
et al. 2009). Moreover, it also rescues the locomotor defect and the excess of mito-
chondrial ROS production caused by mutations in dj-1beta, a Drosophila homolog 
of the human Parkinson’s disease gene DJ-1. These results indicate that ectopic 
expression of this ubiquinol oxidase can restore the electron flow in the mitochon-
drial respiratory chain when it is blocked, thereby decreasing the high level of ubi-
quinol and restoring the physiological properties of Coenzyme Q, and subsequently 
inhibiting the deleterious effects that mitochondrial defects produce on health and 
lifespan. However, these modifications do not produce higher life span in wild type 
animals besides their effect decreasing mtROS (Sanz et al. 2010a). Furthermore, 
mutations in dj-1β (CG1349) increase mitochondrial ROS levels and oxidative dam-
age reducing fly activity, but do not short lifespan (Stefanatos et al. 2012). These 
results support that other mitochondrial-related factors apart of ROS are affecting 
longevity in Drosophila and/or that ROS act via signalling and not modulating oxi-
dative stress.

ROS are essential cellular messengers (Reczek and Chandel 2014) and disrup-
tion of ROS signalling reduces cellular viability (Hamalainen et  al. 2015). 
Interestingly, boosting ROS levels can extend lifespan by a mechanism that has 
been called mitohormesis (Ristow and Zarse 2010). Mitochondrial complex I (CI) 
has been proposed as a crucial regulator of animal longevity (Stefanatos and Sanz 
2011). Mutations in CI are frequently associated with multiple pathologies in 
humans and flies, and compensation of CI function by an alternative NADH internal 
dehydrogenase (NDI1) from Saccharomyces cerevisiae extends lifespan (Sanz et al. 
2010b). Paradoxically, mild knock-down of the complex I (CI) subunit ND-75 
(CG2286) increases ROS levels and extends lifespan in a ROS-dependent manner 
(Owusu-Ansah et al. 2013). Disruption of CI causes the activation of the mitochon-
drial unfolded protein response that represses IIS inducing lifespan-extension. 
Similarly, allotopic expression of NDI1 increases the generation of ROS via reverse 
electron transport at respiratory CI and extends lifespan (Scialo et  al. 2016). In 
theory, mitohormesis extends lifespan by increasing endogenous antioxidant 
defences (Ristow and Zarse 2010). However, overexpression of antioxidant does not 
increase lifespan (Sanz 2016), and extension in lifespan conferred by increasing 
ROS at CI is suppressed by antioxidants (Owusu-Ansah et al. 2013; Scialo et al. 
2016). This supports that ROS act via signalling and not by reducing oxidative 
stress through boosting antioxidant defences.

7.2.3  Links Between Aging and Development in Drosophila

Age-specific mortality rate reach a plateau in late life following the exponential 
increase in mortality rate that is characteristic of aging. However, depending on how 
a population develops, this is how aging is. Populations selected for fast develop-
ment (9–10 day generation cycles) during several generations entered the late-life 
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phase at an earlier age than flies selected for slow development (28 day generation 
cycles) (Shahrestani et al. 2016). Populations showed changes in age-specific rates, 
including differences in starvation resistance, desiccation resistance, time-in-motion 
and geotaxis. Age at which physiological decline occurs matches with the age at 
which the transition from exponential mortality to late life occurs (Shahrestani et al. 
2016). This result suggests that late-life is physiologically distinct from aging.

Some microRNAs are known to affect lifespan by post-transcriptionally silenc-
ing mRNAs that play critical, beneficial roles at early stages of the life cycle but are 
deleterious when expressed inappropriately at later stages (Chawla et al. 2016). In 
adult flies, miR-34 promotes longevity and maintains neuronal homeostasis by 
repressing Eip74EF (CG32180), a transcription factor required for progression 
through early development that regulates oogenesis and autophagic cell death (Liu 
et al. 2012). Similarly, other microRNAs such as let-7, miR-125 and mi-100 regu-
late the transcription factor chinmo (CG31666), which is involved in imaginal disc- 
derived wing morphogenesis, mushroom body development and dendrite 
morphogenesis (Chawla et al. 2016), during nervous system formation. The coordi-
nate upregulation of the three former miRNAs in old flies induces brain degenera-
tion and shortens life span, although it seems that they operate in two different 
stages (development and adulthood) instead of acting at the same time. For exam-
ple, let-7 is predominantly responsible for regulating chinmo during nervous system 
formation, and miR-125 acts during adulthood. In contrast, loss of miR-125 induces 
ectopic chinmo expression only in adult brains (Chawla et  al. 2016). Other 
microRNA that has been involved in aging is miR-1000, whose loss leads to shorten 
lifespan (Verma et al. 2015).

7.2.4  Pathways Related to Aging in Drosophila

Extensive research has identified several orthologous genes that modulate a few 
specific conserved genetic pathways that affect longevity, metabolism and develop-
ment from yeast to humans. These pathways are conserved in Drosophila and have 
been extensively investigated in this model organism (Bitto et al. 2015).

mTOR is a serine/threonine protein kinase that promotes cellular growth and cell 
division in response to nutrients and growth factors. The mTOR protein acts in at 
least two complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 
(mTORC2). While mTORC1 operates as a central regulator of longevity, by repress-
ing autophagy and modulating mitochondrial metabolism, mTORC2 regulates the 
activity of several substrates involved in cytoskeleton reorganization and cell polar-
ity (Bitto et al. 2015).

Interestingly, manipulation of TOR signalling via overexpression of TOR repres-
sors extends Drosophila’s lifespan by interrupting nutrient sensing and mimicking 
dietary restriction (Kapahi et al. 2004). The intracellular signalling regulated by the 
protein kinase TOR modulates several biological processes inside the cell, such as 
ribosome biogenesis, translation, autophagy, cell proliferation and cytoskeletal 
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changes required for cell growth. The primary tissues in which these pathways oper-
ate are the fat body and the nervous system. Additionally, both the expression of a 
dominant-negative version of TOR and the inhibition of TOR-complex 1 by rapamy-
cin also extend lifespan (Kapahi et  al. 2004). Moreover, TOR downregulation 
together with insulin signalling improves locomotion and cardiac function and con-
fers neuroprotection against neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s disease (Hirth 2010; Partridge et  al. 2011). Similarly, lifespan is 
extended in response to reduced levels of insulin-like peptides (Gronke et al. 2010) 
or by loss of function mutations in different components of the insulin signalling 
pathway, such as the insulin receptor (Tatar et al. 2001) or downstream substrates 
such as chico (CG5686) (Clancy et al. 2001; Slack et al. 2010).

There is a close connection between mitochondria and IIS.  For example, IIS 
regulates mitochondrial respiration, while mitochondrial ROS fine-tune insulin 
receptor activation in neurons (Ramalingam and Kim 2015). The age-related reduc-
tion in mitochondrial function, including respiration and ATP production, can dis-
rupt the insulin receptor activation in neurons leading to the development of cerebral 
insulin resistance in old age. Another important metabolic regulator is the AMP- 
activated protein kinase AMPK (CG3051). In Drosophila, activation of AMPK in 
neurons or in the gut increases life span and slows aging in a non-cell-autonomous 
manner, regulating both the uptake and oxidation of glucose, as well as the oxida-
tion of fatty acids in response to changes in the relative abundance of AMP and ATP 
(Ulgherait et  al. 2014). AMP:ATP ratio is strongly influenced by mitochondrial 
function. Paradoxically, metformin, a complex I inhibitor, increases the ratio 
AMP:ATP and activates AMPK, but does not extend lifespan in fruit flies (Slack 
et al. 2012) as it does in worms or mice (De Haes et al. 2014; Martin-Montalvo 
et al. 2013).

Repeated or chronic perturbations of circadian rhythms are strongly suspected to 
be detrimental to healthspan, affecting aging, locomotor capacity and longevity in 
both humans and flies. At the molecular level, circadian clocks are based on nega-
tive feedback loops (Allada and Chung 2010). The transcription factors Clock (Clk, 
CG7391) and Cycle (Cyc, CG8727) form a heterodimer that promotes the transcrip-
tion of two negative elements, period (per, CG2647) and timeless (tim, CG3234), 
which form a heterodimer that inhibits the activity of Clk/Cyc. The inhibition of 
Clk/Cyc results in per/tim degradation and releases of Clk/Cyc from repression, 
allowing the start of a new cycle. Mutations in per gene displays robust short 16-h 
rhythms, reduced longevity and decreased startle-induced locomotion in aged flies 
(Vaccaro et  al. 2016). Interestingly, the adjustment of environmental light-dark 
cycles to the endogenous rhythms of 16 h fully suppresses the acceleration of the 
age-related decline in per mutants, while accelerates it in wild-type flies.

It has been found that in the brain of old flies, sleep fragmentation induces ROS 
production, expression of insulin-like peptides and the insulin receptor, which are 
maintained even after 4 days of recovering normal sleep patterns (Williams et al. 
2016). In this model, ROS production causes the expression of ARE genes in an 
attempt to reduce neuronal ROS levels, suggesting that the increment in ROS may 
damage mitochondria and induce the ER-UPR response, a cellular stress response 
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related to the endoplasmic reticulum that is triggered by unfolded proteins (Williams 
et al. 2016). The ER-UPR response interrupts protein translation, induces the deg-
radation of misfolded proteins, and activates the production of molecular chaper-
ones involved in protein folding as an immediate response, however if stress is 
extended ER-UPR induces apoptosis. It has been proposed that higher ROS levels 
would improve insulin signalling in neurons, inhibiting cytochrome c release, and 
protecting neurons from ER-UPR induced apoptosis (Williams et al. 2016).

The ratio protein:carbohydrate in the fly diet is instrumental in determining the 
effect of dietary restriction on lifespan, with low protein diets extending lifespan 
(Mair et al. 2005; Partridge et al. 2005). Tryptophan hydroxylase (Trh, CG9122), 
the serotonin receptor 2A (5-HT2A, CG1056), and the solute carrier 7-family amino 
acid transporter (JhI-21, CG12317) are required for the transient feeding preference 
for dietary protein after starvation through their role in establishing protein value 
(Ro et al. 2016). Interestingly, disruption of any of these genes increases lifespan 
independently of food intake, suggesting that the perceived value of dietary protein 
modulates lifespan via serotonin signalling. These results suggest that serotonin 
acts through an intracellular pathway mediated by the 5-HT2A receptor, in which 
the amino acid transporter, JhI-21, is required for serotonergic evaluation of the 
dietary protein content, which subsequently affects lifespan (Ro et al. 2016).

7.2.5  Age-Related Pathologies That Affect Drosophila

As we reported above, aging is characterized by an increase in ROS production, 
which has been proposed to cause neuronal insulin resistance, induces antioxidant 
systems that protect against oxidative damage and activates the expression of neu-
roprotective endoplasmic reticulum molecular chaperones in dopaminergic neurons 
of middle-aged flies to prevent the induction of apoptosis (Williams et al. 2016). 
Paradoxically, the elevated activity of antioxidants systems in Parkinson’s and 
Alzheimer’s disease may contribute to dysfunctional insulin receptor activation and 
central insulin resistance, which would lead to a decline in synapses and synaptic 
function (Freiherr et al. 2013). Related to that, inhibition of dj-1alpha (CG6646) 
gene, a homologue of the familial Parkinson’s disease gene DJ-1, leads to oxidative 
stress, mitochondrial dysfunction, and dopaminergic neuron loss in Drosophila 
(Faust et  al. 2009). Feeding flies with drugs that combine antioxidant and anti- 
inflammatory properties shows protective effects and improving many of the delete-
rious phenotypes associated with dj1-alpha mutation.

Progeria recapitulates many of the characteristics associated with aging such as 
neurodegeneration. It can be caused by defects in RNA metabolism and transport 
through the nuclear envelope. Lamin C (CG10119) is an intermediate filament with 
structural function that is responsible for nuclear pore distribution and mitotic 
nuclear envelope assembly. Mutations in Lamin C alter RNA export through the 
nuclear envelope and is used to model progeria in Drosophila (Li et al. 2016). The 
phenotype of Lamin C mutants includes progressive jumping and flight defects that 
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are exacerbated with age. Interestingly, most of RNA affected by mutations in 
Lamin C are related with genes required for maintaining mitochondrial integrity and 
function, e.g. Marf (CG3869) single fly orthologue for mitofusins 1 and 2. These 
studies connect defects in RNA export through nuclear envelop to progressive loss 
of mitochondrial integrity and premature aging.

7.2.6  Gene Regulation During Aging

Considerable natural variation for lifespan exists within human and animal popula-
tions, including Drosophila melanogaster. Highfill and collaborators studied this 
genetic variation to elucidate the pathways and genes involved in aging (Highfill 
et al. 2016). The comparative genetic analysis of more than 800 lines, which grew 
under strict inbred conditions for several generations, mapped five quantitative trait 
loci that contribute to explain lifespan variation between the different inbred lines. 
RNA sequencing analysis comparing young versus old flies showed pathways 
affecting lifespan, and identified genes within the previous mapped quantitative trait 
loci (Highfill et al. 2016). Old flies increased the expression of genes involved in 
antimicrobial defence, such as Relish (CG11992), and decreased the expression of 
those related to mitochondrial metabolism, including the electron transport chain 
(UQCR-14, CG3560) and the coenzyme Q biosynthesis (coq2, CG9613). This 
genetic variation could help to elucidate which pathways and genes are involved in 
aging, as well as genetic mechanisms underlying risk for age-related diseases.

It has been shown in several animal models that genetic differences and somatic 
mutations underlie longevity and that some environmental factors correlate with 
lifespan extension, such as a nutrient availability that can activate the stress response, 
reduce the basal metabolic rate or decrease fertility under dietary restriction situa-
tions (Sen et al. 2016). These observations support the idea of epigenetic mecha-
nisms in modulating longevity pathways. Methylation of histones, particularly in 
histone 3, as for example the trimetylation in lysine 4 (H3K4me3) or in lysine 27 
(H3K27me3) are epigenetic modifications that activate or repress transcription 
respectively, which had been directly linked to lifespan regulation in many 
organisms.

In flies, mutations in any of the subunits of Polycomb Repressive Complex 2 
(PRC2), one of the H3K27 methyltransferases, reduce global levels of H3K27me3 
and extend lifespan of male flies by derepressing target genes Abd-B (CG11648) 
and Odc1 (CG8721). Abd-B belongs to the Hox gene family and encodes a home-
odomain transcription factor that controls cell identity and contributes to the dif-
ferentiation of posterior thorax and abdominal segment of the fly; Odb1 is an 
Ornithine Decarboxylase that also plays a role in regulation of cell cycle. On the 
other hand, TRX antagonizes silencing mediated by PRC2 promoting the acetyla-
tion of H3K27. It had been described that mutations in trx (CG8651) increase 
H3K27me3 levels and suppress mutations of PRC2 subunits and their longevity 
phenotype. . Since acetylation and methylation at the same site are mutually 
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exclusive, increased acetylation results in both decreased methylation and loss of 
silencing at PRC2 target sites (Siebold et al. 2010). In addition, overexpression of 
Lid (CG9088), the histone demethylase homolog to the worm rbr-2, reduces the 
level of H3K4me3 and extends lifespan in Drosophila, while its knockdown short-
ens lifespan (Li et al. 2010).

Similarly, there is evidence that histone modifications affect lifespan of flies, 
altering the expression of specific target genes involved in stress tolerance or modu-
lation of nutrient sensing pathways (Sen et al. 2016; Wood et al. 2016). Old flies 
showed a loss of activating epigenetic marks like H3K4me3 and H3K36me3 and a 
gain of repressive epigenetic marks like H3K9me3 compared to young animals 
(Wood et al. 2010).

Acetylation of histones, another epigenetic modification that modifies gene acti-
vation, can affect fly longevity. The protein deacetylase Sirt1 (CG5216) maintains 
gene silencing in heterochromatin regions by epigenetic regulation of histone 
deacetylation. Overexpression of Sirt1  in Drosophila repressed the normal age- 
related loss of gene silencing in heterochromatin regions, as well as the loss of gene 
silencing undergoing genotoxic stress (Wood et al. 2016). Furthermore, it has been 
shown that spermidine inhibits the enzyme histone-acetyltransferase and generates 
chromatin states with a low acetylation grade. Because spermidine levels decline 
with age in several organisms, including Drosophila, the supplementation with 
spermidine increases lifespan (Eisenberg et  al. 2009). The phenotype shown by 
these animals include upregulation of autophagy and improved stress response by 
gene activation due to histone acetylation. Alterations in the histone acetylation pat-
tern, which alter the transcriptome, are shown in middle aged flies (Peleg et  al. 
2016). This can cause a general deterioration of the chromatin organization that 
underlies control of transcription during aging causing an increment in transcrip-
tional noise and aberrant maturation of RNAs. These age-dependent changes in 
gene expression can be attenuated by environmental conditions such as dietary 
restriction, by the overexpression of heterochromatin components or by mutations 
in epigenetic regulators, such as histone modifying enzymes (Siebold et al. 2010).

In addition to histone modifications, epigenetic changes include chemical modi-
fications of DNA, such as DNA methylation. DNA methylation is correlated with 
transcriptional repression and is important in genome imprinting, X-chromosome 
silencing, and repression of both centromeric and repetitive sequences (Sen et al. 
2016). Although Drosophila has limited DNA methylation, overexpression of Mt2 
(FlyBase CG10692), the Drosophila C-5 cytosine methyltransferase, increases 
lifespan, whereas Mt2 mutants are short lived (Lin et al. 2005). Because both 5mC 
(5-methyl-cytosine) and 6mA (6-methyl-adenine) have been localized to transpo-
sons, DNA methylation in flies could function to mark and repress transposition 
(Zhang et  al. 2015). Furthermore, it has been described that transposons are de- 
repressed in both senescent human cells (Sen et al. 2016) and Drosophila’s tissues 
(Chen et al. 2016). Overexpression of transposable elements is responsible for cyto-
toxic phenotypes (Li et al. 2013), and inhibition of transposition prevents cytotoxic-
ity and senescence (Wood et  al. 2016). Therefore, the deregulation of DNA 
methyltransferases may activate specific transcriptional programs in parallel with 
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histone modification changes, being all together responsible for specific changes in 
gene expression found in aged flies.

Finally, dietary restriction represses expression of transposable elements as well 
as activation of genes located in heterochromatin during aging through changes in 
epigenetic factors (Wood et al. 2016). In Drosophila, the proteins Dicer-2 (CG6493) 
and Argonaute 2 (AGO2, CG7439), recruits the histone H3K9 methyltransferase 
Su(var)3–9 (CG43664) to catalyse formation of repressive heterochromatin at 
transposable elements sites. In order to do this, they use the small interfering RNA 
(siRNA) pathway. Accordingly, overexpression of Sir2, Su(var)3–9, and Dicer-2 
mitigated the expression of transposable elements during aging and led to an 
increase in lifespan (Wood et al. 2016). The same effect was observed by decreasing 
the expression of the RNA-editing enzyme ADAR (adenosine deaminase acting on 
RNA, CG12598), which controls the efficiency of siRNA-directed silencing of 
transposable elements (Wood et al. 2016). These data support the retrotransposon 
theory of aging, which is based on the deleterious activation of epigenetically 
silenced transposons. According to this theory, maintenance of repressive hetero-
chromatin preserves transposable elements silencing, prevents the damage caused 
by its activation and extends healthy life span.

7.3  Coenzyme Q Supplementation and Aging in Drosophila

Little is known about the effect of Coenzyme Q supplementation on Drosophila’s 
aging. One of the main problems with Coenzyme Q supplementation is verified that 
is incorporated into the tissues and is able to participate in physiological processes 
such as electron transport. For example, coenzyme Q supplementation does not 
rescue phenotypes associated with mutation in dj-1alpha (Faust et al. 2009), whose 
human homologue DJ-1 causes Parkinson’s disease in humans, although other anti-
oxidants and anti-inflammatory compounds rescues most of the phenotypes in 
dj- 1alpha mutants. Interestingly, antioxidant supplementation do not extend 
Drosophila’s lifespan (Sanz 2016), whereas the role of anti-inflammatory com-
pounds is not clear yet, although there is some evidence that they can have positive 
effects (He et al. 2014).

On the other hand, it has been shown that elimination of coenzyme Q from the 
diet shortens life span and accelerates the aging process (Palmer and Sackton 2003). 
Since Drosophila’s laboratory diet usually includes yeast, flies fed Q-less yeast live 
shorter. However, feeding flies with a yeast deficient in the mitochondrial respira-
tory complex III showed similar results, suggesting that is mitochondrial functional-
ity of the yeast, and not the absence of coenzyme Q the responsible for lifespan 
shortening (Palmer and Sackton 2003).

We finally conclude that new analyses should be done to clarify the role of coen-
zyme in Drosophila aging.
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Chapter 8
The Aging Process and Coenzyme Q: Clk-1 
Mouse Models

Mayumi Takahashi, Kazuhide Takahashi, and Takuji Shirasawa

Abstract Mitochondria are causally linked to lifespan regulation and the aging 
process. Coenzyme Q (CoQ), an electron transporter in the mitochondrial respira-
tory chain, is a key molecule in the regulation of mitochondrial function. Loss of 
function of the clk-1 gene, which encodes a biosynthetic enzyme of CoQ, results in 
lifespan extension and slowed biological rhythms in Caenorhabditis elegans. The 
structure and function of the clk-1 gene are evolutionarily conserved from yeast to 
humans, however, clk-1−/− mice that lack CoQ are embryonic lethal. Clk-1 mutant 
nematodes with no dietary supply of CoQ also exhibit developmental arrest and 
larval death. Taken together, these results indicate that CoQ is critical for survival in 
the early development of both nematodes and mice, and play an important role for 
lifespan extension in nematodes. This review provides an overview of the role of 
clk-1 and CoQ in the regulation of lifespan and biological rhythms of mice.

Keywords Clk-1 · Mouse · Aging · Mitochondria · Lifespan

8.1  Introduction

Many mutants related to longevity were isolated from the nematode Caenorhabditis 
elegans (C. elegans) in the late 1900s and the genes responsible for these mutants 
were subsequently identified. Thus, the presence of gerontogenes that are involved 
in regulating the aging process and lifespan was confirmed (Johnson and Lithgow 
1992). The clock-1 (clk-1) gene was identified as a longevity gene in a C. elegans 
mutant that had a lifespan of approximately 50% longer than that of wild-type 
C. elegans (Wong et al. 1995). Because another important phenotype of the clk-1 
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mutant is the slowness of biological rhythms such as developmental speed, embry-
onic cell cycle, pharyngeal pumping rate, swimming rate, and defecation cycle, the 
responsible gene was named clk-1, as it regulates biological clocks (Wong et al. 
1995). As clk-1 mutant nematodes have a loss of function mutation in the clk-1 
gene, this gene has been thought to control both lifespan and biological rhythms.

The clk-1 gene, a homologue of COQ7 in yeast, is a nuclear gene and encodes 
the CLK-1 protein, which has a molecular mass of approximately 24 kDa and con-
sists of 217 amino acids with a mitochondrial targeting signal at its N-terminus and 
localizes to the mitochondrial inner membrane (Asaumi et al. 1999; Jonassen et al. 
1996; Stenmark et al. 2001). CLK-1 is a hydroxylase that converts demethoxyubi-
quinone (DMQ) to 5-hydroxy-ubiqinone in the penultimate step of the biosynthesis 
of coenzyme Q (CoQ) (Fig. 8.1) (Marbois and Clarke 1996; Miyadera et al. 2001; 
Jonassen et al. 1998). Therefore, clk-1 mutant nematodes do not generate CoQ but 
accumulate DMQ instead (Miyadera et al. 2001). The biogenesis of CoQ is medi-
ated by at least six known enzymes (Kawamukai 2009; Turunen et al. 2004), and 
silencing CoQ biosynthetic genes other than clk-1 also results in lifespan extension 
in C. elegans (Asencio et al. 2003).

The clk-1 structure is evolutionarily conserved among eukaryotes from yeast to 
humans (Ewbank et al. 1997; Asaumi et al. 1999; Vajo et al. 1999; Jonassen et al. 
1996; Marbois and Clarke 1996) and in some bacteria (Stenmark et  al. 2001; 
Andersson et al. 1998). Transgenic expression of the human or mouseclk-1 gene in 
clk-1 mutant nematodes restored the extended lifespan and rescued the slowed 
rhythmic behaviors to levels comparable with those of wild-type nematodes 
(Takahashi et al. 2001). This finding indicates that the function of clk-1 is evolution-
arily conserved from nematodes to humans. Therefore, to investigate whether clk-1 
and CoQ regulate lifespan and aging in mammals, clk-1-deficient (clk-1−/−) mice 
were generated by genetic engineering. This review provides an overview of experi-
mental findings using these mice, and discusses the possible role of clk-1 and CoQ 
in the regulation of lifespan and aging in mammals.

8.2  clk-1 Is Essential for Aerobic Respiration Via CoQ

In an effort to elucidate the possible role of clk-1 in lifespan regulation in mammals, 
clk-1−/−mice were generated by targeted disruption of the clk-1 gene, followed by 
intercrossing heterozygous (clk-1+/−) female and male mice (Nakai et  al. 2001; 
Levavasseur et al. 2001). However, clk-1−/−mice are embryonic lethal; that is, all 
clk-1−/−mice die by embryonic day (E) 11.5 (Nakai et al. 2001) or E13.5 (Levavasseur 
et al. 2001). The clk-1−/−mice we generated exhibited small-sized bodies and devel-
opmental delay by at least 48 h at E10.5 as assessed by neural tube development 
evaluation (Fig. 8.2). The cerebral wall of clk-1−/−mice exhibited an aberrant strati-
fication with round neuroepithelial cells. These cells had abnormally enlarged mito-
chondria with vesicular cristae and enlarged lysosomes filled with disrupted 
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membranes, which indicated mitochondrial dysfunction and was consistent with the 
phenotype found in mitochondrial encephalopathy (Nakai et al. 2001).

In C. elegans, clk-1 mutants were initially identified as longevity mutants (Wong 
et al. 1995); however, they exhibited extended lifespan only when they were fed 
wild-type Escherichia coli (E. coli), which have endogenous CoQ (Jonassen et al. 
2001). When the clk-1 mutant nematodes were fed CoQ-depleted mutant E.coli, 
they showed developmental arrest at the L2 larval stage. Therefore, CoQ may be 
essential for early development and survival for both C.elegans and mice.

clk-1−/− mouse embryos failed to synthesize CoQ but had DMQ, the precursor of 
CoQ (Nakai et al. 2001; Levavasseur et al. 2001) (Fig. 8.1). This result was also the 
case for coq7∆ mutant yeast (Marbois and Clarke 1996) and clk-1 mutant nema-
todes (Miyadera et al. 2001). Despite a complete loss of CoQ, embryonic cells that 

Fig. 8.1 The CoQ 
biosynthetic pathway. 
CLK-1 protein 
hydroxylates 
demethoxyubiquinone 
(DMQ) at the 5-position 
and converts it to 
5-hydroxy-ubiquinone
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were dissociated from clk-1−/−mice at E10.5 had partially conserved mitochondrial 
membrane potential (Fig. 8.3). In agreement with this result, Levavasseur and col-
leagues reported that the respiratory enzyme activities and oxygen consumption in 
embryonic stem (ES) cells that were generated from clk-1−/−mice were partially 
maintained but significantly reduced compared with those in clk-1+/+ ES cells 
(Levavasseur et al. 2001). These results suggest that the respiration in ES cells or 
embryonic cells from clk-1−/−mice is partially driven by DMQ instead of CoQ, but 
insufficient for the survival of clk-1−/− mouse embryos beyond E10.5.

When clk-1+/−mice were intercrossed to obtain clk-1−/−mice, the genotypes of 
clk-1+/+, clk-1+/−, and clk-1−/− mouse embryos were at the expected Mendelian ratio 
until E8.5. The number of mouse embryos with the clk-1−/− genotype gradually 

Fig. 8.2 Developmental 
delay in clk-1-deficient 
mice. Embryos of 
wild-type (clk-1+/+) and 
clk-1-deficient (clk-1−/−) 
mice at embryonic day 
10.5. clk-1−/− mice are 
extremely small compared 
with wild-type mice and 
exhibit a developmental 
delay by at least 48 h. 
Scale bars: 1 mm. (From 
Takahashi et al. 2008)

Fig. 8.3 Embryonic cells from  clk-1−/−mice partly exhibit high membrane potential. 
Embryonic cells dissociated from clk-1+/+ and clk-1−/− mouse embryos at E10.5 were stained with 
JC-1 and Hoechst33342. Mitochondria with high and low mitochondrial membrane potentials are 
indicated with red and green, respectively. Scale bars: 10 μm. (From Takahashi et al. 2008)
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decreased, and they died by E11.5. Heart development and angiogenesis in the yolk 
sac were induced in mouse embryos at E8.5–10.5 (Kaufman and Navarataman 
1981; Kaufman 1991), which supply oxygen to the embryos. Additionally, the mito-
chondrial inner membrane matures in rat embryos at E10.5–12.5 (Shepard et  al. 
1998), which corresponds to E8.5–10.5 in mouse embryos. These studies indicate 
that mitochondrial respiration changes from anaerobic to aerobic at E8.5–10.5 in 
mouse embryos. A small amount of ATP is generated in the glycolytic pathway 
under anaerobic conditions, but a large amount of ATP through oxidative phos-
phorylation is needed to meet the demand for embryonic growth under the aerobic 
conditions after mitochondrial maturation. Therefore, the quantity of ATP provided 
by glycolysis and DMQ-mediated oxidative phosphorylation might be insufficient 
for embryonic development from E8.5 onward in clk-1−/−mice. Mice in which oxi-
dative phosphorylation was abolished died at approximately E9.5, including mice 
with a disrupted gene encoding cytochrome c (Kang Li et al. 2000) or mitochondrial 
Tfam (Larsson et al. 1998). These reports suggest that sufficient amounts of CoQ, 
which support active production of ATP through normal mitochondrial function, are 
crucial for successive growth and development of mouse embryos after E9.5.

In clk-1−/−mouse embryos, many condensed and fragmented nuclei and TUNEL- 
positive cells, all of which are characteristic of apoptosis, were frequently observed 
in clk-1−/− mouse embryos at E10.5 (Fig. 8.4) (Takahashi et al. 2008). Other hall-
marks of apoptosis, such as caspase-3 activation and externalization of phosphati-
dylserine on the plasma membrane, were detected in dissociated cells from the 
clk-1−/− mouse embryos. Furthermore, clk-1-deficient cells exhibited release of 
cytochrome c from mitochondria into the cytoplasm, which is the first sign of 
mitochondrial- mediated apoptosis, and reduction in mitochondrial membrane 
potential and intracellular ATP levels. On the other hand, exogenous administration 
of a solubilized form of CoQ (sCoQ) to embryonic cells from clk-1−/−mice rescued 

Fig. 8.4 Apoptosis is induced in clk-1−/−mouse embryos at E10.5. (A) Condensed and fragmen-
tal nuclei (arrows) characteristic of apoptosis were observed in clk-1−/− mouse embryos at E10.5 
with hematoxylin-eosin staining. (B) Many apoptotic cells, which are stained in brown, are present 
in clk-1−/− mice. Scale bars: 50 μm. (From Takahashi et al. 2008)
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the reduced mitochondrial membrane potential and ATP levels, and suppressed 
apoptosis (Takahashi et  al. 2008). Taken together, these results suggest that the 
embryonic lethality of clk-1−/−mice is due to CoQ deficiency, and in turn, mitochon-
drial dysfunction and mitochondria-mediated apoptosis in the whole body.

8.3  Ultradian Rhythms Are Regulated by CoQ

Circadian rhythms that span 24 h are the most popular and well-investigated bio-
logical rhythms at the molecular level (Yu and Weaver 2011). By contrast, ultradian 
rhythms that have a period shorter than 24 h are not well known, but are involved in 
many important biological phenomena (Isomura and Kageyama 2014; Lloyd and 
Rossi 1992). There are many different ultradian rhythms such as hormonal circula-
tion which cycle over several hours, rapid-eye-movement (REM) and non-REM 
sleep cycles that last approximately 90 min each, heartbeat, which cycles over tens 
of milliseconds, and cell division cycles. An interesting correlation was observed 
between lifespan and ultradian rhythms. Heart rate, which is an ultradian rhythm, is 
inversely correlated with mammalian lifespans (Fig. 8.5) (Levine 1997; Williams 
and Pleitropy 1957), indicating that slower heart beating results in longer living. 
Under experimental conditions, the long-lived clk-1 mutant nematodes exhibited 
slower ultradian rhythms including the mitosis, pharyngeal pumping, swimming 
rates, and defecation cycle (Wong et al. 1995). This pioneering study suggests that 
biological rhythms are inversely correlated with a lifespan in C. elegans and that 
some ultradian rhythms and lifespan are regulated by a similar mechanism. 
Furthermore, exogenous administration of sCoQ completely rescued the slowed 
rhythmic behaviors and lifespan extension in clk-1 mutant nematodes (Takahashi 

Fig. 8.5 Heart rate is 
inversely correlated with 
lifespan in mammals. 
(From Levine 1997)

M. Takahashi et al.



163

et al. 2012a). This result suggests the possibility that CoQ regulates some ultradian 
rhythms and lifespan in C. elegans.

Cells from clk-1−/−mouse embryos at E10.5 collected just before the embryonic 
death survived for at least a week in a culture medium supplemented with fetal 
bovine serum (Takahashi et al. 2012b). The DNA synthesis rate of embryonic cells 
from clk-1−/−mice was less than half of that of clk-1+/+ or clk-1+/− cells. The heart 
rates of whole hearts isolated from clk-1−/− mouse embryos in organ culture were 
very slow compared with those from clk-1+/+ or clk-1+/− mouse embryos (Takahashi 
et al. 2012b). When cardiomyocytes dissociated from the hearts of clk-1−/− mouse 
embryos were cultivated in a micro-mass culture system, they exhibited intrinsic 
and synchronous beating. The beating rates were also very slow and approximately 
one-third of those from clk-1+/+ and clk-1+/− cardiomyocytes. Moreover, the isolated 
hearts and embryonic cells from clk-1−/− mouse embryos showed reduced mito-
chondrial function, including reduced membrane potential and ATP production 
compared with those from clk-1+/+ or clk-1+/− mouse embryos. These findings sup-
port the possible involvement of clk-1 in the regulation of ultradian rhythms in mice.

The mechanisms underlying the regulation of ultradian rhythms by clk-1 have 
yet to be fully elucidated. Nevertheless, exogenous administration of sCoQ com-
pletely restored the slowed heartbeat and the slowed DNA synthesis phenotype in 
embryonic cells from clk-1−/−mice (Takahashi et al. 2012b). clk-1 encodes a CoQ 
biosynthetic enzyme and the major role of CoQ is as an electron transporter in the 
mitochondrial respiratory chain to facilitate ATP generation. Therefore, clk-1 is 
thought to regulate ultradian rhythms through the mitochondrial function driven by 
CoQ in mice.

8.4  The Role of clk-1 and CoQ in the Regulation of Lifespan 
and the Aging Process

clk-1-deficient mice were generated to elucidate the participation of the clk-1 gene 
in lifespan extension in mammals; however these mice were embryonic lethal, as 
described previously (Nakai et al. 2001; Levavasseur et al. 2001). To overcome the 
embryonic lethality of clk-1-deficient mice, we generated transgenic mice (Tg96) 
by transgenic expression of mouse  clk-1 into clk-1−/−mice. The Tg96 mice were 
rescued from embryonic lethality and had decreased CoQ levels (Nakai et al. 2004). 
To increase litter size for lifespan measurement, Tg96 (C57BL/6NCr) mice were 
crossed with the prolific ICR strain mice, resulting in the generation of inbred prog-
eny (Tg96/I mice). The Tg96/I mice exhibited extended lifespan (Fig. 8.6), smaller 
bodies and leaner leg skeletal muscles (Takahashi et  al. 2014). Additionally, the 
Tg96/I mice had reduced whole-body oxygen consumption (VO2) rates during the 
dark period and reduced mitochondrial VO2 and ATP content in leg skeletal muscles 
compared with wild-type mice. These findings indicate a close relationship between 
lifespan extension and decreased mitochondrial function. Nevertheless, the 
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mitochondrial CoQ levels in Tg96/I mice were unexpectedly reverted to levels com-
parable with the wild-type mice. The reason for the restoration of the CoQ levels in 
Tg96/I mice remains unknown, but might have been due to the intercrossing of 
Tg96 mice with ICR mice.

Another study contained a similar report of extended lifespan with no remark-
able decrease in mitochondrial CoQ levels in clk-1+/−mice (Lapointe and Hekimi 
2008). These clk-1+/−mice had half the amount of CLK-1 protein and comparable 
levels of CoQ, and they exhibited extended lifespan compared with wild-type mice. 
Additionally, mitochondrial functions such as VO2 and ATP synthesis were 
decreased in the clk-1+/−mice. The relationship between moderate reduction in mito-
chondrial function and extended lifespan was reported in various species (Chin 
et al. 2014; Copeland et al. 2009; Dell'agnello et al. 2007; Dillin et al. 2002; Kayser 
et al. 2004). However, the molecular and cellular mechanisms by which reduction 
of mitochondrial function causes lifespan extension remains to be fully explained 
for any species. In clk-1 C. elegans mutant, CoQ reduction may contribute to the 
extension in lifespan through decreased mitochondrial function. In a recent study 
evaluating long lived clk-1+/−mice, CoQ was decreased in the mitochondrial inner 
membrane but increased in the outer membrane, maintaining an equivalent total 
CoQ content in the whole mitochondria to that in wild-type mice (Lapointe et al. 
2012). The possible changes in CoQ distribution within the mitochondria is a novel 
observation and may explain the extended lifespan of Tg96/I mice, which have CoQ 
levels comparable to wild-type mice. Further studies are required to clarify the 
causal relationship between CoQ levels and lifespan in mice using an appropriate 
mouse model.

CoQ is a redox active molecule, i.e. it is a major source of reactive oxygen spe-
cies (ROS) generation and possesses antioxidant activity, which can scavenge self- 
generated ROS (Turunen et al. 2004). “The free radical theory of aging” has been 
the major theory of aging during the past 60 years (Harman 1956, 1972). ROS were 

Fig. 8.6 Increased lifespan of Tg96/I mice. (a) Male Tg96/I mice (n = 50) lived longer than male 
wild-type mice (n = 47; P < 0.0005; Kaplan-Meier curves analyzed by the Cox-Mantel log-rank 
test). (b) Similarly, female Tg96/I mice (n = 50) lived longer than female wild-type mice (n = 46; 
P < 0.005; Cox-Mantel log-rank test). (From Takahashi et al. 2014)
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thought to damage macromolecules including protein, lipid, and DNA, thereby 
leading to the accumulation of cellular and tissue damage during aging. However, 
recent reports suggest that moderate ROS levels are considered to have rather ben-
eficial effects on aging and lifespan through activating cell-protective stress 
responses (Gems and Doonan 2009; Yang and Hekimi 2010; Sanz et al. 2010; Lee 
et  al. 2010). In Tg96 mice, decreased CoQ levels positively correlated with the 
activity of mitochondrial respiratory enzymes and ROS (Nakai et  al. 2004). 
Embryonic cells from clk-1−/−mice exhibited less H2O2 generation than wild-type 
cells (our unpublished data). Moreover, adult-onset clk-1 knockout mice, which are 
clk-1-deficient in adulthood, lack CoQ and exhibit mitochondrial dysfunctions and 
reduced H2O2 generation compared with wild-type mice (Wang et al. 2015). These 
studies suggest that low levels or loss of CoQ causes decreased mitochondrial func-
tions and ROS generation in mice.

By contrast, the long-lived clk-1+/−mice had comparable amounts of mitochon-
drial CoQ, decreased mitochondrial functions (Lapointe et al. 2012), and increased 
H2O2 levels compared with wild-type mice (Lapointe and Hekimi 2008). The reason 
for this phenotype discrepancy among these mice that were generated by different 
genetic engineering techniques remains unclear. In the long-lived clk-1+/−mice, it 
was suggested that elevated ROS induces hypoxia-inducible factor-1α (HIF-1α) 
expression, which in turn activates the immune response (Zheng et  al. 2010), as 
reported in clk-1 mutant nematodes (Lee et al. 2010). This finding may help deci-
pher the mechanism by which moderately elevated levels of ROS leads to lifespan 
extension. More extensive studies are required to elucidate the role of ROS in aging 
and lifespan in relation to CoQ levels.

8.5  Concluding Remarks

A loss of function mutation of the clk-1 gene results in slowed ultradian rhythms 
and extended lifespan in C.elegans (Wong et al. 1995). The clk-1 gene encodes the 
CLK-1 protein, which is a hydroxylase involved in the CoQ biosynthetic pathway 
(Marbois and Clarke 1996; Miyadera et al. 2001; Jonassen et al. 1998). Therefore, 
clk-1 mutant nematodes have no endogenous CoQ (Jonassen et al. 2001; Miyadera 
et al. 2001). To examine the role of clk-1 and CoQ in the regulation of ultradian 
rhythms and lifespan in mammals, clk-1-deficient mice were generated (Nakai et al. 
2001; Levavasseur et al. 2001). Unexpectedly, the clk-1-deficient mice were embry-
onic lethal. Similarly, the clk-1 mutation in nematodes was demonstrated to be fatal 
when they were fed CoQ-deficient E.coli (Jonassen et al. 2001). Under the condi-
tions in which the clk-1 mutant nematodes were supplied with exogenous CoQ from 
E.coli as bait, they exhibited slowed ultradian rhythms and extended lifespan. 
Tg96/I mice were subsequently generated to overcome the embryonic lethality of 
the clk-1-deficient mice, and they had extended lifespans. However, the Tg96/I mice 
had a comparable amount of mitochondrial CoQ to that of wild-type mice (Takahashi 
et al. 2014). Similarly, clk-1 heterozygous mice also exhibited extended lifespans 
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but not decreased levels of mitochondrial CoQ (Lapointe and Hekimi 2008). 
Therefore, the causal relationship between decreased CoQ levels and lifespan exten-
sion remains to be fully elucidated in mice.

Meanwhile, exogenous administration of sCoQ completely rescued the slowed 
ultradian rhythms and extended lifespan in clk-1 mutant nematodes (Takahashi 
et  al. 2012a), and slowed ultradian rhythms in the hearts or cells isolated from 
clk-1−/− mouse embryos at E10.5 (Takahashi et al. 2012b). These results suggest that 
CoQ certainly regulates ultradian rhythms and lifespan in nematodes and ultradian 
rhythms in mice. Mitochondrial function is considered to play an important role in 
aging and lifespan regulation, and CoQ is a key molecule that modulates mitochon-
drial function. Further research using with appropriate mouse models that have 
lower amounts of CoQ is necessary to understand the role of CoQ in aging and 
lifespan in mammals.
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Chapter 9
Reduced Coenzyme Q10 Decelerates 
Senescence and Age-Related Hearing Loss 
in Senescence-Accelerated Mice 
by Activating Mitochondrial Functions.

Jinko Sawashita, Xu Zhe, and Keiichi Higuchi

Abstract Coenzyme Q (CoQ) is present in all cellular and organelle membranes, 
in organisms ranging from yeast to humans. CoQ is synthesized exclusively in the 
mitochondrial inner membrane from farnesyl pyrophosphate via the mevalonate 
pathway. Meanwhile, CoQ in foods or medicines is converted to the reduced form 
(CoQH2: ubiquinol) in small intestine epithelia before absorption. Previous studies 
in humans and rodents suggest that coenzyme Q10 (CoQ10) supplementation miti-
gates cardiomyopathies, age-related declines in myocardial and arterial function, 
and some neurodegenerative disorders. CoQ10 also has beneficial effects in the aging 
process and lessens age-related hearing loss in animal models. Using Senescence- 
Accelerated Mouse Prone 1 (SAMP1) mice, we demonstrated that the reduced form 
of CoQ10 (CoQ10H2: ubiquinol-10) has more potent anti-aging effects than the oxi-
dized form of CoQ10 (CoQ10: ubiquinone-10). SAMP1 mice receiving lifelong sup-
plementation with either 0.2 or 0.5% CoQ10H2 had lower senescence grading scores 
than untreated control mice. Microarrays containing 45,100 probe sets identified 
several peroxisome proliferator-activated receptor-α (PPAR-α)-associated genes 
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that were upregulated in the livers of the SAMP1 mice given CoQ10H2. Our recent 
results show that CoQ10H2 may enhance mitochondrial activity by increasing levels 
of sirtuin 1 (SIRT1), peroxisome proliferator-activated receptor c coactivator 1α 
(PGC-1α), and SIRT3 that protect against the progression of aging and age-related 
diseases.

Keywords Anti-aging · CoQ10H2 · Mitochondrial function · PGC-1α · SAMP1 
mice · Sirtuin

9.1  Introduction

In eukaryotes ranging from yeast to humans coenzyme Q (CoQ) can exist in a vari-
ety of oxidation states, but the main reduced and oxidized forms are ubiquinol and 
ubiquinone, respectively (Fig. 9.1). Reduced CoQ, CoQ10H2 (ubiquinol-10), is an 
important component of ATP-producing bioenergetic pathways in mitochondria in 
humans. The total content of oxidized and reduced CoQ decreased in several organs 
associated with aging in humans (Fig. 9.2) (Kalén et al. 1989). Furthermore, levels 
of plasma CoQ10H2, which is the essential form that acts in mitochondria, are 
reduced in older people compared to younger or middle-aged people (Wada et al. 
2007), as are levels of NAD(P)H: quinone oxidoreductase 1 (NQO1), an enzyme 
involved in the reduction of ubiquinone to ubiquinol (López-Lluch et  al. 2010; 
Sohal and Forster 2007). Lowered plasma levels of CoQ10H2 also occur in 
metabolism- associated diseases and/or in conditions of hyper-oxidative stress, such 
as type II diabetes, kidney failure requiring hemodialysis, hepatic cancer, amyo-
trophic lateral sclerosis (ALS), Parkinson’s disease and Down syndrome (Yamamoto 
and Yamashita 1999; Sohmiya et al. 2004, 2005; Nakazawa et al. 2005; Lim et al. 
2006, 2008; Miles et al. 2007). Interestingly, dietary supplementation with CoQ10 
did not improve plasma levels of CoQ10H2 in type II diabetes or kidney failure 
patients (Nakazawa et  al. 2005; Lim et  al. 2008), even though the CoQ10H2 

Fig. 9.1 Chemical structures of oxidized and reduced forms of coenzyme Q
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supplementation improved remarkably in those levels and conditions of oxidative 
stress in Down syndrome patients (Miles et al. 2007). In patients that have condi-
tions associated with hyperoxidative stress and aging, the rate of enzymatic conver-
sion of CoQ10 to CoQ10H2 appears to be inadequate to cope with increased oxidative 
stress. In general, CoQ10 assimilated from the diet exists as an oxidized form of 
CoQ, so reduction of CoQ10 to CoQ10H2 is essential for ATP production. Recently, 
Bentinger et al. reported the pathway for CoQ10H2 biosynthesis from dietary lipids 
(Bentinger et al. 2010). But whether there are age-related changes in the activities 
of these enzymes is unknown. From these findings, we believe that dietary supple-
mentation with CoQ10H2 rather than CoQ10, may be a superior treatment for age-
related conditions in humans and animals. In this chapter, we show our findings 
obtained in senescence-accelerated model mice (Takeda et al. 1997) and culture cell 
lines treated with CoQ10H2 supplementation.

Fig. 9.2 Age-related decline in CoQ levels in human (a) and rat (b) organs. Reproduced from data 
published in Kalen et al. (1989)
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9.2  Evaluation of Age-Related Parameters 
in Senescence-Accelerated Mouse

9.2.1  Senescence-Accelerated Mouse (SAM)

The Senescence-Accelerated Mouse Prone (SAMP) is a mouse model of acceler-
ated aging established by Takeda et al. as recombinant-like inbred strains, which are 
composed of several SAMP (SAMP1, SAMP6, SAMP8 and SAMP10) strains and 
the Senescence-Accelerated Mouse Resistant 1 (SAMR1) strain (Takeda et  al. 
1997). Each SAMP strain shows characteristics of early occurrence and develop-
ment of age-related diseases, such as amyloidosis, age-related hearing loss (AHL), 
senile osteoporosis, and learning and memory impairment (Takeda et  al. 2013). 
Meanwhile, SAMR1 mice have physiological parameters and an average life span 
that is similar to general normal mouse strains, and can be used as a normal control 
for SAMP mice. The SAM series of mice are excellent models for studies on thera-
peutic and preventive treatments for age-related diseases.

9.2.2  Dietary Supplementation with CoQ10 and CoQ10H2 
in SAMP1 Mice

In our studies, SAMP1 mice were used to study the anti-aging effects of CoQ10. As 
mentioned above, SAMP1 mice have short life spans and pathological changes such 
as senile amyloidosis, renal atrophy, AHL, and emphysema (Fig. 9.3) (Takeda et al. 
2013). Changes in CoQ10 and CoQ10H2 contents in mouse organs after dietary sup-
plementation with 0.5% CoQ10 or CoQ10H2 were detectable (Fig. 9.4) (Schmelzer 
et al. 2010 and unpublished data). CoQ10 and CoQ10H2 were mainly concentrated in 

Fig. 9.3 SAMP1 (upper) and SAMR1 (lower) mouse at age of 12 months
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the liver, and the increases in total CoQ10 were significantly higher with CoQ10H2 
supplementation relative to those seen for CoQ10. This result indicated that the 
absorption efficiency of CoQ10H2 might be higher than that of CoQ10 in mice.

9.2.3  Changes in Hepatic Gene Expression in SAMP1 Mice 
Supplemented with CoQ10 and CoQ10H2

Gene expression levels of fatty acid synthesis- and inflammation-related factors in 
SAMP1 mouse liver were detected after 6 months of CoQ10 and CoQ10H2 dietary 
supplementation (Fig.  9.5) (Schmelzer et  al. 2010). CoQ10H2 supplementation 
inhibited gene expression of fatty acid synthesis-related factors in SAMP1 mice, 
whereas expression of lipid metabolism-related and anti-inflammatory factors was 
increased relative to the control group. These changes were not observed for the 
CoQ10 group.

Fig. 9.4 CoQ10 levels in the brain, heart, kidneys, and liver of SAMP1 mice at age of 7 months 
with or without supplementation with 0.5% CoQ10 or CoQ10H2. Data are means ± SEM (N = 5). ∗: 
p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001. Reproduced from Schmelzer et al. (2010) (the liver) and 
unpublished data (the others)
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9.3  Inhibitory Effect of Dietary CoQ10 Supplementation 
on Accelerated Aging in SAM Mice

9.3.1  Changes in Senescence Scores for SAMP1 Mice

The degree of senescence was evaluated by a grading system that includes 11 cate-
gories of general behavioral activity, as well as gross appearance of the skin, eyes, 
and spine, which are considered to be associated with the aging process (Hosokawa 
et al. 1984). This grading score system appears to be valid for evaluating the general 
degree of senescence in SAM mice. Grading was done at a fixed time (from 2 pm to 
4 pm) by an observer who was blinded to the treatment group identities. In the 0.5% 
CoQ10H2 supplementation experiment, senescence grading scores for SAMP1 mice 
in all three groups increased in an age-dependent fashion beginning when the mice 
were 4 months old (Fig.  9.6) (Schmelzer et  al. 2010). However, the accelerated 
aging of SAMP1 mice was inhibited by CoQ10H2 supplementation to a greater 
degree than that seen for the CoQ or control groups, which displayed no significant 
changes. Furthermore, senescence grading scores in SAMP1 mice were decelerated 
by the supplementation with CoQ10H2 of low-dosage (0.3%) (Yan et al. 2006; Tian 
et al. 2014).

Fig. 9.5 Identification of CoQ10H2-sensitive genes and their functional connections in the livers of 
SAMP1 mouse. Genes presented in bold text and dark-colored bar indicate PPAR-α-related genes. 
Reproduced from Schmelzer et al. (2010)
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9.3.2  Mitigation of AHL by CoQ10H2 Supplementation 
in SAMP1 Mice

SAMP1 mice exhibit accelerated progression of many age-associated degenerative 
diseases, including AHL. We analysed the auditory brainstem response (ABR) in 2-, 
7-, 13-, and 19-month-old SAMP1 mice to investigate whether CoQ10H2 supple-
mentation could prevent AHL (Fig. 9.7a) (Tian et al. 2014). Control mice showed an 
age-associated increase in ABR hearing thresholds at high (32  kHz), middle 
(16  kHz), and low (8  kHz) frequencies (Fig.  9.7b, c, and d). Meanwhile, when 
CoQ10H2 supplementation was begun with one-month-old, significantly reduced 
hearing impairment was seen for all 3 frequencies. Beginning CoQ10H2 supplemen-
tation when the SAMP1 mice were 7 months old did not improve the high frequency 
AHL, but hearing impairments in the middle- and low frequency ranges were sup-
pressed. Middle-frequency hearing impairment was improved to a certain extent 
even if mice were supplemented with CoQ10H2 beginning when the animals were 
13 months old.

Fig. 9.6 CoQ10H2 slowed aging of SAMP1 mice. Age-related changes in senescence grading 
scores for SAMP1 mice supplemented with CoQ10H2 and CoQ10 diets are shown. ∗: p < 0.05, ∗∗: 
p < 0.01, ∗∗∗: p < 0.001 (CoQ10H2 vs. Control);!: p < 0.05,!!: p < 0.01,!!!: p < 0.001 (CoQ10H2 vs. 
CoQ10). Reproduced from Schmelzer et al. (2010)
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9.4  Anti-aging Mechanism of CoQ10H2

9.4.1  Antioxidant Effects of CoQ10H2

Liver malondialdehyde (MDA) levels were measured to assess lipid oxidative dam-
age in the livers of control and CoQ10H2-supplemented SAMP1 mice (Fig.  9.8) 
(Tian et al. 2014). The results showed that oxidative damage of liver lipids increased 
with age in the control group, whereas this increased damage was suppressed in 
mice given CoQ10H2 supplementation (Fig. 9.8a). Similar changes were observed 
for oxidative damage of proteins and DNA (Fig. 9.8b, c). As the main antioxidant in 
cells, glutathione (GSH) plays a key physiological role in eliminating free radicals 
and protecting cells in the human body. Measurement of the conversion of GSH to 
oxidized glutathione (GSSG) can be used as a measure of oxidative stress. The 
ratios of GSH to GSSG in SAMP1 mice livers showed that the antioxidant ability of 
mice livers decreased dramatically with age. However, this decreasing trend could 
be effectively inhibited with CoQ10H2 supplementation (Fig. 9.8d).

Gene expression and protein activities of mitochondria-related genes in SAMP1 
mice livers were next determined. The sirtuin family includes a series of important 
regulatory factors that are widely involved in physiological activities such as fatty 
acid oxidation, oxidative stress tolerance, and insulin secretion, which are closely 

Fig. 9.7 CoQ10H2 delayed AHL progression in SAMP1 mice. ABR thresholds were determined 
using click stimuli at 60, 70, 80, 90 and 100 dB sound pressure levels (a). The threshold values 
were measured at high (32 kHz) (b), middle (16 kHz) (c), and low (8 kHz) (d) frequencies when 
SAMP1 mice were 2, 7, 13, and 19 months of age. The four treatment groups were: Control and 
CoQ10H2 supplementation begun at 1 (Y), 7 (M), and 13 (O) months (n = 2–5). ∗p < 0.05 (Control 
vs. CoQ10H2). Reproduced from Tian et al. (2014) with permission from the editorial
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related to metabolism-associated diseases, inflammation, and aging (Heranz et al. 
2010). Some studies revealed that the promotion of enzyme activities of sirtuin fam-
ily could increase lifespan (Howitz et al. 2003; Bordone and Guarente 2005; Finkel 
et al. 2009). In the livers of SAMP1 mouse, SIRT1 expression decreased with age 
and this decrease was reversed in the CoQ10H2-supplemented mice (Fig. 9.9a) (Tian 
et al. 2014). Peroxisome proliferator-activated receptor c coactivator 1α (PGC-1α) 
is a main regulatory factor of mitochondrial function. PGC-1α expression levels 
were decreased in the livers of 13- and 19-month-old control SAMP1 mice, but a 
comparison of the CoQ10H2-supplemented and control groups showed significant 
increases in PGC-1α expression for the CoQ10H2 group. Similar changes were seen 
for gene expression of other mitochondria-associated proteins, including estrogen 
related receptor alpha (ERRα), nuclear factor erythroid 2-related factor 2 (NRF2), 
and mitochondrial transcription factor A (TFAM). We next used Western blotting to 
determine the protein levels of the antioxidant enzymes SIRT3 and superoxide dis-
mutase 2 (SOD2) in mitochondria. SIRT3 and SOD2 protein levels in the liver were 
enhanced when CoQ10H2 supplementation began when the mice were young or 
middle aged. In contrast, beginning CoQ10H2 supplementation when the mice 
reached old age did not affect the SIRT3 and SOD2 protein levels in the liver 

Fig. 9.8 CoQ10H2 decelerated the increase in age-related oxidative stress in SAMP1 mice. Western 
blot analysis of oxidative damage to lipids (MDA) (a) and proteins (protein carbonyl) (b) in 
SAMP1 mice livers. (c) Oxidative damage to DNA (apurinic/apyrimidinic sites) and (d) Liver 
GSH:GSSG ratios. The values are means ± SEM of mice in each age group (n = 3–5). The four 
treatment groups were: Control and CoQ10H2 supplementation begun at 1 (Y), 7 (M), and 13 (O) 
months (n = 3–5). ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 (Control vs. CoQ10H2). Reproduced from 
Tian et al. (2014) with permission from the editorial
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relative to the control group. Since acetylation reduces the activity of SOD2 and 
isocitrate dehydrogenase 2 (IDH2), which both have antioxidant activities, we also 
determined the acetylation levels of these two proteins in the livers of SAMP1 
mouse (Fig.  9.9b). CoQ10H2 supplementation could reduce acetylation levels of 
SOD2 and IDH2 and increase the antioxidant capacity of mitochondria compared 
with the control group.

To assess whether CoQ10H2 affected reactive oxygen species (ROS) production 
in liver cells, the changes in ROS in human hepatocellular carcinoma HepG2 cells 

Fig. 9.9 CoQ10H2 supplementation decelerated age-related decline in the expression of proteins 
related to mitochondrial function. Western blot analyses for expression levels of SIRT1, PGC-1α, 
ERRα, NRF2, TFAM, SIRT3, and SOD2 protein in the livers of SAMP1 mice (a). Immunoblot 
analysis of SOD2 and IDH2 acetylation in the livers of SAMP1 mice (b). The values are means ± 
SEM of mice in each age group (n = 3–5). The four treatment groups were: Control and CoQ10H2 
supplementation begun at 1 (Y), 7 (M), and 13 (O) months (n = 3–5). ∗p < 0.05; ∗∗p < 0.01 
(Control vs. CoQ10H2). Reproduced from Tian et al. (2014) with permission from the editorial
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supplemented with CoQ10H2 in the media were assessed (Fig.  9.10) (Tian et  al. 
2014). The addition of CoQ10H2 to HepG2 cell culture medium significantly reduced 
ROS production by the cells relative to that seen for untreated cells.

9.4.2  Improvement of Mitochondrial Function by CoQ10H2

The activities of mitochondrial respiratory chain complex 1 (Complex I) and VI 
(Complex VI) in SAMP1 mouse liver decreased gradually with age, but the down-
ward trend improved with CoQ10H2 supplementation (Fig.  9.11a, b) (Tian et  al. 
2014). Meanwhile, ATP production fell as the mice aged, and this reduction was 
alleviated with CoQ10H2 supplementation (Fig. 9.11c).

Mitochondrial DNA (mtDNA) copy numbers can increase in response to 
increased ATP production demands. We found that mtDNA copy numbers were 
significantly increased in the CoQ10H2-supplemented SAMP1 mice group relative to 
the control group (Fig. 9.11d). Meanwhile, our studies confirmed that expression 
levels of the mitochondria generation-related genes such as NRF2 and TFAM 
increased with CoQ10H2 supplementation. Both results suggested that the number of 
mitochondria in the livers of SAMP1 mouse increased following supplementation 
with CoQ10H2. We showed that the number of mitochondria was indeed increased in 
our in vivo experiments. Moreover, Complex I activity and cellular oxygen con-
sumption showed that CoQ10H2 supplementation can effectively improve mitochon-
drial function (Fig. 9.12).

Fig. 9.10 ROS levels were decreased following CoQ10H2-treatment. ROS levels were measured in 
HepG2 cells with or without CoQ10H2 using laser fluorescence confocal microscopy (X200). DAPI 
was used to indicate nuclei. Quantification of ROS/DAPI is shown in the right panel. The values 
are means ± SEM (n = 5). ∗p < 0.05 (Control vs. CoQ10H2). Reproduced from Tian et al. (2014) 
with permission from the editorial
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9.4.3  Regulation of the cAMP-SIRT Signaling Pathway 
by CoQ10H2

We confirmed that CoQ10H2 could increase SIRT1 gene expression and activity in 
the livers of SAMP1 mouse. This increase could in turn affect the activities of 
downstream factors that can improve the metabolic function and inhibit the acceler-
ated aging of SAMP1 mice. We reproduced these results in SAMP1 mice cochleae 
(Fig.  9.13) (Tian et  al. 2014). We also measured changes in levels of cAMP, an 
upstream regulatory factor of SIRT1, in the livers of SAMP1 mice (Fig.  9.14). 
cAMP production was increased in the livers of SAMP1 mice fed diets supple-
mented with CoQ10H2. The phosphorylation levels of the downstream factors of 
cAMP changed concurrently. We recapitulated these results in HepG2 cell culture 
experiments (Fig.  9.15). Furthermore, the addition of nicotinamide (NAM), the 
SIRT1 blocker, to the cell culture medium could block changes in active formed 
proteins induced by CoQ10H2 supplementation.

Fig. 9.11 CoQ10H2 decelerated age-related decline in SAMP1 mice mitochondrial function. 
Mitochondria complex I (NADH dehydrogenase; NDH) and IV (cytochrome c oxidase: COX) 
enzyme activities were measured in the livers of SAMP1 mice (a, b). ATP levels in the livers of 
SAMP1 mice fed control or CoQ10H2-supplemented diet (c). Analysis of mtDNA copy number per 
nuclear DNA in SAMP1 mice (d). The values are means ± SEM of mice in each age group 
(n = 3–5). The four treatment groups were: Control and CoQ10H2 supplementation begun at 1 (Y), 
7 (M), and 13 (O) months (n = 3–5). ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 (Control vs. CoQ10H2). 
Reproduced from Tian et al. (2014) with permission from the editorial
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9.5  Discussion

Aging is a multifactorial process that depends on the individual and the environ-
ment, as well as lifestyle and other factors (Finkel et al. 2009). Although aging is a 
significant risk factor for the occurrence of many other human diseases, the basic 
mechanisms involved in the aging process remain unclear. Decreases in antioxidant 
substances with concurrent increases in pro-oxidant substances in the body may be 
important factors during the aging process (Bordone and Guarente 2005). 
Mitochondria are the main sources of ROS in cells, and ROS induced damage may 
lead to age-associated mitochondrial dysfunction that accumulates over time (Del 
Pozo-Cruz et al. 2014). Another age-related change is a decline in the ability of the 
mitochondria to synthesize ATP (Niklowitz et al. 2016).

CoQ is a lipid soluble micronutrient that is ubiquitous in the human body and a 
coenzyme of mitochondrial oxidative phosphorylation. In humans and animals, 
CoQ can improve immune function, strengthen anti-oxidation systems, and enhance 
vitality. With increasing age, CoQ10 contents in serum and tissues gradually decrease. 

Fig. 9.12 CoQ10H2 increased mitochondrial metabolic activity in HepG2 cells. HepG2 cells with 
or without CoQ10H2 added to the media were incubated with MitoTracker Green to stain mitochon-
dria, and then examined by laser fluorescence confocal microscopy (X200). DAPI was used to 
indicate nuclei. Quantification of MitoTracker/DAPI is shown at right (a). Oxygen consumption 
rates (rate of fluorescence intensity/min) were measured in HepG2 cells and are shown in panel 
(b). ELISA analysis to determine NAD and NADH levels in HepG2 cells (c). The values are means 
± SEM (n = 5–10). ∗p < 0.05; ∗∗p < 0.01 (Control vs. CoQ10H2). Reproduced from Tian et al. 
(2014) with permission from the editorial
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Since tissue CoQ10 is mainly derived from de novo synthesis, the CoQ10 concentra-
tion in serum or plasma is often used as an important indicator to predict the content 
and function of CoQ10 in organs and the entire body in vivo. CoQ10 content in tissues 
is often closely correlated with the occurrence and development of various age- 
related diseases. For example, patients with heart failure have decreased CoQ10 con-
tent in cardiac tissues, and the degree of decrease correlated with an increased risk 
for heart failure related to left ventricle dysfunction (Harman 1957).

CoQ10 has a critical effect on mitochondrial oxidative phosphorylation and cel-
lular ATP production (Sohal and Forster. 2007). The rate of oxidative phosphoryla-
tion in the respiratory chain depends on the CoQ10 concentration in the mitochondrial 
inner membrane, such that any subtle changes in CoQ10 levels may lead to signifi-
cant changes in respiratory rates (Folkers et al. 1985). Meanwhile, the loss of CoQ10 
may reduce ATP generation. A lack of CoQ10 can be manifested as pressure on the 
myocardial wall that may aggravate heart failure by increasing the energy demand, 
thus leading to an imbalance between energy supply and demand (Crane 2001). 
Heart failure patients also have a disrupted balance between oxidation and antioxi-
dation that leads to a weakening of the antioxidant enzyme system and subsequent 
generation of large amounts of ROS (Littarru 1994). Increased ROS levels in 
patients with ischemic and non-ischemic heart failure can damage mitochondrial 
proteins, thus leading to lipid peroxidation that impairs mitochondrial respiratory 
chain function and accelerates destruction of CoQ10, along with its antioxidant prop-
erties. This sequence of events can partly explain the low concentration of CoQ10 in 

Fig. 9.13 CoQ10H2 regulates mitochondrial metabolic activity by increasing SIRT1, PGC-1α, and 
SIRT3 levels in the cochleae of SAMP1 mice. (a) Real-time PCR analysis of Sirt1, Ppargc1α 
(Pgc-1α), and Sirt3 mRNA expression levels in cochleae from 7-month-old SAMP1 mice fed a 
control or CoQ10H2-supplemented diet. (b) Western blot analysis of SIRT1, PGC-1α, SIRT3, 
SOD2, and IDH2 protein levels in cochleae from 10-month-old SAMP1 mice fed a control or 
CoQ10H2-supplemented diet. The values are means ± SEM of mice in each age group (n = 5). 
∗p < 0.05 (Control vs. CoQ10H2). Reproduced from Tian et al. (2014) with permission from the 
editorial
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cardiac tissue from heart failure patients, and also why CoQ10 can reduce levels of 
oxygen free radicals (Harman 1957; Littarru 1994; van den Heuvel et  al. 2000). 
Furthermore, CoQ10 ensures the presence of nitrogen oxide (NO) in endothelial 
cells and prevents reaction of NO during lipid peroxidation that would increase 
vascular smooth muscle relaxation to avoid myocardial ischemia (Crane 2001; 
Ferrari et al. 2004; Hodgson and Watts 2003; Mugoni et al. 2013). Meanwhile, the 
antioxidant activity of CoQ10 can contribute to the removal of ROS produced by 
exercise, improve SOD2 activity, delay muscle fatigue, and accelerate recovery 
from fatigue after exercise (Rosenfeldt et al. 2005). CoQ10 supplementation can also 
improve the content and function of brain mitochondria that lessens the severity of 
learning disabilities in aged mice (Ochoa et  al. 2011; Mortensen et  al. 2014; 
Takahashi et al. 2016).

Our study revealed that CoQ10H2 increases cAMP levels and activates SIRT1 and 
PGC-1α expression by increasing levels of phosphorylated CREB, LKB1, and 
AMPK. Activated SIRT1 deacetylates and activates PGC-1α that in turn induces 
SIRT3 expression. SIRT3 then activates SOD2 and IDH2 via NRF2- and TFAM- 
mediated increases in mitochondrial gene expression. Activated SOD2, IDH2, and 
mitochondria genes increase the ratio of GSH:GSSG to decrease ROS levels and 
increase the activity of the mitochondrial electron transport chain complexes I and 

Fig. 9.14 CoQ10H2 supplementation suppressed age-related decreases in cAMP levels (a) and the 
expression of phosphorylated cAMP response elements binding protein (CREB), AMP-activated 
protein kinase (AMPK), and phosphorylated serine/threonine kinase B1 (LKB1) in the livers of 
SAMP1 mice (B). ELISA analysis of cAMP levels in the livers from 2-, 7-, 13-, and 19-month-old 
SAMP1 mice fed a control or CoQ10H2-supplemented diet (a). Western blot analysis of total and 
phosphorylated CREB, AMPK and LKB1 expression levels in livers from 2-, 7-, 13-, and 
19-month-old SAMP1 mice fed a control or CoQ10H2 -supplemented diet (b). The four treatment 
groups were: Control and CoQ10H2 supplementation begun at 1 (Y), 7 (M), and 13 (O) months 
(n = 3–5). ∗p < 0.05; ∗∗p < 0.01 (Control vs. CoQ10H2). Reproduced from Tian et al. (2014) with 
permission from the editorial
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IV. Together these effects could protect tissues from oxidative stress and prevent the 
accelerated senescence seen in SAMP1 mice (Fig. 9.16). We hypothesize that this 
mechanism involves CoQ10H2 effects on cAMP synthesis or decomposition. In addi-
tion, we showed that CoQ10H2 is more effectively absorbed in the intestine than is 
CoQ10. These results suggest that CoQ10H2 could be used with preference over 
CoQ10 as a safe and efficient agent that has an important anti-aging effect in humans 
and animals.
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Chapter 10
Coenzyme Q, mtDNA and Mitochondrial 
Dysfunction During Aging
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and Maurizio Battino

Abstract The main sources of reactive oxygen species (ROS) in cells are mito-
chondria, whose components would be primary targets of ROS.  Both facts are 
responsible for the key role of these organelles in aging according to the “mitochon-
drial theory of aging”. Oxidative damage to mitochondrial DNA (mtDNA) is espe-
cially important since it would have the longest-term consequences impairing 
mitochondrial function. This would lead to a decrease in ATP production, but also 
to an increased ROS generation. In turn, CoQ, which acts as an electron carrier in 
mitochondria, is an essential factor for cell bioenergetics and an equilibrated CoQ 
pool is expected to perform a better electron flow adaptation. Moreover, it is a lipid- 
soluble antioxidant and efficiently prevents oxidation of DNA along with other 
macromolecules. Other interesting attributed roles include interaction with cell sig-
naling cascades, anti-inflammatory activities and interference with programmed 
cell death. Due to this pleiotropic effect, most of interventions with CoQ have been 
focused on multiple processes related to mitochondria. In this sense, its effects have 
been investigated in mitochondrial diseases and pathological conditions related 
with aging whose patients have shown a higher frequency of mtDNA alterations. In 
addition, dietary CoQ also has been tested in combination with different diets rich 
in particular type of fatty acids due to the role of these in biological membranes and 
oxidative stress, as well as aging. This chapter aims to review the effect of CoQ on 
aging and mitochondrial dysfunction, with especial interest in their actions on 
mtDNA or the consequences of mtDNA alterations.
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10.1  Introduction

There is a growing body of evidences indicating that mitochondria have a key role 
in aging phenomenon particularly in organs or tissues with an important depen-
dence of aerobic metabolism. A major fact explaining this possible role is that mito-
chondria are the main source of reactive oxygen species (ROS) in most cells. An 
impairment of mitochondrial function led to lower production of ATP, but other 
important downstream consequences also should be considered. Among other, the 
increase in the generation of reactive oxygen species is usually considered as the 
most relevant.

In turn, oxidative stress also seems a major factor influencing mitochondria 
“health” since primary target of ROS would be mitochondrial components. 
Oxidative damage to mitochondrial DNA (mtDNA) would be especially important 
since it would have the longest-term consequences in mitochondrial function. For 
these reason, there are several theories of aging that have suggested a key role of 
mitochondria and in particular of mtDNA in this phenomenon.

This chapter aims to review the effect of coenzyme Q (CoQ) on aging and mito-
chondrial dysfunction, with especial interest in their actions on mtDNA or mtDNA 
mutations consequences. Additionally, to improve the understanding of implica-
tions in aging of oxidative damage to mtDNA, this chapter provides an approxima-
tion to mtDNA processes as well as an analysis of mechanisms that try to explaining 
their relationship with aging.

10.2  Mitochondrial DNA Features

Unlike the rest of organelles (except chloroplasts in vegetal cells), mitochondria had 
their own extrachromosomal DNA molecules. mtDNA presents structural and func-
tional features very different respect than nuclear DNA (nDNA). For this reason, a 
preliminary approach to these unique features is needed to properly understand the 
relationship of mtDNA with mitochondrial functionality and aging.

MtDNA is a circular double-stranded molecule located in the mitochondrial 
matrix whose size ranged from 16,000 to 18,000 base pairs (bp) in vertebrates. 
Namely, human mtDNA size is 16569 bp and its sequence was determined in 1981 
(Anderson et al. 1981). To differentiate the two mtDNA strands, it has been estab-
lished the terms “heavy strand” (H-strand) and the “light strand” (L-strand) accord-
ing to their GCT content. This is due to their behavior when strands are separated on 
denaturing cesium chloride gradients. MtDNA has no histones but rather packaged 
into nucleoids. These consist in stable protein-mtDNA macrocomplexes primarily 
associated to inner mitochondrial membrane (Wang and Bogenhagen 2006; Holt 
et al. 2007). Each nucleoid has an average diameter of 100 nm (Kukat et al. 2011) 
and they may be exchanged between mitochondria (Wang and Bogenhagen 2006; 
Holt et al. 2007).
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Mitochondrial genome encodes 13 polypetides, two rRNAs and 22 tRNAs 
(Anderson et al. 1981). Encoded polypetides are subunits of mitochondrial electron 
transport chain (mtETC) complexes whereas rRNAs and tRNAs are required for the 
intramitochondrial translation of the protein-coding units. In contrast to nuclear, 
mitochondrial genome does not contain introns within mtDNA coding region and 
almost no noncoding nucleotides exist between genes. In vertebrates, an exception 
is a noncoding region closely associated to origin of H-strand DNA replication (OH) 
that contains the transcription promotors (Clayton 1982, 1991). In most of cases 
(some species present two), each strand contain only a promoter. The transcription 
processes initiated from each of them yield two large polycistronic transcripts that 
are processed later to generate mature tRNAs, rRNAs, and mRNA by precise endo-
nucleolytic cleavages. In most cases, such cleavages occur, immediately before and 
after a tRNA sequence. Depending on which strand acts as the template for tran-
scription, promoters are designated as light-strand promoter (LSP) or heavy-strand 
promoter (HSP) (Ojala et al. 1981; Attardi and Schatz 1988; Clayton 1992). In addi-
tion to 13 mtDNA encoded subunits, there are other approximately 70 components 
of mitochondrial respiratory chain and other proteins that participate in mitochon-
drial metabolism and maintenance, which are encoded in the nuclear genome and 
require specialized import systems to be imported to mitochondria (Mokranjac and 
Neupert 2005).

Several molecules (usually from two to ten) of mtDNA coexist in a mitochon-
drion and there are mitochondria in every cell. Therefore, a cell possesses hundreds 
of copies of mtDNA, a condition termed as polyplasmy. When all mtDNA in a cell 
present the same sequence, the condition is known as homoplasmy. In contrast, 
heteroplasmy occurs when two or more different molecules of mtDNA can be also 
present in a cell or organism.

Because of zygote does not receive mitochondria from sperm in mammals or 
possible transmitted mitochondria are selected against during replication, all mito-
chondria are inherited from the mother. Then, mitochondria divide and proliferate 
during development, but also in adult life increasing mitochondrial mass. During 
this process known as mitochondrial biogenesis synthesis of new mitochondrial 
proteins, but also mtDNA, is required. It is known that biogenesis is under the con-
trol of nuclear factors, although the exact mechanism has not been fully unrav-
eled yet.

10.2.1  Replication of Mitochondrial DNA

It is assumed that mtDNA replication is not necessary linked to the cell cycle 
(Clayton 1982) and mtDNA is continuously turned over. Thus, mitochondrial and 
nuclear genomes would be independently replicated (Bogenhagen and Clayton 
1977). For this reason, mtDNA is also replicated in postmitotic cells, which has 
been also evidenced (Pohjoismäki et al. 2009). Notwithstanding, there is a increas-
ing number of publications reporting some relationship between mitochondrial 
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function and cell cycle (Arakaki et al. 2006; Owusu-Ansah et al. 2008; Mitra et al. 
2009), which suggests a possible connection between mtDNA replication and the 
cell cycle.

The exact mechanism of human mtDNA replication is not completely known 
yet. The two most important replication models proposed until now are: the strand- 
asynchronous method that is the most traditional and the leading-lagging strand 
model (Holt et al. 2000; Fish et al. 2004). In both, DNA replication is initiating at 
OH that is located downstream of the LSP in the D-loop region. In the first one, 
subsequent elongation of a nascent newly-synthesized H-strand leads to the parental 
H-strand displacement from the H-strand. Because of the origin of L-strand DNA 
replication (OL) is located approximately two thirds the genomic distance away 
from OH on the mtDNA molecule, L-strand synthesis, that proceeds in the opposite 
direction, will not be initiated until almost two-thirds of new H-strand have been 
synthesized and OL is exposed (Clayton 1992). Here, the adoption of a particular 
configuration by the H-strand allows a mitochondrial DNA primase initiate L-strand 
DNA synthesis (Wong and Clayton 1985a, b). In the second model, L-strand syn-
thesis starts in a coordinately way shortly after replication in form of short Okazaki 
fragments that will be joined then (Yasukawa et al. 2006).

In any of the models, after DNA strand synthesis, the two daughter molecules 
will be separated, RNA primers removed, and remaining DNA gaps will be filled 
and ligated. An additional step introducing superhelical turns into the closed mole-
cule also occurs (Shadel y Clayton 1997). The existence of a model does not neces-
sarily exclude the other and their occurrence may depend on cell type. It has been 
suggested that cells requiring rapid mtDNA synthesis present a strand-displacement 
mechanism whereas the leading-lagging strand one would be more prevalent in 
cells which are in a steady-state (Holt et al. 2000; Fish et al. 2004; Jacobs et al. 
2006; Tuppen et al. 2010).

Regardless of the model, various nuclear DNA (nDNA)-encoded proteins are 
needed to form the mitochondrial replisome and accomplish mtDNA replication. 
These include a 5′–3′ DNA helicase named Twinkle, some mitochondrial SSB pro-
teins (mt-SBB) and the polymerase γ (Polγ) that contains two subunits, one cata-
lytic with 5′-3′ exonuclease activity (PolγA) and other processivity (PolγB) 
(Korhonen et al. 2004).

10.2.2  Mutations and Mitochondrial DNA

Molecular defects in mtDNA have a significant role in human disease and aging and 
they have been found in each type of mitochondrial gene. MtDNA mutations range 
from single base changes in the genome (point mutations) up to large rearrange-
ments (deletions and duplications). In turn, these changes in mtDNA sequence can 
be maternally inherited or somatic (i.e. created in situ). In general, deletions and 
duplications are most often sporadic or somatic whereas maternally inherited altera-
tions are commonly point mutations (Leonard y Schapira 2000).
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Alterations in mtDNA sequence have been strongly associated with deleterious 
effects on organisms. There are at least two reasons explaining this relationship. On 
the one hand mtDNA and has no introns, so that a random mutation will usually 
strike a coding DNA sequence. On the other hand, estimations indicate a 10–20 fold 
higher mutation frequency in human mtDNA than in nDNA (Brown et al. 1979). 
This higher rate could be due to the combination of two factors. On the one hand, 
maybe the number of systems of DNA repair is insufficient for all the damage that 
occurs, although there are a growing number of reports indicating that in mitochon-
dria there are more enzyme activities for repair of damaged nucleotides of which it 
was believed at first. On the other hand, it seems that mtDNA has an increased 
susceptibility to mutation (Shadel and Clayton 1997). Several differential features 
are responsible for this susceptibility to mutation:

• Mitochondrial oxidative environment, mainly generated by free radicals gener-
ated at the electron transport chain, although there are other sources.

• The absence of protective histones, although mtDNA is packaged into protein- 
mtDNA aggregates termed nucleoids (Kukat et al. 2011) that are believed to pro-
tect mtDNA from chemical damage in some degree (Lagouge and Larsson 2013).

• Failure of proof-reading by mtDNA polymerases during mtDNA replication that 
usually also occurs although cell does not divide.

• Lack of recombination as consequence of maternal heritage that allows sequen-
tial accumulations of mutations through maternal lineages.

Mutations in mtDNA have received great interest because it is known that spe-
cific mtDNA mutations found in humans are likely causative in different diseases. 
Moreover, common neurodegenerative disorders and others disease often associated 
with aging also have been associated with mtDNA sequence alterations (Larsson 
and Clayton 1995). Because of cells present polyplasmy, normal and mutant mtDNA 
can coexist within the same cell. Actually, the existence of either completely normal 
or completely mutant mtDNA is rare. In this context, heteroplasmy is particularly 
important since it can allow an otherwise lethal mutation to persist. This is due to a 
certain minimal amount or threshold level is required to have deleterious effects in 
cell (Larsson 2010). In that sense, there are selection pressures at the molecular and 
cellular levels, as well as at the level of the organism itself. The proportion of mutant 
mitochondrial DNA required for the occurrence of a deleterious phenotype, known 
as the threshold effect, varies among persons, among organ systems, and within a 
given tissue.

After mtDNA sequence alterations are produced, several processes can modify 
their frequencies in the cell. In this sense, it has been suggested that changes in the 
frequencies of different mtDNA molecules follows principles of population genet-
ics but rather Mendelian laws. Both, de novo and inherited mutations in mtDNA, if 
there are present in heteroplasmy, are subject to mitotic segregation. Consequently, 
frequency of different mtDNA molecules can shift in daughter cells since they are 
randomly segregated during mitosis. Thus, mutated mtDNA can increase with pos-
sible deleterious effects or decrease to disappear, particularly in fast-dividing tissues 
(Tuppen et  al. 2010). Anyway, mechanisms for mitotic segregation need to be 
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studied further. On the other hand, a mtDNA molecule may be replicated many 
times or not at all as a cell divide. If mtDNA molecules are selectively replicated, 
proportions of mutant and normal molecules in mother cells would be modified. In 
addition, it is important to note that replication of mtDNA also occurs in the absence 
of cell division. Thus, mtDNA is replicated also in postmitotic cells, so it can 
undergo similar types of segregation (Larsson 2010). It has been suggested that it is 
caused by random genetic drift, in conditions of relaxed mtDNA replication (Elson 
et al. 2001). Actually, expansion in postmitotic tissues, a preferential amplification 
of mtDNA mutations might occur termed clonal (Larsson et  al. 1990; Weber 
et al. 1997).

In mammals, a rapid segregation in heteroplasmic mtDNA genotypes returning 
to homoplasmy in some descendants has been reported (Upholt and Dawid 1977; 
Olivo et al. 1983; Holt et al. 1989; Vilkki et al. 1990; Larsson et al. 1992; Blok et al. 
1997; Brown 1997). The existence of a mtDNA bottleneck during development has 
been proposed to explain these observations (Tuppen et al. 2010). Different mecha-
nisms by which this bottleneck is present have been hypothesized, but discussion 
about this topic remains. A relatively well-accepted hypothesis suggests that a 
marked reduction in mtDNA copy number would take place in the germ line leading 
to a genetic bottleneck during embryonic development (Jenuth et  al. 1996; Cree 
et al. 2008). In contrast, other authors have suggested that, during oogenesis, there 
is a preferential replication of a particular mtDNA or a subgroup of them, but nei-
ther reduction of mtDNA copy number is produced in germ line (Cao et al. 2007). 
Other recently proposed explanation suggests that mtDNA subpopulation is selec-
tively replicated during postnatal folliculogenesis, thus the mtDNA bottleneck 
would not occur during oogenesis. In single germ cells, mtDNA heteroplasmy and 
copy number vary throughout oogenesis (Wai et al. 2008), a finding that support that 
hypothesis. Anyway, more research is needed to clarify the mtDNA bottleneck 
exact nature (Tuppen et al. 2010).

10.2.3  Mitochondrial DNA Repair Systems

Although its importance is currently discussed (Richter et al. 1988; Hegler et al. 
1993), oxidative damage occurs normally and can be elevated in cells and tissues 
(LeDoux et al. 1992; Mecocci et al. 1993, 1994; Driggers et al. 1993; Shigenaga 
et  al. 1994). However, mitochondria have their own repair systems for damaged 
mtDNA that help to maintain mtDNA integrity, although their number seems to be 
more limited than in nucleus.

Base excision repair (BER) is one of the most studied mitochondrial mechanisms 
for mtDNA repair. In fact, intially it was though that short-patch BER was the 
unique pathway to repair mtDNA damage, especially oxidative damage (Stierum 
et al. 1999). This mechanism represents the main pathway for repairing oxidized 
modifications (Slupphaug et al. 2003), but it is also a primary pathway for alkylation 
and deamination-derived modifications repair (Dianov et al. 2001; Chan et al. 2006). 
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First step in BER is the cleaving the N-glycosidic bond leading to an abasic site. 
This reaction is catalyzed by different DNA glycosylases that are responsible to 
recognize modified bases and also present AP lyase activity to cleavage DNA back-
bone (Robertson et al. 2009). Among other, these include the uracil DNA glycosyl-
ase (UNG), the endonuclease III homolog (NTH1), and the 8-oxoguanine DNA 
glycosylase-1 (OGG1). OGG1 is particularly interesting since it is required for the 
recognition and cleavage of 8-oxoguanine (8-oxoG) from double-stranded DNA 
(Kuznetsov et al. 2005). In this step also participates the AP endonuclease (APE1) 
that cleaves on the immediate 5´ side of the apurinic/apyrimidinic (AP) site, leaving 
a 3´ hydroxyl and 5´-deoxyribose-5-phosphate (5´-dRP) residue (Masuda et  al. 
1998). Then, the resultant gap is filled with the correct nucleotide by the mitochon-
drial DNA polymerase -i.e. Polγ- (Ropp and Copeland 1996).

Here, it is possible to distinguish two BER pathways according to the number of 
nucleotides incorporated to the gap. When a single nucleotide is incorporated, the 
mechanism termed short-patch BER is relatively simple. In contrast, long-patch 
BER, which involves the incorporation of multiple nucleotides (commonly ranged 
from 2 to 7) is more complex and additional enzymatic activities are required 
(Robertson et al. 2009). Such enzymatic activities would deal with the exposure of 
the original DNA strand as a single-stranded overhang or a flap structure that is the 
main difficulty generated by the incorporation of several nucleotides (Xu et  al. 
2008). Finally, the nick generated is sealed by the mitochondrial DNA ligase, ligase 
III (Lakshmipathy and Campbell 1999a).

Other known nuclear DNA repair mechanisms has been proposed to exist in a 
mitochondrial version. It seem that the most clear additional mechanism is homolo-
gous recombination (LeDoux et al. 1992; Ling et al. 1995; Sage et al. 2010) that is 
the primary pathway to repair double-strand breaks. That plays a critical role in 
facilitating the progression of replication when advancing polymerase complex 
progress is blocked by the presence of a DNA lesion. There are also evidences for 
existence of mismatch repair (Mason et al. 2003) and non-homologous end-joining 
activities (Lakshmipathy and Campbell 1999b) at mitochondria but more research 
is needed to confirm them. Other hypothesized mechanisms especially useful to 
repair 8-oxoG have been nucleotide excision repair (Stevnsner et  al. 2002) and 
translesion synthesis (Pinz et al. 1995; Graziewicz et al. 2004, 2007), although none 
enzyme activity related to them has been reported in mitochondria up to date.

10.3  Aging and Mitochondrial DNA

10.3.1  Aging and Mitochondrial DNA Mutations Relationship: 
A Conceptual Framework

Overall, different studies have indicated mutated mtDNA molecules accumulate 
with aging since elderly people has shown higher levels of somatic point mutations 
or deletions in mtDNA from different tissue types (Cortopassi and Arnheim 1990; 
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Simonetti et al. 1992; Laderman et al. 1996: Melov et al. 1999; Berneburg et al. 
2004; Bender et  al. 2006; Marín-García et  al. 2006; Krishnan et  al. 2008). This 
association between aging and mtDNA alterations also has been in found studies in 
rodents (Pikó et al. 1988; Quiles et al. 2006, 2010; Ochoa et al. 2011). However, 
discussion exists about what is the magnitude of such accumulation and its impor-
tance in aging. Still, rather low, the differences between young and old individuals 
in frequency of mtDNA mutations are statistically significant (Pikó et  al. 1988). 
Additionally, an accumulation of multiple mtDNA deletions has also been reported 
in individuals with neurodegenerative diseases, such as Alzheimer and Parkinson’s 
disease (Cortopassi et al. 1992; Coskun et al. 2004; Bender et al. 2006; Kraytsberg 
et al. 2006 Krishnan et al. 2008). Similarly, overall mtDNA heteroplasmy seem to 
increase with aging indicating that additional somatic mutations are continuously 
appearing during adult life (Pliss et al. 2011; Sondheimer et al. 2011; Diot et al. 
2016). Most of these observations support the idea of mtDNA alterations and their 
subsequent accumulation during life are responsible or at least contribute to the 
senescent phenotype. Several proposed theories that related mitochondria and aging 
providing an explanation for this phenomenon.

As indicated above, mitochondrion is a major site of ROS production in the cell 
(especially at mtETC) which would makes mitochondria the prime targets for oxi-
dative damage (Harman and others 1955; Miquel et al. 1980). This fact was taken 
into account by Harman and other authors (Harman and others 1955; Miquel et al. 
1980) to considered mtDNA mutations to be the initiating, primary event in the 
aging process in their mitochondrial free radical theory of aging. According to that, 
a vicious cycle would be established whereby oxidative damage to mtDNA and 
other mitochondrial components leads to respiratory chain dysfunction, which in 
turn leads to increased generation of ROS, further facilitating respiratory chain 
components damage and thus creating a self-amplifying deterioration. The mito-
chondrial free radical theory of aging, thus, suggests the existence of a vicious cycle 
that results in an exponential increase in mtDNA mutations with time. Interestingly, 
Greaves et al. (2014), using next-generation sequencing, has reported that mtDNA 
mutation rate does not seem to increase with age (Greaves et al. 2014). This fact 
would be contradictory with the exponential increase in mtDNA mutations pro-
posed by the mitochondrial free radical theory of aging.

More recently, new evidences have emerged that give more subtle roles beyond 
those as damaging agent to ROS. Actually, despite lifespan and ROS production is 
correlated, it has been shown that ROS are not directly responsible for aging (Sanz 
et al. 2010). However, it has been progressively appreciated that ROS also can func-
tion as signaling molecules, facilitating adaptation to stress in a wide variety of 
physiological situations (Sena et al. 2008). In this context, Hekimi and colleagues 
(2011) proposed the gradual ROS response hypothesis that suggests that “ROS gen-
eration is not a cause of aging, but rather represents a stress signal in response to 
age-dependent damage”. Concerning mitochondria, when respiratory chain dys-
function coupled with moderate increases in ROS levels, these act as stress signal 
that activates protective quality control pathways improving mitochondria quality. 
These finding also have resulted in the mitohormesis hypothesis (Tapia 2006; 
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Ristow and Zarse 2010). Despite of the existence of protective quality control path-
ways, a continuous or strong dysfunction of the mitochondrial respiratory chain 
would lead to a substantial ROS accumulation. Consequently, protective and defense 
mechanisms against oxidative stress would be overwhelmed (Tapia 2006; Zelenka 
et al. 2015). Indeed, evidences suggest that mtDNA controls longevity (Sanz et al. 
2010) which is consistent with this theory.

Lastly, possible link between mitochondria (and mtDNA) and other important 
event in aging process have been also proposed. In this sense, Ahmed et al. (2008) 
have suggested that telomerase protects mitochondria  from mild oxidative stress. 
Other possible causes would include the repression of PGC-1 promoter by p53 acti-
vated as consequence of telomere dysfunction or TERT activity effect on mtDNA 
repair (Monickaraj et al 2012; Tyrka et al. 2015).

10.3.2  Generation and Accumulation of Mitochondrial 
DNA Mutations

Different mechanisms have been proposed to explain the accumulation of mtDNA 
mutations with aging. Oxidative damage to mtDNA is often assumed as main 
responsible for age-associated somatic mtDNA mutations generation, although 
there are other agents able to produce DNA lesions that also could accumulate 
that might be important under some conditions. If the amount of mtDNA (oxida-
tive) damage overwhelm the mtDNA repair mechanism, a progressively accumu-
lation of mtDNA alterations or mutations would occur with aging. The involvement 
of ROS in the creation of mtDNA mutations is central to the mitochondrial free 
radical theory of aging and it is supported by correlative data showing higher 
levels of somatic mtDNA mutations in older than in younger mammals including 
humans (Larsson 2010). It is known that DNA bases can suffer until 24 oxidative 
lesions different (Evans et al. 2004). There are also 13 additional major products 
of oxidative damage to the sugar moiety (Evans et al. 2004). In spite of this num-
ber, most of investigations has been focused on the guanine adduct 7,8-dihydro-
8-oxo-deoxyguanosine (8-oxodG) (Evans et al. 2004) that is considered one of 
the most abundant oxidative lesions that accumulate in mtDNA over time. One 
consequence of 8-oxodG presence in DNA is the transversion with adenine dur-
ing replication due to the mispairing of 8-oxoG, but the biological significance for 
the majority of the lesions remains unknow (Larsson 2010). It has been reported 
that accumulation of 8-oxoG in mtDNA occurs with age (Szczesny et al. 2003). 
Initially, it was thought that in vivo levels of 8-oxodG were very high (Richter 
et al. 1988), although then this finding was attributed to overestimation by meth-
odological problems (Hamilton et al. 2001). More recently a sequencing study in 
mouse showed that mtDNA transversion mutations not increased with age, so 
oxidative damage may not be a major source of formation of mtDNA mutations 
(Ameur et al. 2011).
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Although the exact steady state level of oxidative damage in mtDNA is variable 
among tissues and the importance is discussed in the literature (Richter et al. 1988; 
Hegler et al. 1993; Shadel and Clayton 1997), such damage occurs normally and 
can be elevated in cells and tissues under certain conditions. These include exposure 
to certain chemical agents (Driggers et  al. 1993) and antiviral drugs (Lewis and 
Dalakas 1995), UV radiations (Berneburg et al. 2004; Krishnan et al. 2008; Birket 
y Birch-Machin 2007) or pathologies (Mecocci et al. 1994). In this context, dietary 
conditions could results especially interesting for mtDNA mutation implications in 
aging since certain nutritional conditions may be maintained over life. Recent 
experimental studies indicate that reduction in the degree of unsaturation of fatty 
acids in the diet induces less oxidative damage and alterations in mitochondrial 
DNA (mtDNA) in different tissues including liver (Quiles et al. 2006), brain (Ochoa 
et al. 2011) and heart (Quiles et al. 2010).

An alternative source of mtDNA mutations is pol γ that would produce somatic 
mtDNA mutations by slipped mispairing during mtDNA replication. Namely, these 
replication errors have suggested being an important mechanism for formation of 
mtDNA deletions (Madsen et al. 1993). In human mtDNA deletions that mainly 
occur between OH and OL, are typically flanked by short direct repeated sequences 
(Mita et al. 1990; Samuels et al. 2004; Bua et al. 2006), which supports this hypoth-
esis. Moreover, an in vitro analysis of the mutations generated by wild-type Pol γ 
showed a good concordance with those observed in vivo in human, including a 
paucity of G:C to T:A transversions (Zheng et al. 2006). This hypothesis is also sup-
ported by mathematical modeling (Cortopassi and Arnheim 1990). Still, the fact of 
true turnover rate of mtDNA in mammalian tissues is largely unknown complicates 
studies in this area (Larsson 2010).

However, most important evidences in favor of this mechanism come from stud-
ies using a well-established knock-in murine model (Trifunovic et al. 2004; Kujoth 
et al. 2005). This has homozygous genotype for a mutated version of PolγA with 
increased proofreading activity, so it provides a critical test of the replication error 
hypothesis. Expression of the proof-reading deficient PolγA leads to a rapid accu-
mulation of mtDNA point mutations and deletion during embryogenesis, which are 
clearly present in midgestation (Trifunovic et  al. 2004). Moreover, in adult life, 
accumulation of mtDNA mutations goes on in a linear manner leading to the pro-
gressive and random accumulation of mtDNA point mutations during mitochon-
drial biogenesis (Trifunovic et  al. 2004). Because of this amount of mtDNA 
mutations, it has been generally named as Polγ mutator mouse. Most of the muta-
tions generated in mtDNA mutator mice are transitions (Trifunovic et al. 2004) and 
their pattern after germ line transmission resembles the mutation spectra found in 
natural populations of mice and humans ( Stewart et al. 2008a, b). Because of mito-
chondrial free radical theory of aging predicts an exponential increase in the muta-
tion burden throughout life; findings from these models are in contradiction with it. 
Interestingly, accumulation of mtDNA mutations has no major increase in oxidative 
damage in many different tissues in adults (Trifunovic et al. 2005).

Most researchers consider replication to be the most likely mechanism of dele-
tion formation (Lloret et al. 2009; Lagouge and Larsson 2013), but Krishnan et al. 
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(2008) proposed that “mtDNA deletions arise during the repair of damaged 
mtDNA”. Although they remain unclear, some mechanisms have been proposed to 
explain the impairment or restriction of repair machinery efficiency with aging. A 
possibility would be the age-associated decline in import capacity of the mitochon-
dria. Accumulation into the mitochondrial intermembrane space and importation 
failure inside the mitochondrial matrix of an unprocessed form of DNA glycosylase 
OGG1 that is involved in BER of 8-oxoG has been proposed to occur with aging 
(Szczesny et al. 2003). This would explain why 8-oxoG is so abundant among oxi-
dative lesions that accumulate in mtDNA. In fact, mice lacking this enzyme have 
increased levels of 8-oxodG in mtDNA (de Souza-Pinto et  al. 2001). In turn, 
mispairing of 8-oxoG during replications would extend the mutation

Several processes cooperate to maintain mitochondrial quality, among which 
highlights mitophagy that is the only mechanism known to turn over whole mito-
chondrial genomes (Kim et al. 2012; Diot et al. 2016). As it is expected, to keep the 
pool of mitochondria healthy, replacement by biogenesis is needed that must be 
adequately coordinated with mitophagy. Although mtDNA turnover in differenti-
ated tissues is not well defined, if this results affected by aging, accumulation of 
mutant mtDNA can occur. In this sense, it has been reported a decline of mitophagy 
with aging (Diot et al. 2015) thus disadvantages both the turnover of dysfunctional 
mitochondria and the production of fresh mitochondria. Interestingly, Greaves et al. 
(2014), using next-generation sequencing, have shown that mtDNA mutation rate 
could not increase with age, which enhances the importance of autophagy decline 
in mutations accumulation.

Along with the aforementioned mechanisms, changes in mitochondrial dynam-
ics also are very important, as well as affecting fusion and fission of membranes, 
modulate mitochondrial turnover. Fission disrupted mitochondria segregation 
(Katajisto et al. 2015) whereas fusion would mix content of different mitochondria 
including mtDNA molecules (Chan 2012; Tam et al. 2013). When the frequency of 
fusion/fission cycles is reduced, mtDNA mutations tend to accumulate and there is 
less mtDNA mixing (Diot et al. 2016). In support of these mechanisms importance, 
a mathematical model by Tam et al. (2014) suggests that a combination of rapid 
mitochondrial fission, fusion and mitophagy can extend lifespan because mitochon-
drial function maintenance would be achieved.

10.3.3  The Impact of Mitochondrial DNA Alterations 
on Mitochondrial Function and Aging

Independently of the actual cause of a given mutation, it is possible to suppose at 
least some of the consequences of changes in mitochondrial DNA sequence. Most 
mtDNA sequence alterations are neutral polymorphisms (Ingman et al. 2000), but 
when this not occurs, their magnitude could be different depending on gene 
affected. Point mutations can affect to protein, tRNA, or rRNA genes within 
mtDNA. Phenotypical consequence of mutations in a protein-coding gene would 
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be a functional alteration of a particular complex of mitochondrial respiratory chain 
to which the corresponding protein belongs (Tuppen et al. 2010). In turn, mutations 
in genes encoding for mt-tRNAs might impair overall translation of mtDNA by 
reducing functional mt-tRNAs availability (Tuppen et al. 2010). Regarding mtDNA 
rearrangements, it has been reported that most of them are large-scale deletions 
ranged from 1.3 to 8 kb that span several genes (Schon et al. 1989).

It is expected that accumulation of somatic mtDNA mutations would lead to 
mitochondria with respiratory chain deficiencies. Notwithstanding, an important 
feature of mtDNA further must be considered to understand the consequences of 
mtDNA alterations in cell and/or tissue. As mentioned, cells are polyplasmic for 
mtDNA, which implies that de novo somatic mutations in mtDNA would be in 
heteroplasmy, at least at beginning. Moreover, mutated mtDNA frequencies can 
vary dramatically between tissues (Shoffner et al. 1990; Goto et al. 1990). Actually, 
even in mitochondrial disorder patients, there is considerable clinical heterogene-
ity with mostly mtDNA mutations in heteroplasmy that are also considered highly 
recessive (Tuppen et al. 2010). This is particularly important for mutations caus-
ing lethal impairments that would be viable only in heteroplasmy. When hetero-
plasmy is present, there is a minimum critical frequency of mutated mtDNAs 
necessary to biochemical defects and tissue dysfunction become apparent. In 
humans, it has been reported that pathogenic mtDNA mutations only cause respi-
ratory chain dysfunction when they are present above a certain threshold level, 
which is 60% for single large mtDNA deletions (Hayashi et al. 1991) and 90% for 
certain point mutations in tRNA genes (Chomyn et al. 1992). Therefore, threshold 
value varies for each mutation but it also differs amongst tissues according to the 
dependence on the oxidative metabolism presented by the tissue. It would be 
higher in tissues that need to obtain most energy from oxidative phosphorylation 
than in those that can rely on anaerobic glycolysis (Schultz and Harrington 2003). 
However, it is important to note that mutations in nuclear genes and in mitochon-
drial genes other than those in the respiratory chain also can lead to mitochondrial 
dysfunction. These are mainly nuclear genes encoding for respiratory chain sub-
units, as well as those controlling mtDNA structure and function (Leonard y 
Schapira 2000).

Overall, a moderate decline of respiratory chain function with age has been 
widely reported (Trounce et al. 1989). However, in many cases, respiratory chain 
deficient cells by accumulation of mtDNA alterations would represent only a part 
of the cells present in a tissue or organ. In addition, age-associated somatic mtDNA 
mutations tend to undergo clonal expansion and thereby cause focal respiratory 
chain deficiency. Focal respiratory chain deficiency is a ubiquitous phenomenon in 
human aging tissues (Müller-Höcker 1989, 1990; Trifunovic and Larsson 2008) 
supporting that mitochondrial dysfunction is important in human aging. Mosaic 
respiratory chain deficiency has been also found in many different types of aged 
tissues in humans including heart (Müller-Höcker 1989), skeletal muscle (Fayet 
et al. 2002; Bua et al. 2006; Park et al. 2009), hippocampal neurons (Cottrell et al. 
2001), choroid plexus (Cottrell et  al. 2001), midbrain dopaminergic neurons 
(Bender et al. 2006), and colon (Taylor et al. 2003). However, the responsibility of 
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age- associated accumulation mtDNA alterations for oxidative phosphorylation 
impairment has been discussed since low levels of mutated mtDNA has been found 
in aged humans. Still, there are evidences in favor of mtDNA effects on mitochon-
dria function. Initially, clonal accumulation of deleted mtDNA was associated with 
focal respiratory chain deficiency in skeletal muscle fiber segments (Fayet et al. 
2002). Similarly, it has been found that mtDNA deletions are common (Bender 
et al. 2006) in respiratory chain-deficient dopaminergic neurons (Reeve et al. 2009). 
Studies in rats, rhesus monkeys, and humans have shown that accumulation of 
deleted mtDNA colocalizes with respiratory chain deficiency (Wanagat et al. 2001; 
Bua et  al. 2006). A severe respiratory chain dysfunction has been also found in 
cardiomyocytes from Tfam homozygous knockout mice that present an associated 
mtDNA depletion (Wang et al. 2001).

In humans, most published cases until now show that clonally expanded muta-
tions are single large mtDNA deletions. The deletions differ in various respiratory 
chain-deficient cells of the same tissue, which is in agreement with their somatic 
nature (Larsson 2010). Along with deletions, clonally expanded point mutations 
also have been found in other tissues from aging subjects. For instance, in colonic 
crypts from elderly humans which show focal respiratory chain deficiency in more 
than 15% of all colonic crypts (Taylor et al. 2003). It has been suggested that they 
would be originated in the crypts stem cells and they clonally expand with division. 
It has been suggested that accumulated mutation type by a particular tissues depend 
on its mitotic activity.

Various experimental models have improved the understanding of the functional 
consequences of mtDNA mutations and their molecular mechanisms. Biochemical 
effects of mtDNA mutations have been well described in all experimental systems 
and are invariably characterized by lower mitochondrial respiration, compromised 
mtETC complex activity, and reduced ATP synthesis. However, mitochondria also 
play important roles in different cellular pathways beyond ATP production. These 
include apoptosis and nucleotide synthesis, calcium regulation (Smeitink et  al. 
2006; Diot et al. 2016). Therefore alterations in mitochondrial function might affect 
to different processes that can modulate aging at distinct levels. Oxidative stress has 
been studied in various animal models that accumulate mtDNA mutations with 
associated mitochondrial dysfunction. In Tfam homozygous knockout mice there 
are an initial increased ROS production as consequence of mtDNA depletion and 
respiratory chain dysfunction (Wang et al. 2001). In contrast, mouse strains knock-
out for complex I Ndufs4 protein (Kruse et al. 2008) and apoptosis inducer factor 
(AIF) (Pospisilik et al. 2007) do not have substantially increased ROS production or 
oxidative damage. Evidence of oxidative stress was almost also absent in Polγ 
“mutator” (Kujoth et al. 2005; Trifunovic et al. 2005; Niu et al. 2007), although 
there are rare exceptions (Geromel et  al. 2001). In contrast, Tfam heterozygous 
knockout mice, which also undergo mild mtDNA depletion exhibit increased oxida-
tive mtDNA damage susceptibility (Woo et al. 2012). In addition, apoptotic cell loss 
can be a common feature in respiratory chain deficiency (Trifunovic and Larsson 
2008). These mutator mice displayed a massive increase in apoptosis (Kujoth et al. 
2005; Trifunovic et al. 2005; Niu et al. 2007) that has been also observed in mice 
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conditionally knockout for Tfam that led to abolished mtDNA expression (Wang 
et al. 2001).

The accumulation of deficient mitochondria in a cell can lead to compensatory 
increase in mitochondria number. This would be mediated by the increase in mito-
chondrial biogenesis, which in turn leads to an increased number of mtDNA copy 
number in the cell. In skeletal muscle, it has been reported that ragged-red fibers, 
which are featured by an extraordinary accumulation of mitochondria, have very 
high proportions of mutated mtDNA in comparison with adjacent normal-appearing 
fibers (Moraes et al. 1992). It has been suggested that so massive amount of mito-
chondria is due to the activated mitochondrial biogenesis indeed, which is a futile 
response in this case. This is expected since new mtDNA molecules also harbor the 
same mutations, thus, many additional mitochondria remain dysfunctional. 
Moreover, this compensatory increase in copy number could lead to mutated 
mtDNA accumulation (Elson et al. 2001). Still, it has been reported that a higher 
number of mitochondria compensates for a decrease of oxidative phosphorylation 
capacity in associated to a mitochondrial myopathy in mouse skeletal muscle 
(Wredenberg et al. 2002; Wenz et al. 2008).

More recently, some investigations have been directed particularly to stem cells. 
Neural stem cells from mtDNA mutator mouse showed decreased renewal in vitro 
and quiescent pools of neural stem cells were decreased, whereas the haematopoi-
etic stem cells showed a skewed lineage differentiation leading to anaemia and lym-
phopenia (Ahlqvist et al. 2012). In contrast, other model known as mtDNA “deletor” 
mice (Tyynismaa et al. 2005) that accumulate large-scale mtDNA deletions in post-
mitotic tissues and exhibited a similar late-onset respiratory chain deficiency not 
present any signs of premature aging as the mtDNA mutator mouse. This last prob-
ably is correlated with the fact that they have no similar somatic stem cell pheno-
types (Ahlqvist et al. 2012). Therefore, consequences of mtDNA mutations in stem 
cells may explain at least in part the aging phenotypes.

Consequences of impaired mitochondrial respiratory chain function derived 
from accumulation of mtDNA mutations, combined or separately, would contribute 
to age-associated organ dysfunction and disease onset. Studies have suggested an 
association of deleted mtDNA with areas of fiber atrophy and splitting, thus, that 
mitochondrial dysfunction have a role in age-associated sarcopenia (Pak et  al. 
2003). Similarly, frequency of mtDNA mutation is higher in patients with 
parkinson´s disease that in age-matched controls (Bender et al. 2006). Concerning 
cancer, colon (Polyak et al. 1998) and prostate (Chinnery et al. 2002) cancer cases 
has been also associated to mtDNA mutations. Curiously, different evidences sug-
gest that the most important factors in determining clinical symptoms are not the 
size and location of the deletions but tissue distribution (Zeviani et al. 1988; Moraes 
et al. 1995; Vielhaber et al. 2000).

The Polγ mutator mouse also results useful in this aspect since certainly shows 
that high levels of mtDNA mutations cause a phenotype that included shortened 
life-span, weight loss, osteoporosis, kyphosis, reduced subcutaneous fat, alopecia, 
reduced fertility, and cardiac hypertrophy (Trifunovic et al. 2004). This suggests a 
link between mtDNA mutations and aging phenotypes in mammals. However, the 
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existence of a premature aging syndrome does not necessarily implies that mtDNA 
mutation levels found in normal aging are high enough to cause aging-related 
pathology. Additional experiments to test whether a decrease in somatic mtDNA 
mutations extends lifespan need to be done to confirm that. In contrast, the mtDNA 
mutator mice show no signs of premature aging (Tyynismaa et al. 2005) in spite of 
similarities in mutations accumulations and mitochondrial dysfunctions. Because of 
between featured stem cells mentioned above (Ahlqvist et al. 2012), it has been sug-
gested that somatic stem cell dysfunction has a crucial role of in generating the 
progeroid phenotype seen in mtDNA mutator mice.

In some occasions, the consequences in mitochondria and cell physiology of 
mtDNA mutation accumulation led enhanced aging alterations or age-associated 
diseases progression. Actually, abnormalities of mtDNA have been described in 
several diseases and high levels of deletions and point mutations cause human mito-
chondrial disease or syndromes. It has been characterised up to 250 pathogenic 
mtDNA mutations (point mutations and rearrangements) (Schaefer et  al. 2008) 
causing a wide variety of diseases with a heterogeneity of phenotypes and a variable 
age of onset (McFarland et al. 2007). Although many mutations are heteroplasmic, 
there are also an increasing number of pathogenic homoplasmic mutations, often 
affecting just a single tissue and characterized by incomplete penetrance (McFarland 
et al. 2002, 2004, 2007; Temperley et al. 2003; Taylor et al. 2003; Yang et al. 2009). 
In concordance with previous observation, mitochondrial disorders share common 
cellular consequences including a decreased ATP production, an increased reliance 
on alternative anaerobic energy sources, and an increased production of reactive 
oxygen species. Regardless alteration responsible for these, studies in patients with 
mitochondrial disease were thus able to establish a clear cause and-effect relation-
ship between mtDNA mutations and respiratory chain dysfunction. In addition, an 
increased ROS production has been described in different models with mutations 
associated to any of these diseases (Wong et  al. 2002; Baracca et  al. 2007; Li 
et al. 2008).

10.4  Therapies Based on Coenzyme Q Against Diseases 
Associated with mtDNA Alterations

Despite the role of the alterations in mtDNA in aging have not clarified yet, different 
treatments have been tested to retard aging or to attenuate aging consequences, 
which, among other possible effects, can prevent mtDNA alterations. CoQ, usually 
CoQ10, has been used with this aim in humans and in different experimental models 
with this aim. Traditionally, the interest in this molecule usually comes from two 
main roles or activities. On the one hand, CoQ is an essential factor for cell bioen-
ergetics as consequence of its activity as electron carrier in mitochondria. Actually, 
it has been proposed that an equilibrated CoQ pool may perform a better electron 
flow adaptation than a higher or lower CoQ pool by keeping a better mitochondrial 
homeostasis control (López-Lluch et al. 2010). In addition, it also seems to affect 
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protein complex activity and structure (López-Lluch et al. 2010). On the other hand, 
CoQ also is considered as an endogenously synthetized lipid-soluble antioxidant in 
biological membranes and it has been shown to efficiently prevent oxidation of 
DNA along with other macromolecules (Ernster and Forsmark-Andrée 1993). 
However, other roles that also result interesting for aging have been reported. These 
include interaction with cell signaling cascades, certain anti-inflammatory activities 
and even the prevention of events leading to programmed cell death. As conse-
quence of the possible pleiotropic effect of CoQ on cell, many interventions did not 
aimed specifically to attenuate accumulation of mtDNA mutations. Instead, most of 
studies have focused on different processes related to mitochondria that have been 
associated with the generalized role of this organelle in aging. However, the present 
section of the chapter will be mainly devoted to those studies that evaluated the 
effect of CoQ on mtDNA.

The simplest approach has been the administration of CoQ to subjects with 
mitochondrial diseases or syndromes due to one or more specific mtDNA mutations 
(both, point mutations and deletions). The objective of this treatment was to stop 
the progression or to reduce some of the symptoms of these diseases. There are two 
features that make CoQ10 particularly popular in the management of patients with 
these disorders: its already mentioned rol as component of mtETC and its action as 
antioxidant, together with its well-documented safety, even at very high doses. 
Different trials have been carried out in this sense (Bresolin et al. 1990; Chan et al. 
1998; Abe et al. 1999; Glover et al. 2010). In most of cases syndromes considered 
were mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS), but also other rare myopathies and/or encephalopathies. In gen-
eral, main parameters tested in related to mitochondrial function has been 
post-exercise serum (Bresolin et al. 1990; Abe et al. 1999; Glover et al. 2010) or 
platelets (Bresolin et al. 1990) lactate levels, which were reduced by CoQ10 supple-
mentation (Bresolin et al. 1990; Abe et al. 1999; Glover et al. 2010), although not 
in all studies (Bresolin et al. 1990). Similarly, a study showed a reduction in lactate/
pyruvate ratio that also proved to be the clinically most useful parameter in the 
evaluation and monitoring of mitochondrial function (Chan et al. 1998). Differences 
in CoQ dosage and treatment duration explain contradictory results in most cases, 
but in a study (Bresolin et al. 1990) observed also inter-individual differences for 
the same treatment that need to be clarified. It has been reported that responsiveness 
to treatment was apparently not related to CoQ10 levels in serum and platelets or to 
the presence or absence of mtDNA deletions (Bresolin et al. 1990). Furthermore, 
when they have been evaluated, it did not affect other clinically relevant variables 
such as strength or resting lactate (Glover et al. 2010). Therefore, these trials sug-
gest that CoQ10 supplementation in relative high amount offers some improve of 
mitochondrial function, but the relevance for overall health is not confirmed. 
Likewise, most studies had a very small sample size and a rigorous placebo- 
controlled trial is still lacking. In addition to the above mentioned studies, there are 
also a set of studies using CoQ10 usually as a component of a “cocktail” that also 
includes L-carnitine, vitamin B complex, vitamin C and vitamin K1 (Marriage 
et al. 2004).
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To understand possible mechanisms under the effect of CoQ treatment on mito-
chondrial function more research is still needed. Nevertheless, an in vitro assay 
suggested that reduction of oxidative stress and inhibition of apoptosis signaling 
cascades could be implicated. With more detail, it has been reported that preincuba-
tion with CoQ10 reduced both, ROS production and activation of caspase 3, after 
induction by ultraviolet light in cybrids carrying mtDNA with a large-scale dele-
tions associated to chronic progressive external ophthalmoplegia (i.e., 4366-bp and 
4977-bp large-scale deletions) (Lee et al. 2005). A particular studied mitochondrial 
disorder is maternally inherited diabetes mellitus and deafness (MIDD) that is fea-
tured by progressive insulin secretory defect and neurosensory deafness. In a 
randomized- controlled trial, daily oral administration of 150  mg of CoQ10 for 
3 years led to higher insulin secretory response than in the control group. Likewise, 
it improved lactate levels and prevented progressive hearing loss, although other 
diabetic complications and clinical symptoms remained unchanged (Suzuki 
et al. 1998).

In addition, dietary CoQ has shown to enhance electron transfer and ATP synthe-
sis in some pathological situations related with aging such as cardiac failure 
(Rosenfeldt et  al. 2005; Molyneux et  al. 2009), Parkinson’s disease (Beal 1999; 
Shults 2003; Young et  al. 2007; Thomas and Beal 2010), Alzheimer’s disease 
(Dumont et al. 2010; Yang et al. 2010; Dumont and Beal 2011) and Friedreich’s 
ataxia (Hart et al. 2005). Although they are not specifically mitochondrial disorders, 
patients affected with most of these pathologies have shown a higher frequency of 
mtDNA alterations. In relation to these diseases, it has been reported that presence 
of CoQ10 restored the activity of impaired respiratory chain complexes I and IV in 
cultured fibroblasts from Parkinson´s patients. Some beneficial CoQ effects have 
been also observed in patients affected by HIV. This pathology is associated with 
alterations in the amount of mtDNA, as well as with presence of lipodystrophy and 
peripheral neuropathy with mitochondrial toxicity induced by reverse-transcriptase 
inhibitors. The administration of 100 mg of CoQ twice a day for 3 months improved 
the general condition and well-being in asymptomatic HIV-infected patients. 
However, the treatment aggravated pain in patients with peripheral neuropathy and 
it did not change mtDNA levels in fat and peripheral blood mononuclear cells 
(Rabing Christensen et al. 2004).

10.5  Coenzyme Q, Dietary Fat and Aging in Relation 
to mtDNA Alterations

Another approach to the study of CoQ in relation to mtDNA alterations has been the 
life-long dietary administration of low dosages of the molecule to rodents, in order 
to investigate some aspects of the interaction between nutrition and aging, mainly in 
relation to dietary fat. Dietary fat has been shown to be particularly interesting 
because of the importance of phospholipid acyl chain of mitochondrial membrane 
in their susceptibility to oxidative damage as well as in membrane function and 
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structure. This is due to the fatty acids that form them present different chemical 
reactivity (Pamplona 2008). Unsaturated fatty acids are more susceptible to damage 
from ROS molecules owing to the high presence of unstable electrons near their 
double bonds, and also because its sensitivity to lipid peroxidation is greater as 
molecules have more double bond (Bielski et al. 1983; Holman 1954). Further, they 
also can participate in free radical chain reactions and lipid peroxidation product 
would produce covalent modifications of other macromolecules as proteins and 
DNA. Thus, a low degree of unsaturation in the fatty acids of biological membranes 
would decrease their sensitivity to lipid peroxidation, which, in turn, can protect 
damage other lipooxidation-derivative molecules (Mataix et al. 1998). In fact, some 
studies in mammals have shown that fatty acids unsaturation degree in biological 
membranes of various tissues is negatively correlated with longevity (Pamplona 
2008; Pamplona et al. 2000).

There are enough evidences indicating that fatty acids present in the diet modify 
the lipid profile of biological membranes, including mitochondrial membranes 
(Huertas et al. 1991, 1999; Ochoa et al. 2001; Quiles et al. 1999). Thus, dietary fat 
affects the structure and mitochondrial function, as well as its susceptibility to oxi-
dative stress. In this sense, if we could build "customized" biological membranes 
depending on the type of dietary fat, maybe we could positively change the way in 
which the organs age. This working hypothesis represented a new approach to the 
study of aging from the point of view of nutrition, and had important implications 
for aging phenomenon study (González-Alonso et al. 2015a). This was the basis for 
the work of our research group in a series of experiments performed on a rat model 
of aging for the last 20 years. In these studies, male Wistar rats were life-long main-
tained on different diets with different fat sources (virgin olive oil, sunflower oil or 
fish oil) which notably varying in their unsaturated fatty acids profiles to evaluate 
how this component of the diet affected to aging of different tissues and organs. 
Because of mitochondria role in aging and oxidative stress, evaluations were 
focused on mitochondrial aspects as ultrastructural alterations, mtDNA and/or 
respiratory chain functionality, as well as oxidative stress (including oxidative dam-
age and antioxidant defense components) (González-Alonso et al. 2015a). As con-
sequence of CoQ importance in mitochondria and oxidative stress, most of the 
experiments were carried out by using these dietary fats without or with a supple-
ment of CoQ10.

In early interventions, rats were fed diets based on AIN-93 (Reeves 1997; Reeves 
et  al. 1993) criteria but with different dietary fat source virgin olive oil (rich in 
MUFA) or sunflower oil (rich in n-6 PUFA). Animals were sacrificed at different 
ages to study how dietary fat and CoQ modulated aging in different tissues (Quiles 
et al. 2002, 2004a, b, 2005, 2006; Ochoa et al. 2003, 2011). In this context, mito-
chondria isolated from three different tissues, liver, heart and skeletal muscle, were 
compared at 6, 12, 18, and 24 months of age. Lipid peroxidation markers used (i.e. 
hydroperoxides levels) indicated that, in general, postmitotic tissues (i.e. heart as 
skeletal muscle) were more prone to suffer oxidation, but n-6 PUFA-rich diets led 
to a higher degree of membrane polyunsaturation and peroxidation. In addition, the 
degree of polyunsaturation in mitochondria was found to correlate with those in 
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diet, confirming a very good degree of membrane adaption to diet (Ochoa et  al. 
2003). Similar experiments also showed a worsening of aging effects by n-6 PUFA 
on different tissue and/or markers. These included total antioxidant capacity and 
DNA double-strand breaks which, respectively, decreased and increased in all ani-
mals as they age. In spite of all this effects of n-6 PUFA can affect to onset of some 
diseases, particularly those associated to aging, no changes in mean or maximal 
lifespan were observed (Quiles et al. 2004b).

In liver, ROS-mediated damage products (Hydroperoxides and TBARS) relative 
amounts were higher in 24 months old animals than in those aged 6 months but only 
in those receiving n-6 PUFA-rich diets, whereas rats fed virgin olive oil showed the 
lowest values at both ages. In most of case these levels correlates with activities of 
antioxidant enzymes (SOD, catalase and GPX) and concentrations of lipophilic 
antioxidant (α-tocopherol and CoQ). This suggests that this tissue as it ages triggers 
protection mechanism against oxidative stress probably as response to higher levels 
ROS or ROS-mediated damage products (Quiles et  al. 2006). Interestingly, this 
study were even more focused on mitochondria an effects of diet and aging on mito-
chondrial ultrastructure and mtDNA were also evaluated. Namely, possible effects 
on mtDNA were evaluated using a particular deletion in the region encoded for 
mtETC complex I components (Nd4 gene) since it has been suggested that is one of 
the complexes most affected by aging (Sanz et al. 2006). An age-related increase in 
mtDNA deletion frequency was observed in all animals but this was higher in rats 
fed sunflower oil. Likewise, old animals fed on n-6 PUFA rich diet displayed a 
lower crests number and higher circularity, factors that have been linked to a reduced 
functionality of mitochondria (Quiles et al. 2006). These findings, thus, revealed a 
relationship among ROS production and alterations of ultrastructure and mtDNA 
with aging at liver mitochondria in rats. But the most interesting was to see how 
these aspects (including accumulation of mtDNA deletion), which could be defining 
the appearance of aging phenotype, could be modulated through diet by choosing 
more or less unsaturated fat source and, which gives rise to the possibility modular 
aging through diet.

Based on negative consequences of n-6 PUFA intake found in above mentioned 
investigations, other studies were carried out where two experimental groups 
received similar sunflower oil-based diets, but with or without a supplementation on 
CoQ10 to reach a daily dosage of 0.7 g/kg (Ochoa et al. 2005; Quiles et al. 2004a, 
2005). In heart, long-term supplementation with CoQ10, led to lower hydroperoxide 
levels, higher content of lipophilic antioxidants (α-tocopherol and coenzyme Q), 
and a higher catalase activity. Also, a slightly lower decrease in certain key activities 
for mitochondrial function when animals with age of 6, 12, or 24 months were com-
pared (Ochoa et  al. 2005). At the systemic level, an age-associated increase in 
nDNA strand breaks in peripheral blood lymphocytes was observed. This increase 
associated to age was lower in animals supplemented on CoQ10. If it is assumed that 
main cause of such breaks is oxidative damage, this suggests that CoQ10 by means 
of both, reactive species scavenging and antioxidant recycling, protects DNA 
against oxidative damage. It could be possible that also can occur in mitochondria 
at least under certain conditions. However, this finding could also result indirectly 
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from of CoQ10 effects on mitochondria or other organelles that would reduce ROS 
levels and consequent attacks to nDNA (Quiles et al. 2005). In liver, similar effects 
on DNA double-strand breaks, CoQ levels at mitochondrial membrane have been 
reported. Lastly, it has also been noted that CoQ10-supplemented animals reached a 
significantly higher mean life span and a significantly higher maximum life span 
(Quiles et  al. 2004a). This emphasized the importance of oxidative stress, DNA 
damage and mitochondria in aging since CoQ has shown effect on all them (Ochoa 
et al. 2005; Quiles et al. 2005).

According to previous finding, it seems that life-long supplementation with 
CoQ10 of n-6 PUFA-rich diet resulted interesting to attenuate aging consequences, 
but it was necessary to check if CoQ10 led even to better results than virgin olive oil. 
For this reason, additional experiments similar to the previous one but including 
also a group fed on a virgin olive oil-based diet were carried out (Ochoa et al. 2011; 
Quiles et  al. 2010). Thus, three diets rich in MUFA, n-6 PUFA and CoQ10- 
supplemented n-6 PUFA were compared. Because of previous results and their 
importance in ROS generation and aging, mitochondria received a greater attention 
and mtDNA and ultrastructure were also analyzed in most of cases along with ROS 
and antioxidants levels. Again, the frequency of a specific deletion in mtDNA cor-
responding to the mETC complex I of the was used as marker of mtDNA altera-
tions, This experimental design was used to evaluate diet and aging interaction in 
two tissues, both postmitotic, brain and heart.

In heart, animals fed virgin olive oil showed a lower increase in the frequency 
of studied mtDNA deletion than those fed sunflower oil. However, the addition of 
CoQ10 to the n-6 PUFA-rich fat source (i.e. sunflower oil) reduced the difference 
between young and old animals although the lowest values were present by 
MUFA- fed animals (Quiles et al. 2010). Concerning mitochondrial ultrastructure, 
dietary fat used had similar effects (Quiles et al. 2010) to those achieved in liver 
tissue in absence of CoQ10 (Quiles et al. 2006), whereas CoQ10 treatment led to 
lower mitochondrial perimeter in this case (Quiles et al. 2010). CoQ10 also pre-
vented the decrease in cytochrome C oxidase activity and mtETC complex I levels 
suggested for old subjects fed on the same dietary fat. Therefore, it would prevent 
mitochondrial respiratory chain dysfunction in some degree. Aged animals receiv-
ing CoQ also showed lower hydroperoxide levels than those fed on sunflower or 
virgin olive oil not supplemented (Quiles et  al. 2010). This would suggest that 
CoQ contributes to decrease oxidative stress, although there are several possible 
mechanisms. In any case, the effect found for dietary CoQ10 on either ultrastruc-
ture, mtDNA and some respiratory chain components would alleviate ROS pro-
duction associated to age.

Very similar aspects were also evaluated in brain, but in this case in the experi-
ment performed an additional group consisted in a virgin olive oil-based diet sup-
plemented with CoQ10. In this, mtDNA deletion was higher in old groups fed on n-6 
PUFA-rich diets but no age-associated differences were found for animals fed vir-
gin olive oil. However, in this case CoQ10 did not show effects on mtDNA deletions 
in animals fed on sunflower oil-based diet at 24 months. In relation to oxidative 

J. L. Quiles et al.



211

stress markers, CoQ led to lower values of lipid peroxidation (hydroperoxides) at 
24 months, although the lowest values were found in the two virgin olive oil fed 
groups (Ochoa et al. 2011).

These organs (heart and brain) are clear affected by aging and their alteration 
lead to overall health impairment reducing longevity. Moreover mitochondrial alter-
ations and oxidative stress are key aspects in aging of these organs as it has been 
previously reported. Altogether, these findings revealed that CoQ, at least under 
certain conditions, can modulate aging effects on different tissues affecting to 
mtDNA, but also to mitochondrial ultrastructure and ROS production. Again, a key 
finding is the possibility of modulating mtDNA mutations associated to age 
through diet.

In more recent experiments, a third diet type has started to be compared with 
diets similar to previously described studies. So, as a new fat source namely fish 
oil, very rich in n-3 PUFA, was used. In addition, fat content was the half of the 
amount used in previous experiments (4% versus 8% w/w) according to more 
recent actualization of AIN93 criteria (Reeves 1997) until that moment. As previ-
ously, some additional experiments were carried out to test the effects of these diets 
under CoQ10 supplementation. Moreover, new organ/tissues, not previously stud-
ied, like pancreas and periodontum, were included in the experiments. In pancreas, 
it has been reported that dietary fat affected to endocrine and exocrine pancreas in 
a different way (Roche et al. 2014). In 24-months-old animals, n-6 PUFA rich-diets 
consumption was associated with a greater number of β-cells that correlated with 
an increase in insulin content and hyperleptinemia (Roche et al. 2014), signs that 
have been described in obesity, glucose intolerance, insulin resistance, disruption 
of adipoinsular axis or prediabetes (Sattar et al. 2008). Concerning exocrine com-
partment, old rats fed with n-3 PUFA-rich diets (Roche et al. 2014) led to histologi-
cal features resembling those observed in pancreatic fibrosis in elderly people 
(Klöppel et  al. 2004). In other experiments, it was observed that dietary CoQ10 
improved endocrine pancreas structure and in particular β-cell mass from rat fed on 
n-6 PUFA resembling positive effects of virgin olive oil (González-Alonso et al. 
2015b). Because of importance of mitochondria in this organ, CoQ10 effect could 
be mediated by effect on mtDNA previously reported (Quiles et al. 2010). However, 
oxidative damage or alterations of mtDNA sequence have not been directly ana-
lyzed yet. In a study focused on the pancreas of 24 months old rat fed on these diet, 
the profile of serum fatty acids confirmed, that animals an adaptation to the diet at 
6 months of age since they resembled lipid profile of the diets. The percentages of 
circulating MUFA were significantly higher in rats fed virgin olive oil; the highest 
levels of n-6 PUFA were achieved in rats fed with sunflower oil, and the highest 
levels of n-3 PUFA were found in those rats fed fish oil (Roche et  al. 2014; 
González-Alonso et al. 2015b). Moreover, the effect of this fat sources and CoQ on 
some bone metabolism markers at serum and age-associated alveolar bone have 
been also studied (Bullon et al. 2013). Alveolar bone loss is a major clinical out-
come of periodontitis (Page and Kornman 1997), a disease with high prevalence in 
elderly people that in the last years has been associated with systemic diseases 
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such as atherosclerosis and metabolic syndrome that would have oxidative stress as 
potential link (Bullon et al. 2009, 2011). Again, feeding on an n-6 PUFA-rich diet 
led to worse consequences in health since it was associated to the highest age-
associated alveolar bone loss (Bullon et al. 2013). Although mtDNA alterations 
were not directly measured, expression of genes LC3 and ATG5 that are implicated 
in autophagy and the biogenesis markers Tfam and PGC-1α suggests that both 
processes increase with aging in gingival tissue, but not in animals fed n-6 
PUFA. The combination of both processes would reduce or prevent accumulation 
of damage in mtDNA and its possible consequences. Moreover, this effect also was 
associated affecting to some mtETC components and antioxidant enzymes expres-
sion. In other study, CoQ supplementation eliminated differences in age-associated 
alveolar bone loss among dietary groups (Varela-Lopez et al. 2015). CoQ10 had no 
effect on age-associated changes in expression of genes of autophagy markers in 
rats fed on n-6 PUFA-rich diet (Varela-Lopez et  al. 2015). An increase in the 
expression of the biogenesis marker Tfam was observed in n-6 PUFA fed animals 
indicating that there was an increase in mitochondria and probably in mtDNA cop-
ies. Although this mechanism possibly does not reduce the accumulation of altered 
or mutated mtDNA molecules, it seems that it can compensate, at least in part, the 
associated loss of function, as it has been reported for skeletal muscle. Sumarizing 
all these experiments on aged rats, it could be concluded that the basis for a puta-
tive beneficial effect of CoQ on mtDNA disturbances could be the enhancement of 
the cellular antioxidant protection systems in cell membranes where CoQ prevent-
ing lipid peroxidation and consequently reduced oxidative stress and mtDNA dam-
age by ROS.

Finally, in healthy humans, comparisons between CoQ10 supplementation to diet 
have been also established following a cross-over design, although only for a short 
period of time (4 weeks). In this regard, elderly subjects following a Mediterranean 
diet (rich in MUFA) supplemented and not with CoQ10 or a Western diet rich in SFA 
were studied (Yubero-Serrano et  al. 2010, 2012; Gutierrez-Mariscal et  al. 2011, 
2014; González-Guardia et  al. 2015). Some postprandial oxidative stress marker 
levels were reduced by CoQ10 addition to the MUFA-rich diet (Yubero-Serrano 
et al. 2010, 2012). Interestingly, dietary CoQ also improved DNA repair systems 
(Gutierrez-Mariscal et al. 2011; Yubero-Serrano et al. 2012). These results suggest 
that CoQ may also protect mtDNA against the accumulation of mutations by this 
mechanism in addition to the prevention of ROS-mediated damage discussed for the 
rat models.
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Chapter 11
Coenzyme Q10 and Metabolic Syndrome

Juan Diego Hernández-Camacho

Abstract Metabolic syndrome (MS) has become a global health issue due to affect 
a high percentage of people in most of the countries. MS can be defined as the pres-
ence of three of the following factors: obesity, high triglyceride and cholesterol 
levels, low HDL cholesterol, high blood pressure or high fasting plasma glucose. 
All these factors increase the risk of cardiovascular disease, diabetes type II, some 
kind of cancers, sleep abnormalities or physical incapacity among other. Several 
factors have been identified in the aetiology of MS such as dietary patterns, seden-
tary lifestyle, genetic background, microbiota, socioeconomic status or age. 
Different treatments have been proposed for the treatment of MS, but, until today, 
there is no efficient solution. CoQ10 has emerged as a potential way in MS treatment 
endorsed by several clinical trials have shown improvements in lipid profile, glu-
cose control, insulin homeostasis and hypertension control in MS patients. The 
molecular mechanism that could explain these improvements would be the antioxi-
dant capacity of CoQ10 inhibiting oxidative stress that it is present in MS. Additionally, 
the proportion of CoQ10H2 could be also a crucial role in the protection again MS 
components. Furthermore, CoQ10 administration could be also helpful in the man-
agement of mitochondrial dysfunction associated to MS.

Keywords Mitochondria · Coenzyme Q10 · Oxidative stress · Metabolic syndrome 
· Insulin resistance · Aging

11.1  Introduction to Metabolic Syndrome

Metabolic syndrome (MS) is considered a recent concept because it was only thirty 
years ago when the MS components were grouped as a common pathology. The 
World Health Organization proposed as MS concept the presence of hypertension, 
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glucose intolerance, obesity and dyslipemia in 1999. The National Cholesterol 
Education Program Adult Treatment Panel III (NEPATP III) defined the MS as the 
presence of three of the next risk factors: obesity, high triglyceride levels, low HDL 
cholesterol, high blood pressure and high fasting plasma glucose (Expert Panel on 
Detection and Treatment of High Blood Cholesterol in 2001; National Cholesterol 
Education Program Expert Panel on Detection and Treatment of High Blood 
Cholesterol in 2002). Additionally, the Japan Society for the study of Obesity 
(JASSO) and the International Diabetes Federation (IDF) contemplate obesity as a 
crucial factor to diagnose MS. The American Heart Association (AHA), the National 
Heart, Lung and Blood Institute (NHLBI) and the IDF describe MS when a patient 
suffers three of these factors, being a high waist circumference a key required factor.

MS is present in almost all countries independently of the developmental status. 
The prevalence of MS in Europe and USA is the 25% of the population (Pais et al. 
2009), specifically in Spain MS is the 31% (Fernandez-Berges et al. 2012). In devel-
oping countries, MS is also a public health problem, in Brazil one in three adults 
suffer MS (Turi et al. 2016). Oriental countries which has been characterized tradi-
tionally for having a low prevalence of MS, have recently reported a 27.4% of popu-
lation suffering MS as in China (Song et al. 2015).

A huge cluster of different factors has been associated with MS etiology such as 
familiar relationships (Lee et al. 2011). Children present 3.31 higher risk to present 
MS when both parents suffer MS. Being member of a specific ethnic group can also 
affect MS occurrence (Philco et al. 2012). Age and sex are also related with MS 
(Kuk and Ardern 2010; Sheu et al. 2006), and also genetic background (Hotta et al. 
2011). Even microbiota has been related with MS (Mazidi et al. 2016). However, 
the main factors that have been traditionally related with MS are an inadequate 
dietary pattern and sedentarism (Pan and Pratt 2008).

MS increases comorbidities of other chronic pathologies such as some types of 
cancers (Pais et al. 2009), irritable bowel syndrome (Guo et al. 2014), chronic kid-
ney disease (Watanabe et al. 2010), polycystic ovary syndrome (De Leo et al. 2009), 
cardiovascular disease (Fernandez-Berges et al. 2012), sleep apnea (Sasanabe et al. 
2006) and mental disorders (Babic et al. 2010). Furthermore, MS also affects physi-
cal capacity (Senechal et  al. 2012) conditioning the quality of life of patients 
permanently.

Prevalence of metabolic syndrome increases with age, especially in sedentary 
people showing high BMI and weight gain (Roos et al. 2017). In aged people, MS 
increases the risk of cardiovascular disease as indicated a recent work with 
Portuguese population (Ribeiro et al. 2018). In elderly people, MS has been associ-
ated with frailty increasing the risk of the functional decline and dependence 
(Buchmann et  al. 2019) probably by affecting loss of muscle (Dominguez and 
Barbagallo 2016) and bone mineral density (Eckstein et al. 2016). Furthermore, MS 
has been also associated with the evolution of cognitive decline associated with 
aging although in this case the relationship needs to be confirmed by further research 
(Gomez et al. 2018; Philippou et al. 2018).

MS includes a group different clinical conditions that has a global impact on 
health. Different factors are involved in the development of MS and its associated 
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chronic diseases. Nowadays, many different approaches have been proposed for MS 
management including drugs, nutritional treatments, exercise and surgical proce-
dures, but MS is still a crucial issue for the health systems.

11.2  Coenzyme Q10 in Metabolic Syndrome

Patients suffering MS show metabolic dysregulation leading to chronic inflamma-
tion and oxidative stress characterized by mitochondrial dysfunction. Taken into 
consideration the essential role of CoQ10 in mitochondrial physiology and as mem-
brane and plasma lipoproteins antioxidant its use as part of the treatment of MS can 
be considered (Lopez-Lluch 2019; Lopez-Lluch et  al. 2018; Lopez-Lluch et  al. 
2010). In fact, as CoQ10 is an essential compound of human body and a key compo-
nent of cell bioenergetics and antioxidant systems, its supplementation in cardio-
metabolic disorders has been recently considered (Zozina et al. 2018).

In spite of the role in bioenergetics and antioxidant status, the studies about the 
effect of CoQ10 in MS are contradictory. In patients with diabetes, one of the com-
ponents of MS, treatment with CoQ10 decreases fasting blood glucose indicating a 
presumed positive effect on insulin-resistance (Moradi et  al. 2016). In contrast, 
another paper did not find any effect of CoQ10 supplementation on glycaemic con-
trol neither lipid profile or blood pressure in humans (Suksomboon et  al. 2015). 
However, this study did reported a significant reduction in triglycerides levels. 
Interestingly, a gender-depending effect can be also considered since in women with 
type 2 diabetes, CoQ10 ingestion reduced total cholesterol, LDL-cholesterol, HOMA 
insulin resistance, ferritin and glucose levels while HDL-cholesterol level was 
increased (Gholami et al. 2019). Further, it has been also reported that supplementa-
tion with CoQ10 improves endothelial dysfunction in type 2 diabetic patients by 
affecting local vascular oxidative stress (Hamilton et al. 2009). Reduction in plasma 
lipoprotein(a) levels, associated with cardiovascular risk, was also found in subjects 
supplemented with CoQ10 (Sahebkar et al. 2016) indicating a protective effect in the 
release of markers of damage associated with MS.

Regarding lipid profile, Pirro and colleagues analysed the effect of CoQ10 intake 
in combination with other nutraceutical compounds in humans obtaining a decrease 
on total cholesterol, LDL-cholesterol, triglycerides and glucose while HDL- 
cholesterol level increased (Pirro et al. 2016). Another recent study examined the 
effect of CoQ10 in combination with red yeast rice administration for 2 months in 
patients suffering MS.  This study also found a decrease in blood pressure, total 
cholesterol, triglycerides, LDL-cholesterol and glucose levels (Mazza et al. 2018). 
However, these studies did not assess the effect of CoQ10 alone, without other com-
pounds, and therefore, a synergic effect of these compounds cannot be discarded.

In general, most of the studies demonstrate that supplementation with CoQ10 
produces positive effects in many of the factors involved in MS. In fact, Zhang and 
collaborators examined randomized controlled trials including 765 patients and 
reported that CoQ10 intake decreased HbA1c, fasting glucose, triglycerides and 
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improved HDL-cholesterol, but they did not reported a clear effect in fasting insulin 
(Zhang et  al. 2018). Another study revised randomized controlled trials studied 
CoQ10 intake in overweight and obese patients with diabetes type 2, including four-
teen trials with 693 subjects. The authors reported a decrease in fasting plasma 
glucose, HbA1c and triglycerides without reporting adverse reactions associated to 
CoQ10 intake (Huang et al. 2018). On the other hand, another meta-analysis examine 
the effect of CoQ10 administration on another MS component, obesity (Saboori 
et al. 2019). The authors analysed clinical trials that studied CoQ10 on body weight 
and body mass, reporting no beneficial effect of coenzyme Q10 on the parameters 
analysed. Taken together, these studies indicate that CoQ10 is a safe treatment in MS 
affecting several of the biochemical markers of this disease but without showing 
effects on body weight.

The use of CoQ10 has been also studied for the treatment of hypertension, another 
important factor in MS. Hypertension has been associated with an increase in oxida-
tive stress through the production of superoxide radical’s levels. Superoxide radical 
reacts with nitric oxide leading to the production of peroxynitrite. The concomitant 
reduction in the levels of nitric oxide would affect to the capacity of endothelium to 
relax the smooth muscle resulting in vasoconstriction and consequently in increase 
in blood pressure (Grunfeld et  al. 1995). A randomized, double-blind, placebo- 
controlled trial analysed the effect of CoQ10 administration (60 mg day) in a popula-
tion of men and women with isolated systolic hypertension (Burke et al. 2001). The 
effect was a reduction of systolic blood pressure in subject who received CoQ10. The 
same result was found in another clinical trial in which CoQ10 was supplemented 
with monacolin K, a component of red rice (Mazza et al. 2018). Apart of the reduc-
ing effect of LDL-cholesterol, triglycerides and glucose, treated MS patients also 
showed a reduction of both systolic and diastolic blood pressures. Further, a recent 
meta-analysis of randomized controlled clinical trials including seventeen trials 
with 684 participants confirmed the reduction of systolic blood pressure after treat-
ment with CoQ10 (Tabrizi et al. 2018).

In summary, these studies demonstrate that CoQ10 is a promising dietary supple-
ment in the treatment of MS. However, the data available are still limited and there 
is a lack of well-designed and well-powered randomized controlled trials analysing 
short and long-term effects.

11.3  Molecular Mechanism of Coenzyme Q10 
in Metabolic Syndrome

In general, the mechanistic effects of CoQ10 in MS can be obtained from the studies 
using animal models, mainly rodents. It is clear that one of the principal mecha-
nisms is based on the antioxidant capacity of CoQ10 in plasma and endothelium. In 
fact, in rats supplemented with CoQ10 (100 mg/kg of body weight) the oxidative 
stress serum profile improved including the levels of malondialdehyde and thiol 
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groups (Chis et al. 2019). Another study examined the effect of CoQ10 administra-
tion in senescence-accelerated mice resulting in the inhibition of oxidative stress 
and the slow down the process of aging, delaying the progression of type 2 diabetes 
and, in this case, also obesity (Xu et al. 2017). In contrast with human studies, the 
effect of CoQ10 in obesity in these rats can be associated with high doses and the 
animal model used. Further, in rats, HFD induces oxidation of haemoglobin and 
oxidation of CoQ10, supplementation with CoQ10 reduced both, the oxidation of 
haemoglobin and CoQ10 indicating that maintenance of high levels of CoQ10 can 
prevent oxidative damage in HFD (Orlando et al. 2014) (Table 11.1).

In this section, we highlight the molecular effects of CoQ10 involved in the devel-
opment of MS.

11.3.1  Antioxidant Function in Plasma

High cholesterol levels are associated in with MS.  Its oxidation is prevented by 
CoQ10H2 as its main activity in plasma, this function prevents oxidative damage in 
cardiovascular system reducing cardiovascular risk (Thomas et  al. 1997). 
Interestingly, we found that sedentary lifestyle and high BMI was inversely associ-
ated with the levels of CoQ10 and directly with the levels of oxidative damage in 
plasma (Del Pozo-Cruz et al. 2014). In fact, the supplementation with CoQ10 has 
been considered as the treatment in many metabolic diseases that affect oxidative 
damage affecting plasma, cells and tissues (Zozina et al. 2018; Lopez-Lluch et al. 
2018; Hernandez-Camacho et al. 2018).

MS is accompanied by the increase of oxidative and nitrative damage and inflam-
mation (Kunitomo et al. 2008). One of the main effects of CoQ10 in the progression 
of MS can be attributed to its antioxidant activity in cell membranes and plasma 
lipoproteins (Lopez-Lluch et al. 2010). The inverse relationship between CoQ10 lev-
els in plasma and oxidative damage of low density lipoprotein (LDL) particles can 
contribute to the prevention of the atherosclerotic damage and the delay in the pro-
gression of cardiovascular disease associated with MS (Thomas et al. 1997). In a rat 
model of MS, treatment with CoQ10 attenuated the increase of LDL oxidation, lev-
els of 3-nitrotyrosine as marker of nitrative stress, 3-chlorotyrosine as marker of 
myeloperoxidase activity and C-reactive protein as marker of inflammation in 
plasma (Kunitomo et al. 2008). In general, the antioxidant capacity of CoQ10 was 
proposed to reduce the cardiovascular risk in MS.

It has been found that plasma levels of reduced CoQ10 decrease in diabetic 
patients suffering haemodialysis or ambulatory peritoneal dialysis but not in patients 
showing hyperlipidaemia (McDonnell and Archbold 1996). However, in a further 
study, a decrease in the levels of reduced CoQ10 were associated higher oxidative 
damage in plasma of patients showing hyperlipidaemia (Kontush et al. 1997). In 
agreement with this study, in plasma isolated from patients with primary hypercho-
lesterolemia the lag-phase of plasma LDL oxidation was minimal in comparison 
with normal patients (Lankin et  al. 2003). In these samples reduction of CoQ10 
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Table 11.1 Study of CoQ10 effect on MS in animal models and humans

References MS component CoQ10 dose Outcome
Side 
effects

Hamilton 
et al. (2009)

Endothelial 
dysfunction in type 2 
diabetes humans.

200 mg/day 
CoQ10

Increase on brachial artery 
flow-mediated dilatation.

No 
reported.

Mazza et al. 
(2018)

Blood pressure and 
lipid and glucose 
profile in MS human 
patients.

30 mg/day of 
CoQ10 and red 
yeast rice 10 mg/
day

Reduction in blood 
pressure,
Total cholesterol, 
triglycerides, LDL 
cholesterol and glucose 
levels.

No side 
effects.

Gholami 
et al. (2019)

Women with type 2 
diabetes mellitus.

100 mg/day 
CoQ10

Decrease levels of fasting 
blood sugar,
Homeostatic model 
assessment
Insulin resistance, ferritin, 
total cholesterol, LDL 
cholesterol. Increase levels 
of HDL cholesterol.

No 
reported.

Burke et al. 
(2001)

Men and women with 
isolate systolic 
hypertension.

60 mg/ twice per 
day CoQ10

Reduction in systolic 
blood pressure.

No 
reported.

Zarei et al. 
(2018)

Women with type 2 
diabetes mellitus.

100 mg/day 
CoQ10

Increase on total 
antioxidant capacity, 
catalase activity and 
quantitative insulin 
sensitivity check index. 
Reduction in fasting blood 
sugar.

No side 
effects.

Raygan 
et al. (2016)

Human patients with 
MS (overweight- 
obese, type 2 diabetes 
mellitus patients with 
coronary heart disease, 
40–85 years old).

100 mg/day 
CoQ10

Reduction on insulin 
levels in plasma and 
homeostatic model 
assessment
Insulin resistance. 
Improvement in plasma 
antioxidant capacity.

No side 
effects.

Young et al. 
(2012)

Human patients with 
MS and an inadequate 
blood pressure control.

100 mg/ twice 
per day CoQ10

No effect on in systolic or 
diastolic pressure or heart 
rate.

No side 
effects.

Kunitomo 
et al. (2008)

SHR/NDmcr-cp 
(SHR/cp) rats, animal 
model of MS.

0.07%–0.7% 
CoQ10 of their 
diet.

Decrease in oxidative 
stress markers (ox-LDL, 
8-OHdG and 3 
nitrotyrosine) and 
inflammatory markers 
(hsCRP).

No 
reported.

Feillet- 
Coudray 
et al. (2014)

Young male Spargue- 
Dawley rats.

375 μmoles of 
MitoQ per kg of 
diet

Decrease of body weight 
gain and improvement on 
glucose intolerance.

No 
reported.

(continued)
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levels increases the oxidation of LDL indicating the importance of CoQ10H2 in the 
protection of these lipoproteins against oxidation (Lankin et al. 2003).

Further, patients showing hypertension had lower proportion of CoQ10H2 than 
those without indicating a putative role of oxidative damage or plasma CoQ10 levels 
with kidney function (Kontush et al. 1997).

In relationship with this, obesity in children is associated with lower plasma 
levels of lipophilic antioxidants such as α-tocopherol or β-carotene (Strauss 1999). 
However, although oxidized LDL in plasma increase in obese children no changes 
in CoQ10 levels were found (Menke et al. 2004). This study probably demonstrate 
an age-related difference in the progression of the levels of CoQ10 in metabolic 
syndrome.

11.3.2  Antioxidant Function in Endothelial Cells

The presence of CoQ10 in adequate concentrations in tissues has been considered an 
important factor in limiting oxidative and nitrosative damage in vivo (Hodgson and 
Watts 2003). In the arterial wall, oxidative and nitrosidative stress contribute to the 
increase of blood pressure and vascular dysfunction, two main factors involved in 
MS. As it has been indicated before, the positive effect of CoQ10 on hypertension 
can be due to the capacity to scavenge superoxide radicals. Reduction in the levels 
of superoxide can increase the levels of nitric oxide by blocking the reaction to 
produce peroxinitrite. Higher levels of peroxynitrite would maintain the capacity of 
endothelium to relax the smooth muscle preventing hypertension (Grunfeld et al. 
1995). A recent study on cardiovascular regulation of hypertension indicates that 
CoQ10 reduces the production of superoxide levels by abolishing NADPH-oxidase 
activation in endothelial cells of rats fed with fructose as model of MS (Chen et al. 
2019). However, we cannot discard the role of CoQ10 as superoxide scavenger 
through the activity of NQO1, a plasma-membrane associated CoQ10-dependent 
enzyme (Ross and Siegel 2017).

Table 11.1 (continued)

References MS component CoQ10 dose Outcome
Side 
effects

Orlando 
et al. (2014)

Wistar Ottawa 
Karlsburg W 
(WOKW) rats.

3 mg/100 g b.w. 
of CoQ10

Prevented 
methaemoglobin 
formation and endogenous 
CoQ10 oxidation.

No 
reported.

Prangthip 
et al. (2016)

Diabetic rats. Ubiquinol-10 or
Ubiquinone-10 
5 mg/kg/day

Decreased oxidative 
stress, blood glucose and 
blood pressure.

No side 
effects.

Chis et al. 
(2019)

Wistar rat inducing 
MS.

100 mg/kg/day 
CoQ10

Improvement in oxidative 
stress response.

No 
reported.
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It is clear that prevention of oxidative damage of endothelial cells can protect 
against cardiovascular the disease progression associated with metabolic syndrome. 
In a rat model of ischemia/reperfusion damage, demonstrated that treatment with 
CoQ10 prevented the oxidative damage of endothelial cells after reperfusion indicat-
ing a key role of CoQ10 in oxidative damage protection in these cells (Yokoyama 
et al. 1996). This protective role can be associated with the improvement of endo-
thelial function found in MS patients (Hamilton et  al. 2009). In a double-bling 
crossover study, 23 statin-treated type 2 diabetic patients were treated with CoQ10 or 
placebo. Treatment with CoQ10 improved endothelial dysfunction possibly by 
reducing local vascular oxidative stress (Hamilton et al. 2009).

Further, mitochondrial targeted derivatives of CoQ10 such as MitoQ have been 
proposed to rescue endothelial cells against mitochondrial damage associated with 
aging through an antioxidant mechanism. Incubation with MitoQ prevented the sus-
ceptibility of endothelial cells against acute mitochondrial damage (Gioscia-Ryan 
et al. 2014).

11.3.3  Prevention of Mitochondrial Damage

Mitochondrial dysfunction has been also associated with MS.  MS produces the 
accumulation of fatty acids in muscle and liver, and this is accompanied by defects 
in mitochondrial fatty acid oxidation (Parish and Petersen 2005). Without being 
clear if mitochondrial dysfunction is a consequence or part of the mechanism of 
type 2 diabetes, mitochondrial dysfunction seems to be a common denominator in 
insulin resistance found in this disease, in obesity and MS (Abdul-Ghani and 
DeFronzo 2008). Mitochondrial abnormalities are also associated with cardiac con-
tractile dysfunction associated with obesity, type 2 diabetes and insulin resistance 
(Bugger and Abel 2008). In this relationship mitochondrial stress and unfolded pro-
tein response (mtUPR) can play an important role (Hu and Liu 2011). The use of 
therapies or mechanisms to improve the capacity of mitochondria to reduce stress 
and reduce mtUPR can be considered an effective approach to improve mitochon-
drial dysfunction associated with many of the processes associated with MS (Hu 
and Liu 2011).

The importance of CoQ10 in the bioenergetics of mitochondria makes it a good 
candidate to reduce mitochondrial dysfunction associated with MS. Taken into con-
sideration the positive effect of CoQ10 supplementation in chronic statin-treated 
patients, some authors have considered that supplementation with CoQ10 can be 
useful in the treatment of obesity, oxidative stress and inflammation associated with 
MS (Alam and Rahman 2014; Salminen et al. 2012). Supplementation with CoQ10 
would improve the metabolic capacity of mitochondria by restoring the capacity of 
the electron transport chain to maintain the ATP-generating proton motive force 
(Alam and Rahman 2014). Supplementation with CoQ10 can also modulate muscle 
lipid profile and improves mitochondrial respiration in obesogenic diet-fed rats 
(Coudray et  al. 2016). All these results indicate that the role of CoQ10 in 

J. D. Hernández-Camacho



235

mitochondria is important in the progression of MS and can reduce the damaging 
factors triggered by this disease.

MitoQ can exert antioxidant activity in mitochondria. Mitochondrial targeted 
CoQ10-derived compounds such as MitoQ can also improve the progression and 
features of MS in rat models (Feillet-Coudray et al. 2014). MitoQ activity can break 
the vicious cycle stablished between the increase in ROS production from mito-
chondrial dysfunction and the impairment of many of the factors involved in MS 
(Mitchell and Darley-Usmar 2012). In a mouse model of MS, 14 weeks of MitoQ 
treatment prevented the increase of adiposity, levels of cholesterol and triglycerides 
associated with MS indicating the importance of mitochondrial function and the 
prevention of its oxidative damage in the progression of this disease (Mercer et al. 
2012). In a Zucker obese fatty (ZOF) rats, the structural abnormalities in mitochon-
dria and oxidative stress was reduced by treatment with mitochondrial targeted anti-
oxidants such as MitoQ and also MitoTempol indicating the importance of oxidative 
stress in mitochondrial dysfunction during MS (Pung et al. 2012). MitoQ treatment 
also reduced the ROS production in leukocytes from type 2 diabetic patients improv-
ing the capacity of these cells to interact with endothelium. The antioxidant capacity 
of MitoQ reduced proinflammatory signals in leukocytes such as NF-κB and TNF-α 
pathways (Escribano-Lopez et al. 2016). All these evidence have indicated that the 
reduction of generation of ROS by mitochondria and the derived signalling can 
reduce many of the factors involved in MS and then, the evolution of diabetes, car-
diovascular disease and hepatosteatosis (Mitchell and Darley- Usmar 2012).

11.4  Conclusions

The importance of CoQ10 in the progression of MS and in its treatment is based on 
its antioxidant and bioenergetic role in the cells. It is clear that MS is accompanied 
by several dysfunctions that affects many important activities in the cell, tissues and 
organism. As a key component in bioenergetics in cells, the role of CoQ10 in mito-
chondrial activity can be crucial in the regulation of carbohydrate and lipid metabo-
lism associated with many bioenergetics problems in MS.
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Chapter 12
Coenzyme Q and Age-Related 
Neurodegenerative Disorders: Parkinson 
and Alzheimer Diseases

Francisco J. Alcaín, Javier Domínguez, Mario Durán-Prado, 
and Julia Vaamonde

Abstract Parkinson’s Disease (PD) and Alzheimer’s Disease (AD) are the two 
most common neurodegenerative diseases in the elderly. Both are proteinopathies 
that interact with mitochondria, which generate reactive oxygen species (ROS) and 
leads to mitochondria-activated programmed neuronal death. Several lines of evi-
dence suggest that oxidative stress and mitochondrial dysfunction play central roles 
in the onset and progression of both diseases. Redox status of coenzyme Q10 (CoQ) 
in the plasma or cerebrospinal fluid are altered in PD and AD patients; as such, 
neuroprotective strategies targeting mitochondria such as the use of a supplement 
containing CoQ have been proposed as treatment. Preclinal data in cellular and 
animal models have yielded promising results, including the protection of mito-
chondria from biochemical insults and inhibition of α-synuclein aggregation in 
dopaminergic neurons in PD models and a reduction of Aβ burden in the cortex and 
hippocampus in an AD model. However, CoQ failed to elicit therapeutic effects in 
humans, likely because patients received treatment at late stages, indicating that the 
complexities of human disease cannot be fully recapitulated by animal models.
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12.1  Introduction

Parkinson’s disease (PD) and Alzheimer’s disease (AD) are the two most common 
neurodegenerative diseases in the elderly. Both affect about 1% of adults over the 
age of 60 years (Samii et al. 2004), but the latter represents 50%–75% of all cases 
of dementia and the disease risk doubles every 5 years after the age of 65 (Kawas 
2003). The two diseases have distinct physiopathology: PD is mainly a movement 
disorder, whereas AD is characterized by deterioration of cognitive function and 
memory. However, they also share many similarities. For instance, age is the main 
risk factor for both diseases (Kawas 2003; Samii et  al. 2004), which progress 
according to a defined spatiotemporal pattern, affecting first the dorsal motor 
nucleus of the glossopharyngeal and vagal nerves and anterior olfactory nucleus in 
PD (Braak et al. 2003) and starting in the entorhinal region and progressing to lim-
bic areas in AD (Braak and Braak 1991). Both are proteinopathies that result from 
aberrant protein folding, processing, or degradation—in PD, this is manifested as 
the formation of Lewy neurites and Lewy bodies by α-synuclein (Braak et al. 2003) 
and in AD, amyloid peptide (Aβ) and tau form senile plaques and neurofibrillary 
tangles (Braak and Braak 1991). α-Synuclein and Aβ oligomers are more toxic than 
their respective fibrillary forms (Gosavi et al. 2002; Walsh et al. 2002) and generate 
reactive oxygen species (ROS) that further induce the formation of oligomers 
(Abou-Sleiman et al. 2003; Di Carlo 2010). Both proteins interact with and disrupt 
the function of mitochondria, thereby altering their morphology and dynamics and 
perturbing ATP production and calcium homeostasis, which induces mitochondria- 
activated programmed cell death (Duran-Prado et  al. 2014; Franco-Iborra et  al. 
2016; Reddy and Beal 2008).

Oxidative stress and mitochondrial dysfunction play a central role in the onset 
and progression of PD and AD. Various therapeutic strategies involving antioxi-
dants have been proposed to treat both diseases. For example, coenzyme Q10 
(CoQ)—which acts as an electron acceptor in mitochondrial complex (C)-I and C-II 
and as an antioxidant—has shown positive effects in cellular and animal models of 
PD and AD. In fact, the redox status of CoQ in the plasma and cerebrospinal fluid 
(CSF) is altered in PD and AD patients (Gotz et al. 2000; Isobe et al. 2009). In this 
chapter, we review the rationale for the use of CoQ in the treatment of age-related 
neurodegenerative diseases and the results of clinical trials.

12.2  Parkinson Disease

12.2.1  Clinical Features and Causes of PD

The classic symptoms of PD include bradykinesia, rigidity, and rest tremor caused 
from progressive loss of dopaminergic (DAergic) neurons in the substantia nigra 
pars compacta (SNpc) region of the midbrain. Moreover, some non-motor 
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symptoms as constipations, olfactory dysfunction, sleep disorders, hallucinations 
and dementia are present in 60% to 97% of PD patients (Martinez-Fernandez et al. 
2016). Symptomatic therapy can slow disease progression, but to date there is no 
cure for PD. Strategies to delay onset or slow progression of PD is an important 
consideration of overall treatment. A histopathological hallmark is the presence of 
α-synuclein aggregates that form Lewy bodies and neurites in DAergic neurons 
(Braak et al. 2003). Most cases of PD are sporadic; strong evidence indicates that 
exposure to environmental factors plays a significant role in disease etiology (Dick 
et al. 2007; Tanner et al. 2011). Several genes have been linked to the familial form 
of PD, which accounts for 5% of all cases. Five genes—including SNCA encoding 
α-synuclein—are known to cause dominant monogenic PD, whereas mutations in 
five other genes underlie an autosomal recessive form of the disease. Among these 
genes is phosphatase and tensin homolog-induced putative kinase (PINK)1, which 
encodes a mitochondrial protein that protects cells against oxidative stress, regu-
lates mitochondrial bioenergetics by modulating C-I activity, and promotes mitoph-
agy of depolarized mitochondria (Ferreira and Massano 2016; Voigt et al. 2016). In 
addition, mitochondrial (mt)DNA deletion mutation rates have been found to be 
higher in DAergic neurons of PD patients as compared to those of healthy individu-
als (Chaturvedi and Flint Beal 2013).

12.2.2  Mechanisms of Neurodegeneration in PD

The first evidence of mitochondrial involvement in PD pathogenesis came from an 
illicit drug containing 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) that 
induced acute and irreversible parkinsonian syndrome in users (Langston et  al. 
1983). A metabolite of this compound, the 1-methyl-4-phenyl-pyridine was (MPP+), 
directly inhibits C-I.  Monoamine oxidase (MAO) B present in glia surrounding 
DAergic neurons generates MPP+ from MPTP (Speciale 2002), which is released 
into the extracellular space and is taken up by DAergic neurons, and then mitochon-
dria rapidly concentrates MPP+ to very high concentrations (millimolar) from the 
micromolar external concentrations, thus where it inhibits mitochondrial nicotin-
amide adenine dinucleotide (NADH) dehydrogenase (Ramsay and Singer 1986). 
MPP+ and rotenone, another C-I inhibitor, was shown to induce apoptosis and 
necrosis at low and high concentrations, respectively, thereby depleting ATP while 
increasing superoxide and ROS production via NADH activation (Hartley et  al. 
1994; Zawada et al. 2011). The role of mitochondrial dysfunction in the pathogen-
esis of PD was supported by the finding that C-I activity was decreased by 50% in 
platelet mitochondria purified from 10 patients with idiopathic PD (Parker et  al. 
1989). C-I activity was also found to be reduced in homogenates of the SNpc of PD 
patients relative to controls, whereas C-II and -III activities were normal (Gatt et al. 
2016), suggesting a link between MPTP and sporadic PD (Schapira et al. 1989). 
Another study reported that C-II to -V levels in mitochondria were similar between 
PD patients and controls; however, C-I showed reduced expression and contained 
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more oxidized catalytic subunits in PD, which was correlated with complex misas-
sembly and dysfunction (Keeney et al. 2006). Furthermore, some C-I subunits were 
moderately downregulated in the striatum in 4 out of 5 patients with PD (Mizuno 
et al. 1989) and mitochondrial activity in the frontal cortex was reduced in patients 
(Parker et al. 2008). However, it was recently reported that C-I activity and mtDNA 
levels were reduced in the frontal cortex in PD with dementia but not in cases with-
out dementia, suggesting C-I as a potential therapeutic target for treating or delay-
ing dementia onset in PD patients (Gatt et al. 2016). Low activity in C-I, -II, and -IV 
have also been reported in skeletal muscle mitochondria of untreated and l-3,4- 
dihydroxyphenylalanine (l-DOPA)-treated PD patients (Bindoff et al. 1991; Blin 
et al. 1994).

MPTP was found to induce the DAergic degeneration in the same nuclei in a 
Parkinsonism mouse model that occurs in humans with PD (German et al. 1996), 
whereas rotenone—a highly lipophilic mitochondrial C-I inhibitor that passes 
through the blood–brain barrier—showed selective toxicity in DAergic neurons 
recapitulating the parkinsonism symptoms of PD in animal models, including bra-
dykinesia and rigidity (Greenamyre et al. 2001); even a sublethal dose enhanced the 
toxicity of l-DOPA in these cells (Nakao et al. 1997; Pardo et al. 1995). Moreover, 
neurons in the affected brain region developed inclusions containing α-synuclein 
and ubiquitin; DAergic neuronal death increased the levels of oxidized proteins and 
caused glutathione depletion in the SNpc (Greenamyre et al. 2001). Rotenone and 
paraquat, which are used as pesticides or herbicides, can cross the blood–brain bar-
rier and inhibit C-I, inducing parkinsonism in animal models; it has also been linked 
to PD in humans, even when exposures were truncated at 5, 10, or 15 years before 
the diagnosis. This effect was independent of race/ethnicity, cigarette use, state, or 
duration of disease (Tanner et al. 2011).

12.2.3  Consequences of C-I Dysfunction

Mitochondrial dysfunction increases oxidative stress, which is defined as a net 
increase in the levels of ROS, and the main source of ROS is the electron transport 
chain. Most O2

− in mammalian mitochondria is produced by C-I. O2
− dismutation 

by hydrogen peroxide yields H2O2, which passes through mitochondrial membranes 
into the cytosol. MAO located in the outer mitochondrial membrane is another 
important source of oxidative stress. Increases in ROS levels lead to oxidative modi-
fication of lipids, DNA, and proteins (Orrenius et  al. 2007). Lipid peroxidation, 
oxidative DNA damage, and oxidation of C-I catalytic subunits in the SNpc have 
been reported in the PD brain (Alam et al. 1997; Dexter et al. 1986; Keeney et al. 
2006), suggesting that dysregulation of bioenergetics due to oxidative stress leads to 
the death of SNpc neurons in PD (Jenner et al. 1992).

The functional consequences of the C-I defect in PD was studied using cybrid 
cells. Platelets islolated from PD patients with mild to moderately advanced symp-
toms receiving l-DOPA therapy or from controls were fused with SH-SY5Y human 
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neuroblastoma cells lacking mtDNA (i.e., ρo cells) to obtain cybrids cells. Those 
that were generated from PD patient platelets produced more oxygen radicals and 
showed greater sensitivity to the toxicity of MPP+ than control cybrids (Swerdlow 
et al. 1996), and had higher levels of ROS in the cytosol, which was associated with 
increased α-synuclein oligomerization showing an increase in carbonyl groups in 
PD cybrids compared to control, linking C-I mitochondrial dysfunction to 
α-synuclein oligomerization (Esteves et al. 2009). Furthermore, the expression of 
the transcription factor peroxisome proliferator-activated rgeceptor co-activator 
(PGC)-1α—a master regulator of mitochondrial biogenesis, function, and dynamics 
that controls mitochondrial size and number—was downregulated while that of 
nuclear factor (NF)-κB was upregulated in PD cybrids (Esteves et al. 2010). NF-κB 
is activated by ROS and is localized in the nuclei of DAergic neurons in PD patients 
(Hunot et al. 1997). PGC-1α overexpression mitigated the loss of DAergic neurons 
induced by α-synuclein and rotenone in the A53T and MTPT PD mouse models 
(Mudo et al. 2012; Zheng et al. 2010) and prevented α-synuclein oligomerization 
(Eschbach et al. 2015).

Genetically or pharmacologically induced C-I dysfunction decreases mitochon-
drial membrane potential (Δψm), which drives ATP production (Fontaine et  al. 
1998; Morais et al. 2014). A reduction in Δψm in PINK1−/− cells is associated with 
increased opening of the mitochondrial permeability transition pore in primary 
mouse embryonic fibroblasts (Gautier et al. 2012), as well as mitochondrial swell-
ing and rupture of the outer mitochondrial membrane, leading to the release of pro- 
apoptotic molecules such as cytochrome c into the cytosol (Rao et  al. 2014). 
Pharmacological inhibition of C-I by MPTP has also been shown to stimulate cyto-
chrome c release induced by B cell lymphoma (Bcl)-2-associated X protein (Bax) 
(Perier et al. 2005).

12.2.4  Role of CoQ Supplementation in Cellular Models of PD

Antioxidants may protect DAergic neurons in the SNpc against cell death caused by 
free radicals originating from dysfunctional C-I. DAergic neurons in the SNpc are 
thought to be more sensitive to oxidative stress than other neurons; treatment of rat 
embryonic mesencephalic neuron cultures with a low concentration of rotenone 
induced mitochondrial membrane depolarization and death in DAergic but not other 
types of neuron from the ventral mesencephalon, an effect that was abolished by 
pretreatment with CoQ (Moon et al. 2005). CoQ also preserved mitochondrial C-I 
and tyrosine hydroxylase activity in primary mesencephalic cultures treated with 
MPTP and l-DOPA, thereby improving neuronal survival (Gille et al. 2004). An 
increase in ROS levels can lead to opening of the mitochondrial permeability transi-
tion pore and the inhibition of opening halts the apoptosis execution-related events, 
for that it has been hypothesized that the pretreatment with CoQ could prevent 
apoptosis independently of its free radical scavenging ability but related to direct 
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inhibition of mitochondrial permeability transition pore opening because other free 
radical scavenger such as N-acetylcysteine glutathione and vitamin C did not (Moon 
et al. 2005; Papucci et al. 2003). Ubisol-CoQ10, a water-soluble form of CoQ, was 
also found to block mitochondrial permeability transition pore opening (Kumari 
et al. 2016). CoQ prevented mitochondrial depolarization and inhibited cytochrome 
c release into the cytosol by directly suppressing Bax-induced mitochondrial dys-
function in isolated mitochondria from two human cell lines (Naderi et al. 2006). 
CoQ-treated primary mesencephalic cultures from mouse embryos reversed the 
decrease in hexokinase activity induced by MPTP, thereby increasing the levels of 
metabolites required for the Krebs cycle and ATP production (Gille et al. 2004), 
overcoming the bioenergetics deficit found in DA neurons.

In C-I, electrons are donated to CoQ for transport to ubiquinol:cytochrome-c 
oxidoreductase; however, CoQ is itself and antioxidant that can scavenge ROS in 
mitochondria. CoQ administration increased electron transport chain activity both 
in vitro and in vivo (Ohhara et al. 1981; Schneider et al. 1982). Thus, combined 
treatment with CoQ and nicotinamide partly blocked MPTP-induced mild and mod-
erate depletion of DA in a mouse model of PD, but not when resulted in severe 
dopamine depletions of approximately 80% (Schulz et al. 1995). CoQ level in plate-
let mitochondria isolated from PD patients was lower than that in age−/sex-matched 
control subjects and was correlated with C-I activity (Shults et al. 1997). Additionally, 
abnormal mitochondrial function was also observed in fibroblasts from PD patients 
along with a mild deficiency in both C-I and -IV activities; the latter was restored by 
treatment with CoQ (Winkler-Stuck et al. 2004).

CoQ has been shown to exert neuroprotective effects in cellular models of PD. In 
human neuroblastoma SH-SY5Y cells, paraquat induced oxidative stress and neu-
ronal death; however, pretreatment with water-soluble CoQ protected cells against 
oxidative stress as well as decreases in Δψm and ATP production and paraquat- 
induced apoptosis (McCarthy et al. 2004). Moreover, oxidative stress induced by 
H2O2 resulted in a reduction of Δψm leading to mitochondrial dysfunction, which 
was abrogated by CoQ (Somayajulu et al. 2005). Similar to the effects in PD cybrids 
(Esteves et  al. 2009), oxidative stress resulting from treatment with rotenone or 
from l-buthionine sulfoxamine-induced glutathione depletion in SH-SY5Y cells 
was correlated with an increase in α-synuclein expression, which was abolished by 
co-treatment with CoQ and glutathione (Esteves et al. 2009; Shavali et al. 2004).

Total iron content in the SNpc is increased in PD patients, which causes oxida-
tive stress-induced cell death and α-synuclein deposition (Kooncumchoo et  al. 
2006). In cultured human dopaminergic neurons SK-N-SH, iron-induced mitochon-
drial damage resulted in CoQ depletion, ROS production, NF-κB activation, and 
Bcl-2 downregulation, effects that were abolished by pretreatment with CoQ and 
deferoxamine, a potent iron chelator (Kooncumchoo et al. 2006). Chronic exposure 
of these cells to rotenone also decreased CoQ levels, C-I activity, and Δψm, effects 
that were reversed by CoQ treatment (Sharma et al. 2006).
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12.2.5  Role of CoQ Supplementation in Animal Models of PD

Animal models of PD are generated by neurotoxic chemicals—including 
6- hydroxydopamine, MPTP, and agricultural herbicides such as rotenone and para-
quat—that selectively affect DAergic neurons in the SNpc system. These models 
recapitulate the classic features of PD such as C-I inhibition, oxidative stress, iron 
accumulation in SNpc, degeneration of and Lewy body formation in DAergic neu-
rons, and α-synuclein phosphorylation, although the neurodegeneration progress 
rapidly and not always presented α-synuclein aggregates (Antony et al. 2011; Blesa 
et al. 2012; Le et al. 2014). CoQ levels decline with age and are downregulated in 
neurodegenerative diseases (Lopez-Lluch et al. 2010). Oral administration of CoQ 
at 200 mg/kg/day in rats increased mitochondrial concentrations of CoQ in the cere-
bral cortex and exerted neuroprotective effects in both, a pharmacological rat model 
and a transgenic mouse model of familial ALS (Matthews et  al. 1998). CoQ 
(200 mg/kg/day) administration in a mouse model of MPTP-induced PD increased 
the striatal level of DA and the density of tyrosine hydroxylase-positive fibers in the 
caudal striatum in aged mice (Beal et  al. 1998); oral CoQ supplementation was 
more effective in aged as compared to young animals (Schulz et al. 1995). CoQ also 
showed additive effects with creatine in attenuating neuronal degeneration and 
reducing lipid peroxidation and α-synuclein aggregation in SNpc neurons of MPTP- 
treated mice (Yang et al. 2009).

In an acute or semichronic MPTP model of Parkinsonism, oral administration of 
CoQ either as ubiquinone or ubiquinol (oxidized and reduced forms, respectively) 
mitigated the loss of DAergic neurons and formation of cytosolic α-synuclein aggre-
gates in SNpc. Reduced CoQ was found to exert more potent protective effects than 
the oxidized form (Cleren et al. 2008). Chronic exposure to the organophosphate 
pesticide dichlorvos caused nigrostriatal DA degeneration and α-synuclein aggrega-
tion and reduced mitochondrial C-I and -IV activities in rats; CoQ supplementation 
protected against these effects and reversed dichlorvos-induced catalepsy and motor 
dysfunction (Binukumar et al. 2011).

CoQ is insoluble in water and is therefore poorly absorbed, and the maximum 
concentration increases nonlinearly with dose; as such, various formulations have 
been developed to increase CoQ solubility and absorption (Villalba et al. 2010). The 
water-soluble form ubisol-Q10 has greater bioavailability and contains two potent 
antioxidants (CoQ and a derivatized form of α-tocopherol, i.e., vitamin E) and can 
cross the brain–blood barrier, resulting in an increase in CoQ level by 30%–50% 3 h 
after administration (Muthukumaran et al. 2014; Sikorska et al. 2014). This CoQ 
formulation has been shown to be neuroprotective when used prophylactically and 
also had therapeutic effects in two pharmacological models of PD (MPTP in mice 
and paraquat in rats). When the formulation was administrated in the drinking water 
after the DA neurodegeneration started by MPTP or paraquat injection was able to 
protect the remains DA neurons form cell death, which otherwise would be dyed. 
Ubisol-CoQ10 also improved motor performance in these animals. However, 
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continuous supplementation was required to prevent the resumption of neuronal 
death (Muthukumaran et al. 2014; Sikorska et al. 2014).

In the last decade, several genetic models of PD have been generated in mice, 
including those overexpressing dominant mutations in α-synuclein, carrying reces-
sive genes known to cause PD in humans, and knockout lines. In the two most 
widely used models (A53T and A30P), α-synuclein transgenes with mutations asso-
ciated with familial PD recapitulate the early motor and autonomic dysfunction and 
olfactory impairment that characterize the disease. However, neither of these mod-
els exhibit loss of DAergic neurons in the SNpc (Antony et al. 2011; Blesa et al. 
2012; Le et al. 2014) and, in our knowledge, they have not been used to examine the 
effects of CoQ supplementation on PD progression.

12.2.6  CoQ as Biomarker for PD

Reductions in C-I and -II/III activities in PD patients have been correlated with 
lower levels of CoQ (Shults et al. 1997). Moreover, levels of the reduced form were 
lower in platelet mitochondria from PD patients; total CoQ level was also lower and 
the ratio of oxidized to reduced CoQ (%CoQ) was higher in PD (Gorgone et al. 
2012; Gotz et  al. 2000; Sohmiya et  al. 2004), suggesting a systemic increase in 
oxidative stress since reduced CoQ is a more efficient antioxidant than the oxidized 
form (Crane 2001). However, another study reported that CoQ levels did not differ 
between PD patients and controls, but was correlated with disease duration and 
motor score (Jimenez-Jimenez et al. 2000). A screening for oxidative stress markers 
in PD revealed lower levels of CoQ and α-tocopherol and higher levels of oxidative 
stress markers in the plasma and CSF of PD patients (Buhmann et al. 2004), while 
CoQ deficiency was observed at a higher frequency in PD patients, underscoring its 
utility as a peripheral biomarker (Mischley et al. 2012). However, no differences 
were found between patients and controls in terms of the levels of α-tocopherol, 
which is reduced from α-tocopheroxyl radical by CoQ (Lopez-Lluch et al. 2010). 
The % CoQ in the CSF was also found to be higher in PD as compared to control 
subjects, and was positively correlated with disease duration and level of oxidative 
stress (Isobe et al. 2010a).

Human tissue contains measurable amounts of CoQ, but the levels in the brain 
are low, and about 80% of the total content is in the oxidized form (Aberg et al. 
1992). CoQ concentration also varies according to brain region, with low levels in 
the SNpc and cerebellum and higher levels in the cortex and striatum (Hargreaves 
et al. 2008). CoQ levels were found to be reduced in the cortex of PD patients rela-
tive to that of control subjects (Hargreaves et al. 2008).
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12.2.7  CoQ Treatment in PD: Clinical Trials

Neuroprotection preserves nervous system structure and function (Schapira and 
Olanow 2004), and agents that can protect the PD patient brain against disease pro-
gression remains a major focus of research. A significant limitation in studies of PD 
patients has been the lack of a generally accepted surrogate endpoint that neuronal 
loss; validated endpoints need to be developed. Accurate early diagnosis and 
improved knowledge of disease progression will facilitate clinical trials of potential 
neuroprotective agents, since at the time of clinical diagnosis this has already pro-
gressed considerably. Therefore, methods for identifying presymptomatic patients 
for clinical trials are needed, and trials that include long-term follow-up must be 
implemented to obtain conclusive evidence of the neuroprotective effects of a drug.

Mitochondrial dysfunction is involved in the pathogenesis of PD and is a poten-
tial therapeutic target for halting the progressive degeneration of DAergic neurons 
in PD (Abou-Sleiman et al. 2003; Perier and Vila 2012). Many studies have reported 
low COQ or high oxidized COQ levels in PD patients relative to controls (Buhmann 
et al. 2004; Gorgone et al. 2012; Gotz et al. 2000; Isobe et al. 2009; Mischley et al. 
2012; Shults et al. 1997; Sohmiya et al. 2004). Moreover, CoQ administration was 
shown to preserve mitochondrial function and to reduce the loss of DAergic neurons 
in preclinical PD models (Schulz et al. 1995), indicating that it can be effective for 
treating PD patients.

A multicenter, randomized, parallel-group, placebo-controlled, doubled-blind 
clinical trial of 80 patients with early PD who did not require treatment for their 
disability was carried out to determine whether a range of CoQ dosages (300/ 600/ 
1200 mg/day) was safe and well tolerated and could slow functional decline (Shults 
et al. 2002). The primary response variable was a change in total Unified PD Rating 
Scale (UPDRS) score. Patients who received CoQ10 showed less disability than 
placebo-treated controls; although the difference was not statistically significant, 
the results suggested that CoQ slowed functional decline in PD and was safe at dos-
ages of up to 1200 mg/day. In CoQ-treated patients, plasma levels of CoQ were 
increased, reaching about 4.6 μM in patients receiving the 1200 mg/day dosage, 
along with the combined activities in mitochondrial platelets of C-I and C-III, which 
are dependent on endogenous CoQ. In 2006, the Quality Standards Subcommittee 
of the American Academy of Neurology defined key issues in the management of 
PD relating to neuroprotective strategies and alternative treatments and made 
evidence- based treatment recommendations (Suchowersky et al. 2006); it was also 
concluded that the study by Shults et al. (Shults et al. 2002) was designed to deter-
mine safety and tolerability in the dose range of 300–1200 mg/day, and did not 
demonstrate a clear neuroprotective benefit. On the other hand, in a review of four 
randomized, double-blind, placebo-controlled trials with a total of 452 patients that 
compared CoQ to placebo for patients who suffered early and midstage were 
reported improvements in activities of daily living, UPDRS, and Schwab and 
England scores in patients treated with CoQ at 1200 mg/day for 16 months as com-
pared to placebo groups (Liu et al. 2011). More recently, the Parkinson Study Group 
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QE3 examined again whether administration CoQ in the early stages of PD (i.e., 
who had been diagnosed within 5 years and were not expected to require DA ther-
apy for at least 3 months) could slow disease progression. Participants (600) were 
randomly to receive placebo, 1200 mg/d of CoQ10, or 2400 mg/d of CoQ10; all par-
ticipants received 1200 UI/D of vitamin E. Participants were observed for 16 months 
or until a disability requiring dopaminergic treatment. Change in total UPDRS score 
from baseline to final visit was evaluated. Conclusions were found that CoQ was 
safe and well tolerated but did not have specific clinical benefits (Beal et al. 2014).

An open-label, dose-escalation study that examined the effects of CoQ 
(400–1400 mg/day) on oxidative stress and clinical outcomes in 16 patients with 
early PD. Each dose (400, 800, 1200 and 1400 mg/day) was consumed daily for 
2 weeks. They found that CoQ was well tolerated, but only higher doses (1200 and 
1400 mg/day) increased the ratio of ubiquinol to ubiquinone and was associated 
with improved total UPDRS scores. Subjects showing improvement in symptoms 
following treatment had lower baseline levels of plasma ubiquinol and decreased 
F2-isoprostane per unit arachidonate, suggesting that therapeutic response to CoQ 
depends on baseline levels of ubiquinol and whether oxidative damage is alleviated 
by the administered dosage of CoQ (Seet et al. 2014). The plasma concentrations of 
other antioxidants were similar between PD patients and controls, and there were no 
deficiencies in vitamin E, selenium, lipoic acid, or glutathione levels (Mischley 
et al. 2012), indicating that antioxidant status in PD can be a tool to select patients 
that respond more favorably to antioxidant therapy.

The effectiveness of CoQ is determined to a greater extent by its redox state than 
by the total CoQ amount. One function of ubiquinol is to recycle α-tocopheroxyl 
radical to its reduced form (α-tocopherol) along with other antioxidants in plasma 
and membranes.(Lopez-Lluch et  al. 2010). Intestinal absorption also depends on 
CoQ redox status. Ubiquinone, the oxidized form of CoQ, is reduced to ubiquinol 
as it is absorbed; maximum concentration increased nonlinearly with dose and 
reached a steady state 2 weeks after the start of treatment (2400 mg/day) (Bhagavan 
and Chopra 2007; Bhagavan et  al. 2007). Ubiquinol, the reduced form of CoQ, 
showed superior absorption. When healthy human received a supplementation of 
200 m/day of ubiquinone or ubiquinol, the baseline increased from about 1 μm/L to 
3 μm/L using ubiquinone, up to 5.1 μm/L using ubiquinol and the ratio ubiquinol 
total CoQ only increased significantly in ubiquinol supplementation.(Langsjoen 
and Langsjoen 2014). CoQ concentrations that are higher than normal plasma levels 
are necessary for it to reach peripheral tissues and cross the blood–brain barrier. The 
safety and clinical effects of orally administered ubiquinol (300 mg/day) were eval-
uated in a randomized, double-blind, placebo-controlled pilot trial of 31 Japanese 
patients with PD. Ubiquinol was found to be safe and well tolerated, and total 
UPDRS score improved relative to controls (4.2 ± 8.2 for the ubiquinol group and 
2.9 ± 8.9 for thr placebo) and also were significant differences in subtotal scores for 
finger and hand movements during “off” phase. There were no significant differ-
ences in other motor symptoms such as tremor, rigidity, foot tap or arising from a 
chair (Yoritaka et  al. 2015). Importantly, the improvement disappeared 8  weeks 
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post-treatment, likely due to the return of plasma CoQ to basal levels (Hosoe 
et al. 2007).

Autopsies and animal studies have shown that many factors contribute to neuro-
nal death in PD, including oxidative stress, mitochondrial dysfunction, inflamma-
tion, and excitotoxicity and apoptosis. Therapies that are developed to slow disease 
progression must target these pathogenic mechanisms; in addition, a major goal in 
PD research is to determine the precise cause of neuronal death in PD and identify 
specific molecular targets. The development of drugs that might modify disease 
progression is one of the most critical goals in PD research.

12.3  Alzheimer’s Disease

12.3.1  Clinical Features and Causes of AD

Although in rare cases AD can occur before the age of 60, it is generally a disease 
associated with old age.The incidence and prevalence of AD increase exponentially 
with age, essentially doubling in prevalence every 5 years after the age of 65 years 
(Knopman et al. 2001). The most essential and often earliest clinical manifestation 
of AD is selective memory impairment, although there are exceptions. While some 
treatments can ameliorate symptoms of AD, there is presently no cure, and the dis-
ease inevitably progresses in all patients. In addition to memory, AD patients exhibit 
deficits in other cognitive domains such as executive dysfunction and visuospatial 
impairment, which are often observed at relatively early stages, as well as language 
and behavioral symptoms that are manifested later in the disease course (Dubois 
et al. 2007).

The neuropathological features of AD consist of a gradual loss of neurons and 
their synapses along with accumulation of senile plaques and tangles, formed by Aβ 
peptide and hyperphosphorylated tau protein deposits, respectively (Swerdlow 
2007). Like PD, about 1% of AD cases have a familial component whereas 99% are 
sporadic and have a late onset. Many factors contribute to the disease, which can 
develop silently for decades before clinical symptoms become apparent. The amy-
loid cascade hypothesis synthesizes histopathological and genetic information and 
is the hypothesis central proposed to explain the onset and progression of the dis-
ease (Karran et  al. 2011). Autosomal dominant mutations that cause early-onset 
familial AD affect three genes involved in the proteolytic processing of amyloid 
precursor protein (APP), including APP and proteases presenilin (PSEN)1 and 
PSEN2 forming the catalytic core of the γ-secretase complex. Alterations in the 
processing of APP by PSEN1 and PSEN2 results in the production of pathological 
APP aggregates (Goate et al. 1991; Levy-Lahad et al. 1995; Rogaev et al. 1995; 
Sherrington et al. 1995).

Under normal conditions, APP processing starts with the generation of a carboxy 
terminal fragment (CTF83) by α-secretase and later by the γ-secretase forming a 
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non-amylogenic peptide. APP can also be cleaved first by the β-secretase complex 
(BACE1)—which generates the CTF99 fragment—and later by γ-secretase, which 
produces the Aβ peptide (Chow et al. 2010). Mutations in APP can increase the rate 
of proteolysis by BACE1; additionally, mutations in PSEN1 and PSEN2 that cause 
the formation of longer Aβ peptides can lead to accumulation of toxic Aβ species 
(Karran et al. 2011).

In the healthy brain, Aβ is cleared by CSF and peripheral blood vessels. A major 
risk factor for sporadic AD is homozygosity for APOE4 alleles, given that this pro-
tein interferes with Aβ clearance, lowering the age of the onset of AD (Meyer et al. 
1998). The accumulation of Aβ in the brain leads to the formation of senile plaques 
and consequently cognitive dysfunction, although this progression is non-linear 
with time whereas neurofibrillary tangles exhibited a regular distribution (Braak 
and Braak 1991). Neuronal loss is correlated with the development of neurofibril-
lary tangles whereas amyloid burden were not related to neuronal loss (Gomez-Isla 
et al. 1997), but amyloid aggregation precedes in the time an can trigger tau pathol-
ogy (Karran et al. 2011). Neurotoxicity is mediated to a greater extent by soluble 
forms of Aβ as compared to aggregates (Karran et al. 2011; Scheltens et al. 2016). 
In the familial AD, the accumulation of Aβ is caused by autosomal dominant muta-
tions affecting mainly to presenilin genes that originate an overproduction of the 
amyloid that cannot been cleared form brain. The causes of sporadic AD are 
unknown but oxidative stress associated with aging induces a conformational 
change in PSEN1 to a pathogenic conformation in the mouse model of AD Tg2576 
that alters APP processing (Wahlster et al. 2013). Oxidative damage is higher during 
early stages of AD and declines with disease progression (Nunomura et al. 2001), 
and has been shown to induce BACE1 expression and activity in vitro (Tamagno 
et al. 2002).

12.3.2  Mechanisms of Neurodegeneration in AD

Aβ generates oxidative stress in the presence of iron and copper ions, leading to 
neuronal membrane lipid peroxidation that affects ceramide and cholesterol metab-
olism, and to the formation of 4 hydroxynonenal (4HNE), a neurotoxic hydroperox-
ide that oxidizes neprilysin, the main peptidase that degrades Aβ (Cutler et al. 2004; 
Jana and Pahan 2004). Neprilysin levels were found to be downregulated in the 
mid-temporal gyrus of patients exhibiting mild cognitive impairment relative to 
healthy control subjects (Huang et al. 2012). Aβ is taken up by cells and targeted to 
mitochondria where it affects outer and inner membrane functions and generates 
oxidative stress and induces mitochondrial permeability transition pore opening, 
leading to apoptosis (Cha et al. 2012; Duran-Prado et al. 2014; Hansson Petersen 
et al. 2008). Moreover, oligomeric Aβ induces glycogen synthase 3 kinase expres-
sion in cultured neurons and the brains of APP/tau-overexpressing mice and AD 
patients; this results in tau hyperphosphorylation and microtubule disruption, 
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impairment of memory and long-term potentiation (LTP), and neuronal apoptosis 
(DaRocha-Souto et al. 2012; Hernandez et al. 2002).

When the neuronal Aβ production exceeds the safe limit and toxic Aβ oligomers 
accumulate above a threshold level, they are taken up by the astrocytes enveloping 
neuronal processes via Aβ oligomer-binding acetylcholine receptors (Dal Pra et al. 
2015), leading to the release of glutamate that is internalized by neuronal synapses 
(Talantova et al. 2013). The discharged glutamate activates extrasynaptic N-methyl- 
d-aspartate receptors (NMDA) and the resultant Ca2+ influx generates toxic levels of 
nitric oxide that induce synaptic depression in hippocampal slices and lead to the 
loss of synaptic spines (Talantova et al. 2013).

12.3.3  AD and Endothelial Dysfunction

Aβ oligomers are cleared from the brain via several pathways, including proteolytic 
degradation by neprilysin and insulin-degrading enzyme, uptake by astrocytes and 
microglia, passive flow into the CSF, and sequestration in vascular compartments by 
low-density lipoprotein receptor-related protein 1 (Braak and Del Tredici 2011; 
Yasojima et al. 2001). Aβ is toxic to neurons but also to endothelial cells; recent 
evidence suggests that cerebrovascular dysregulation also contributes to the onset 
and progression of neurodegenerative diseases including AD because major cardio-
vascular risk are also mayor risk for AD (Grammas 2011; Iadecola 2004; Karran 
et al. 2011). Furthermore, Aβ deposited in cerebral blood vessels can cause cerebral 
amyloid angiopathy.

Oxidative stress in cerebral blood vessels precedes the oxidative stress in brain 
and the formation of amyloid plaques in animal models of AD (Park et al. 2004). Aβ 
exerts its deleterious effects in endothelial cells via the activation of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase (Park et al. 2005) reduces cere-
bral flow producing hypoperfusion into the brain parenchyma and increases the 
expression of hypoxia inducible factor 1-α, which in turn leads to upregulation of 
BACE1 (Guglielmotto et al. 2009; Zhang et al. 2007). Reduced cerebral blood flow 
induces BACE1 expression in neurons, leading to the production of Aβ and increased 
oxidative stress, which causes endothelial cell damage (Chami and Checler 2012). 
Cerebrovascular volume was found to be reduced in the 3xTg-AD mouse model of 
AD (Bourasset et al. 2009) and in humans, a decrease in cerebral blood flow has 
been observed prior to the onset of dementia (Iadecola 2004; Ruitenberg et al. 2005).

Aβ can cause damage to endothelial cells in the cerebral microvasculature via 
mechanisms that involve increases in oxidative stress and calcium entry that induce 
necrosis and apoptosis (Duran-Prado et al. 2014). Aβ along with other vascular risk 
factors such as high glucose, hypertension, and low-density lipoprotein (LDL) oxi-
dation exerts deleterious effects in endothelial cells via NADPH oxidase activation; 
CoQ can protect against cell damage by blocking Aβ translocation to mitochondria 
and inhibiting NADH activation (Duran-Prado et al. 2014; Park et al. 2005; Tsai 
et al. 2011; Tsai et al. 2012; Tsuneki et al. 2007; Tsuneki et al. 2013). CoQ can also 

12 Coenzyme Q and Age-Related Neurodegenerative Disorders: Parkins…



254

prevent LDL oxidation in vitro (Ahmadvand et al. 2013); this may reduce the risk 
of atherosclerosis, which has been linked to AD. Dietary intake of CoQ and vitamin 
E has been shown to be anti-atherogenic in apolipoprotein E knockout mice (Thomas 
et al. 2001). Different isoforms of NADPH oxidase exist in neurons, astrocytes, and 
microglia that are activated by the same stimuli that act on  endothelial NADPH 
oxidase and Aβ can cause NADPH oxidase-dependent ROS production in neurons 
(Hernandes and Britto 2012; Sorce and Krause 2009). However, whether CoQ 
inhibits NADPH oxidase activation in neurons have to be tested. A recent review of 
published literature dealing on CoQ treatment of cardiovascular disorders of ageing 
concluded that CoQ is an effective antihypertensive agent that acts by suppressing 
oxidized LDL-induced endothelial dysfunction via reduction of plasma inflamma-
tory marker levels in patients with diabetes mellitus (Yang et al. 2015).

12.3.4  Role of CoQ Supplementation in Cellular and Animal 
Models of AD

The amyloid cascade hypothesis postulates that Aβ slowly accumulates in the brain 
parenchyma over many years until a threshold is reached and before manifestation 
of clinical features of AD; thus, even a modest suppression in Aβ production can 
delay AD onset (Karran et al. 2011). Given that AD is a neurodegenerative disease 
in which oxidative stress occurs early on and causes Aβ accumulation in mitochon-
dria, neuroprotective strategies that target mitochondria such as CoQ supplementa-
tion have been proposed as treatment. Indeed, CoQ10 protected against Aβ-induced 
dysfunction of mitochondria isolated from the brains of aging diabetic rats, which 
inhibited Aβ-induced increases in hydrogen peroxide levels (Moreira et al. 2005). 
BACE1 activation in NT2 neurons is mediated by oxidative stress (Tamagno et al. 
2002), and Aβ accumulation in mitochondria of neurons and endothelial cells 
induced an increase in ROS levels and mitochondrial dysfunction including mito-
chondrial permeability transition pore opening and cytochrome c release, leading to 
cell death (Cha et al. 2012; Duran-Prado et al. 2014; Hansson Petersen et al. 2008). 
Aβ-mediated induction of oxidative stress is partly due to hydrogen peroxide forma-
tion (Behl et al. 1994); this leads to neuronal apoptosis involving downregulation of 
Bcl-2 and upregulation of Bax protein levels, as well as release of cytochrome c into 
the cytosol (Tamagno et al. 2003). CoQ pretreatment for a week prior to ischemia 
was shown to protect hippocampal CA1 neurons from cell death by promoting 
Bcl-2 and suppressing Bax expression (Zamani et  al. 2012). Bcl-2 is located in 
mitochondria and can prevent oxidative stress locally induced by Aβ (Bruce-Keller 
et al. 1998). CoQ was shown to protect neural stem cells against hypoxia- reperfusion 
by increasing the levels of survival-related factors including Bcl-2 and reducing the 
expression of cell death-related proteins such as caspase-3 (Park et al. 2012). The 
oxidative stress-induced activation of the apoptotic pathway associated with Aβ has 
been linked to accumulation of ceramide and cholesterol in the plasma membrane, 
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which involves activation of Mg2+-dependent sphingomyelinase (Cutler et al. 2004); 
this was found to be inhibited in CoQ-enriched membranes (Bello et al. 2005). In 
isolated brain mitochondria, Aβ-stimulated hydrogen peroxide production decreased 
respiratory control ratio and ATP levels, effects that were abrogated by CoQ treat-
ment (Moreira et al. 2005). The decrease in mitochondrial membrane potential in 
neurons caused by ROS was also prevented by CoQ treatment (Somayajulu et al. 
2005), while suppressing ROS formation in addition to CoQ treatment activated 
phosphoinositide 3-kinase-regulated survival proteins and prevented apoptosis of 
Aβ-injured neurons (Choi et al. 2012; Choi et al. 2013).

CoQ has been shown to decrease amyloid deposition in animal models of AD. In 
L235P PSEN-1 mutant mice, increased oxidative stress in the cortex was mitigated 
by treatment with CoQ10 (1200 mg/kg/day) for 60 days, while Aβ deposition was 
decreased by about 23% (Yang et al. 2008). CoQ also reduced Aβ burden in the 
cortex and hippocampus of APP/PS1 double transgenic mice (Yang et al. 2010) and 
prevented atrophy in hemispheres and hippocampus in aging transgenic mice (Li 
et al. 2008). Importantly, the reduced oxidative stress and Aβ burden were corre-
lated with behavioral improvements in the Tg19959 mouse model (Dumont et al. 
2011). Furthemore, both the hypoxia and plaque burden, which colocalize, were 
abolished by CoQred plus ascorbate supplementation since prodromal stages of dis-
ease in the 3xTg-AD mice model. Also, the thickening in the cerebrovascular base-
ment membrane was avoided (Frontiñan-Rubio et al. 2018).

Aβ injury is partially mediated by the release of excessive amounts of glutamate 
from astrocytes that activate NMDA receptors involved in neuronal plasticity 
(Talantova et al. 2013). The activation of NMDA receptors induced a rapid increase 
in superoxide production via NADPH oxidase complex activation (Brennan et al. 
2009). The 4-aminopyridine-induced release by glutamate from rat cerebrocortical 
nerve terminals was shown to be inhibited by CoQ in a concentration-dependent 
manner (Chang et al. 2012).

Aβ can also directly activate NADPH oxidase in endothelial cells, an effect that 
is abrogated by CoQ supplementation (Tsai et al. 2011; Tsai et al. 2012; Tsuneki 
et al. 2007; Tsuneki et al. 2013). However, NMDA receptor activation is also impli-
cated in the loss of dendritic spines (Talantova et al. 2013); this along with cognitive 
decline was prevented by MitoQ, a mitochondria-targeted antioxidant, in 3xTg-AD 
mouse model of AD (McManus et  al. 2011). MitoQ had similar effects on the 
impairment of LTP in the hippocampus of Tg2576 mice, another mouse model of 
AD (Ma et al. 2011).

12.3.5  CoQ as Biomarker for AD

Markers of oxidative stress can be useful for diagnosing AD in the earliest stages of 
the disease. Some studies have shown that oxidative stress damage occurs in mild 
cognitive impairment and AD patients who exhibit diminished antioxidant defenses 
and higher levels of oxidative damage markers (Padurariu et al. 2010; Puertas et al. 
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2012). However, the published data about serum CoQ concentration obtained from 
AD patient are conflicting. Bustos et al. reported in 2000 that CoQ serum levels in 
AD or vascular dementia patients were not related to the risk of dementia (de Bustos 
et  al. 2000). These results were later corroborated by Battino et  al., who neither 
found significantly differences for CoQ and vitamin E contents in plasma from 
patients and control subjects (Battino et al. 2003). In another study, CSF concentra-
tions of oxidized and reduced CoQ were similar between treated AD patients and 
controls, but % CoQ was higher in the former. It was also found that %CoQ was not 
correlated with AD severity but was inversely correlated with disease duration 
(Isobe et  al. 2010b), and two recent studies made in Japan others have reported 
could be useful for predicting the development of dementia in Japanese general 
population and is inversely associated with risk of disabling dementia (Momiyama 
2014; Yamagishi et al. 2014).

12.3.6  CoQ Treatment in AD: Clinical Trials

Mitochondrial dysfunction and oxidative damage have been linked to AD pathogen-
esis. Based on these rationale, several open clinical trials have investigated the use-
fulness and efficacy of CoQ or its analog idebenone in the treatment of AD, with 
mixed findings.

Idebenone (2,3-dimethoxy-5-methyl-6-[10-hydroxydecyl]-1,4-benzoquinone) is 
a synthetic CoQ analog with low hydrophobicity that functions, similarly to CoQ, 
as an antioxidant and electron carrier in the respiratory chain. A double blind, 
placebo- controlled trial of 45 mg idebenone twice daily for 4 months in 102 elderly 
AD patients demonstrated clinical benefits in terms of memory, attention and behav-
ior and disease progression (Senin et al. 1992). Bergamasco and colleagues con-
ducted a multicenter, randomized, placebo-controlled, double  blind trial of 
idebenone treatment for 90  days in 92 patients, followed by optional long-term 
treatment, and found idebenone to be effective on memory, attention, orientation, 
and to slow the disease progression (Bergamasco et al. 1994).

Another study that randomized 300 patients to receive idebenone 30 mg, 90 mg 
daily, or placebo for 6 months, showed that idebenone improved global response, 
and the AD Assessment Scale cognitive (ADAS-Cog) and noncognitive (ADAS- 
Noncog) scores (Weyer et al. 1997). Others have reported in a two-year trial that 
patients who initiated idebenone treatment at an earlier time point showed greater 
improvement than those who started after 1 year of receiving a placebo, suggesting 
disease-modifying rather than symptomatic effects (Gutzmann and Hadler 1998). 
However, a 1-year, multicenter, double-blind, placebo-controlled randomized trial 
of idebenone (120, 240, or 360 mg daily) in 536 AD patients in which ADAS-Cog 
and Clinical Global Impression of Change scores were used as endpoints found no 
significant differences in primary or secondary outcomes between groups (Thal 
et al. 2003).
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The Alzheimer’s Disease Cooperative Study initiated in 2006 is a phase I inves-
tigation evaluating the safety, tolerability and impact on biomarkers of antioxidant 
treatment of mild to moderate AD. Seventy-five patients with AD underwent treat-
ment with either coenzyme Q 400 mg or vitamin E 800 IU plus vitamin C 200 mg 
plus α-lipoic acid 600 mg or placebo three times a day. The primary endpoint was 
changes in CSF biomarkers after 4 months’ therapy and secondary outcome mea-
sures were the CSF levels of β-amyloid 40 and β-amyloid 42. Although the study 
found that CoQ was safe and well tolerated in patients with AD, the absence of a 
biomarker signal in CSF suggests that CoQ, at the dose tested, did not improve 
indices of oxidative stress or neurodegeneration (Galasko et al. 2012).

12.4  Conclusions

Oxidative stress damage occurs in PD and AD patients exhibiting decreased levels 
of the main antioxidant defenses and upregulation of oxidative damage markers. As 
such, the use of antioxidants such as CoQ is an attractive strategy for treatment of 
these neurodegenerative disorders. However, although CoQ has shown promising 
results in cellular and animal models, it has failed to show consistent therapeutic 
effects in humans. One reason for this is that animal models cannot recapitulate all 
the pathological aspects of diseases. For example, mouse AD models do not present 
the extensive neuronal loss observed in AD patients nor follow a comparable time 
course duration. In murine models the time-course is ranged between weeks to 
months, but in human is ranged between years to decades. Moreover, like other 
antioxidants, CoQ may have protective rather than curative effects, and by the time 
patients are examined for the first time by a neurologist, the disease has usually 
progressed over many years from a long asymptomatic phase to impaired neuronal 
function and connectivity. To this end, identifying early and reliable biomarkers will 
allow antioxidant treatment to be initiated before irreversible brain injury occurs. 
Despite their limitations, animal models provide a useful system for evaluating the 
efficacy of drugs that could prevent or delay progression of PD or AD to dementia.
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Chapter 13
Immunosenescence and CoQ10

Juan Diego Hernández-Camacho, Catherine Meza-Torres, 
and Guillermo López-Lluch

Abstract The decline of the immune system associated to aging is becoming a 
global issue nowadays due to the increase of lifespan. Immunosenescence  is the 
deteriorated adaptative capacity of the immune system leading to increase in mor-
bidity and mortality in elderly population. Aging has been related to a progressive 
affectation of mitochondria such as increase of mtDNA mutation, deregulation of 
electron transport chain, increase in ROS production and reduction in ATP produc-
tion. Immunosenescence has been associated with aging associated mitochondrial 
dysfunction linked to chronic inflammation that induce higher oxidative stress lev-
els and mitochondrial damage deteriorating the already compromised immune sys-
tem. CoQ10 administration could be considered a beneficial strategy in order to 
reduce the progression of age-related diseases. Highlighting the important role of 
CoQ10 on mitochondrial function it has been proposed that this unique antioxidant 
soluble lipid could be helpful in the management of immunosenescence. High lev-
els of CoQ10 have been related with a delay of immunosenescence attributable to a 
reduction in DNA damage. Other prolongevity factors, such as caloric restriction 
and exercise, have been considered for their potential effect in delaying aging effect 
and immunosenescence mainly affecting mitochondrial physiology and biogenesis 
and antioxidant activity.
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13.1  Introduction to the Concept of Immunosenescence

One of the most important physiological alterations happening during aging is the 
deterioration of the immune system, a process known as immunosenescence (Currie 
1992). Immunosenescence was negligible in the last centuries due to the lower life 
expectancy since it is associated with elderly people. Therefore, the importance of 
immunosenescence has emerged as a consequence of the extension of the lifespan 
of individuals (De Martinis et  al. 2007). In the past, the immune system of the 
majority of humans was active during 30–50 years; however, nowadays the immune 
system of most of the individuals must be active for 80 or more years. This longer 
activity of a very complex system probably had been not contemplated from an 
evolutionary point of view that did not considered the chronic effect of antigens as 
stressors (Franceschi et  al. 1999). For this reason, immunosenescence been also 
defined as the result of a remodeling of the immune system as consequence of con-
tinuous adaptations to deteriorative changes over the time (De Martinis et al. 2007).

Immunosenescence has been considered as responsible of increases in morbidity 
and mortality observed in elderly people (Currie 1992). It has been demonstrated 
that it is associated with an increased risk of suffering infections with decreased 
probability of surviving acute episodes (Hazeldine and Lord 2015). During aging 
the innate and adaptive immune responses changes, decreasing the ability to respond 
to bacterial and viral pathogens (Panda et  al. 2009). Lifelong antigenic load has 
been considered one of the main factors in immunosenescence since it decreases the 
numbers of virgin T-cells and at the same time accumulates expanded clones of 
memory and effector cells in the immunological space. In fact, the pattern of some 
specific cells (Helper T-cells (CD4+) and Cytotoxic T-cells (CD8+)) in elderly peo-
ple is comparable with individuals suffering persistent infections or autoimmunity, 
indicating the importance of the antigenic load (Panda et al. 2009). To this pattern, 
we have to add that elderly people also present a progressive decrease in the produc-
tion of T-cells in thymus, affecting both CD4+ and CD8+ , due to thymus degenera-
tion (Currie 1992).

Immunosenescence can be modulated by prolongevity factors. Exercise improves 
immunological and anti-inflammatory response decreasing morbidity and mortality 
from specific diseases (Turner 2016). In the case of caloric restriction (CR), another 
known prolongevity factor, studies in humans are controversial since long-term 
caloric restriction procedures in humans are very complex. In aged long-lived non-
human primates caloric restriction delays T-cell senescence indicating a putative 
role in the progression of immunosenescence (Messaoudi et al. 2006). In the case of 
bioactive compounds such as polyphenols, also considered prolongevity effectors, 
the results are conflicting although research indicate the improvement of the immune 
function and reduction of proinflammatory profiles (Petersen et  al. 2018; Zhang 
et al. 2012; Baeza et al. 2010).
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13.2  Mitochondria and Immunosenescence

Human mitochondrial DNA (mtDNA) is a 16.6-kb circular DNA that contains only 
37 genes. Twenty-two genes codify transfer RNAs and two other specify ribosomal 
RNAs. Only 13 genes encode polypeptides belonging to the respiratory chain 
(OXPHOS) system (Howell et al. 1992). The respiratory complexes also contain 
approximately 70 nuclear DNA-encoded structural subunits that are synthesized in 
the cytosol and are imported into the organelle, where they are co-assembled with 
the mtDNA-encoded subunits into the respective holoenzymes (van den Heuvel and 
Smeitink 2001).

Mitochondria follow the rules of population genetics. To understand the etiology 
and pathology of mitochondrial-related disorders six aspects are considered as 
essential (Taylor and Turnbull 2005). First, they are maternally inherited. Second, in 
cells, hundreds of mitochondria contains thousands of mitochondrial genomes. 
Third, a single cell can contains two or more mtDNA genotypes because the muta-
tion of mtDNA population; this means that in mitochondria we can found high 
levels of heteroplasmy. Fourth, if the mutation causes a pathogenic phenotype, the 
proportion of mutated mtDNA indicates the severity of the pathology but not neces-
sarily in a lineal fashion. Fifth, mtDNA replication and inheritance in lineages of 
somatic cells is stochastic, this causes changes in mutational loads along the life of 
the individual affecting different cells and tissues (mitotic segregation). Sixth, the 
level of energy requirements of different cells indicate that the level of heteroplasmy 
affects differently cells and organs (Taylor and Turnbull 2005).

Mitochondria are the major intracellular sources of oxygen free radicals, referred 
as reactive oxygen species (ROS). ROS cause cumulative damage to cellular con-
stituents (DNA, RNA, proteins and lipids) that is postulated to result in aging and 
eventual death as indicated in the mitochondrial free radical theory of aging 
(Cadenas and Davies 2000). As mitochondrial organelles play in the central role in 
apoptosis and in ATP production, age-associated defects in mitochondrial function 
are postulated to produce consequences in the cell function. Many of these age- 
associated defects are associated with the increase of mtDNA mutations and the 
dysfunction of the electron transport chain causing more electron leaking, more 
release of ROS with less capacity to produce ATP (Lopez-Lluch et al. 2008; Lopez- 
Lluch et al. 2010). In fact, it is accepted that during human aging, decline in mito-
chondrial bioenergetics function can be in part attributed to the accumulation of 
genetic abnormalities within the mtDNA (Ross et al. 2002).

Regarding immune system, the information about the effect of mitochondrial 
dysfunction in its activity during aging is relatively scarce. Ross et al. (2002) did not 
find an age-related mutation of mtDNA in in vitro T cell clones or in ex vivo lym-
phocyte DNA samples (Ross et al. 2002). The authors indicate that their results do 
not support the hypothesis of a damage of mtDNA with immunosenescence. 
However, a recent revision hypothesize that immunosenescence can be partially 
related to the progression of mitochondrial dysfunction during aging (McGuire 
2019). This mitochondrial dysfunction can be specially affecting T-helper CD4+ 
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lymphocytes and be caused by defective mitochondrial turnover (Bektas et  al. 
2019). Further, response of NK cells to IL-2 signaling is defective in old individuals 
affecting mitochondrial function and producing higher oxidative stress than NK 
from young individuals (Miranda et al. 2018). It seems clear that maintenance of 
mitochondrial function during aging can affect the activity of the immune system 
and that mitochondrial dysfunction is a factor to be taken into consideration in the 
evolution of immunosenescence.

A very recent study demonstrate the importance of mtDNA damage in the activ-
ity of the immune system. Dysregulation of mtDNA metabolism can be important 
in the promotion of inflammation (Zhong et al. 2019). The proinflammatory profile 
found during aging has been associated with the progression of many age- associated 
diseases. ROS could directly or indirectly activate mechanisms that increase the 
release of proinflammatory mediators (Vitale et al. 2013). ROS-induced DNA dam-
age, particularly could be involved in production of IL-1β, IL-18, TNFα and inter-
feron (Zhong et al. 2019). Through the activation of inflammasomes, ROS and the 
release of mtDNA, process proIL-1β and IL-18 to their respective final forms that 
are released from cells inducing inflammatory responses. Therefore, a high ROS 
production mainly from mitochondrial dysfunction for a long time, may connect 
oxidative stress and inflammation aging theories (Vitale et al. 2013). Disruption of 
mitochondrial dynamics may lead in higher ROS production and accumulation of 
damaged mitochondria that can aggravate the induction of proinflammatory pro-
cesses impairing the progression of age-related diseases (Caruso et al. 2009).

Inflammaging theory speculates that aging is associated with a chronic inflam-
mation status regulated by genes. Additionally, this idea is related to the deteriora-
tion of the immune system. Elderly people present less capacity for defense against 
new antigens and higher incidence of chronic inflammatory reactions. Inflammaging 
can be defined as a low grade chronic inflammation during aging. This status has 
been related with increases of morbidity and mortality in elderly people. Although 
it can be prevented and cured, nutritional and exercise interventions are proposed to 
lower morbidity and chronic inflammation (Franceschi and Campisi 2014).

A low grade inflammation status, determined by increased levels of inflamma-
tory biomarkers (C-reactive protein or interleukin-6), is related with aging 
(Franceschi and Campisi 2014). Damaged macromolecules or cells accumulated 
with age by both higher production and/or by inadequate elimination. Damaged 
organelle components or free radicals could be recognized as danger signals 
(DAMPs) and consequently induce immune actions for physiological repair mainly 
producing inflammation. Theses immune responses could become chronic and mal-
adaptive (Franceschi and Campisi 2014).

Mitochondria is a key point in inflammation through the activation of NLRP3 
inflammasome. This is a multiprotein complex that could activate pro-caspase-1 as 
a response to cellular danger signals resulting in the secretion of proinflammatory 
cytokines (IL-1β and IL-18) (Franceschi and Campisi 2014). As it has been men-
tioned before, mitochondrial dysfunction generates cardiolipin, found only in bacte-
rial and mitochondrial membrane, can activate the proinflammatory pathway of 
NLRP3 inflammasome.
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It has been demonstrated that spleen lymphocytes from old mice showed lower 
respiration rates and mitochondrial membrane potential than lymphocytes from 
young mice (Rottenberg and Wu 1997). Lymphocytes from old animals presented a 
higher susceptibility of mitochondrial permeability transition and higher induction 
of apoptosis by mitochondrial inhibitor, cyclosporine, facilitating immunosenes-
cence status (Rottenberg and Wu 1997).

All these evidence indicate that mitochondrial activity is essential for the bal-
anced activity of the immune system. Mitochondrial dysfunction associated with 
aging impairs adaptive immune response at the same time that increases inflamma-
tory response. Mitochondrial dysfunction and  its bioenergetics effects can be 
responsible of immunosenescence.

13.3  CoQ10 and Immunosenescence

CoQ10 (2,3-dimethoxy-5-methy-6-decaprenyl-1,4-benzoquinone) plays a key role 
in mitochondrial bioenergetics and as main antioxidant in cell membranes including 
mitochondria (Lopez-Lluch et  al. 2010). Deficiency of CoQ10 can be associated 
with the progression of many age-related diseases and supplementation could help 
to delay their progression (Hernandez-Camacho et al. 2018). As has been indicated 
previously, mitochondrial dysfunction is associated with the evolution of immu-
nosenescence. Taken into consideration the essential role of CoQ10 in mitochondrial 
function (Rotig et al. 2000) and the decrease of CoQ levels during aging specially 
in thymus (Bliznakov et al. 1978), maintenance of its levels during aging could be 
an important factor to prevent immunosenescence. The antioxidant function of 
CoQ10 and the prevention of oxidative damage in mitochondria is another aspect to 
be taken into consideration in immunosenescence. In fact, supplementation of diet 
with CoQ10 prevents oxidative DNA damage (Quiles et al. 2005) and specially in 
human lymphocytes (Tomasetti et al. 1999). Further, supplementation also enhances 
the recovery of the lymphocytes from oxidative DNA damage (Tomasetti et  al. 
2001) and increase mitochondrial function in immune cells (Jhun et al. 2016).

Long time ago, supplementation with CoQ10 in mice demonstrated the capacity 
to reverse the suppression of the humoral primary response in old mice indicating 
the capacity to reduce immunosenescence (Bliznakov 1978). Interestingly, supple-
mentation with CoQ10 also enhanced the capacity of immune cells to attack masto-
cytoma cancer cells in an effect associated with immunorestoration of the capacity 
of the immune system to fight against cancer (Kawase et al. 1978). This effect was 
attributed to the capacity of CoQ10 to restore mitochondrial function in depressed 
immune cells (Niitani et al. 1979). These and other studied concluded that mito-
chondrial activity of CoQ10 is essential for the optimal function of the immune sys-
tem (Folkers and Wolaniuk 1985).

Immune deficiency and mitochondrial disease could be related with internal 
CoQ10 deficiency associated with higher recurrence of severe infections (Farough 
et  al. 2014). This clinical situation could be improved with CoQ10 oral 
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administration resulting in less frequent severe infections. CoQ10 supplementation 
for 12 weeks affected innate immune components related with the pathogenesis of 
diabetes and long term complications. On the other hand, supplementation with 
CoQ10 decreased serum hBD2 (human beta defensins 2) levels and changed activa-
tion markers and distribution in peripheral natural killer cells in diabetes mellitus 
type 1 patients, both factor involved in cardiovascular disease development (Brauner 
et al. 2014). Treatment with CoQ10 up-regulated the activation of receptor NKG2D 
and increased the proportion of CD56bright NK cells in T1DM patients. While the 
proinflammatory marker, hBD2, decreases, indicating a reduction in inflammatory 
status associate to diabetes. In fact, it has been proposed that CoQ10 could represent 
a novel way in order to prevent long term inflammatory immune complications 
associated to this disease (Brauner et al. 2014). Furthermore, natural killer cell func-
tion can be affected by vitamin E and ubiquinone reductions during aging 
(Gorczynski and Terzioglu 2008).

An interesting relationship between CoQ10 levels and the activity of the immune 
system has been obtained from studies with D. melanogaster (Cheng et al. 2011). 
Insects defective in gene COQ2, a CoQ synthesis factor, present a higher sensitivity 
to bacterial and fungal infections and CoQ10 supplementation partially rescued the 
immune function. Surprisingly, wild type drosophila presented more susceptibility 
to viral infections when they were supplemented with CoQ10. These works indicate 
that alterations in CoQ genes could have repercussions in the susceptibility to infec-
tions although improving of the immune system can occurs maintaining CoQ levels 
in a normal range.

Supplementation with CoQ has presented radioprotection after chronic whole 
body irradiation (Novoselova et al. 1998). This irradiation caused changes in splenic 
T lymphocytes proliferation and chronic irradiation reduced immune response of T 
lymphocytes and produced changes in DNA of these cells (Novoselova et al. 1995). 
Supplementation with CoQ9 restored the defects produced by chronic radiation 
indicating a protective effect of CoQ. Another research determined the effects of 
CoQ10 and vitamin B6 (pyridoxine) ingestion together and separately (Folkers et al. 
1993). Authors observed that blood levels of CoQ10 and immunoglobulin G were 
increased when CoQ10 were ingested alone or with pyridoxine. Blood levels of 
T4-lymphocytes and the ratio of T4/T8 lymphocytes increased when CoQ10 and 
vitamin B6 were supplemented together or separately. The authors believed that 
these applications could be beneficial on acquired immune deficiency syndrome, 
infectious diseases or cancer, since this same effect was found in humans (Folkers 
et al. 1991).

13.4  CoQ Prevents DNA Damage in Immunosenescence

Regarding the effect of oxidative damage of mitochondrial and nuclear DNA in the 
activity of lymphocytes, it was demonstrated long time ago that high levels of CoQ10 
in these cells prevent oxidative damage both in vitro (Tomasetti et al. 1999) and 
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in vivo (Tomasetti et al. 2001). Then, if DNA damage is associated with immunose-
nescence (Ross et  al. 2002), high levels of CoQ10 can delay immunosenescence 
progression by reducing DNA damage and probably the activation of proinflamma-
tory processes by decreasing DAMPs. In studies performed with patients suffering 
mitochondrial diseases, supplementation with CoQ10 in leukocytes reduced the level 
of nuclear damage although without affecting the level of DNA damage (Migliore 
et al. 2004). However, in these cases, mitochondrial pathology of the individuals can 
produce higher DNA damage that cannot reflect the normal evolution of damage 
during aging. Interestingly, in studies performed in rats, chronic supplementation 
with low amounts of CoQ10 in the diet produced protection against oxidative dam-
age in DNA in peripheral lymphocytes at the same time that increases life-span 
(Quiles et al. 2004; Quiles et al. 2005).

One important issue in immune system function is that the activation of the T-cell 
receptor induces signals that activate the mitochondrial biogenesis and changes 
mitochondrial activity including amplification of mtDNA indicating the importance 
of mitochondria in the activation of these cells (D’Souza et al. 2007). If aging accu-
mulates mtDNA damage in these cells, activation of mitochondria from high dam-
aged mtDNA-harboring cells would end in dysfunctional lymphocytes.

It seems clear that CoQ10 as other natural occurring antioxidants such as 
α-tocopherol can reduce inflammatory response in mice induced by LPS in a model 
of acute inflammation by modulating the activation of the NF-κB signaling pathway 
indicating the importance of maintaining the levels of lipid antioxidants in the regu-
lation of inflammation (Novoselova et al. 2009).

On the other hand, CoQ10 has recently shown immunomodulatory properties in 
colitis in a mice model. Supplementation with CoQ10 reduced colitis effect at the 
histological level and reduced the levels of the proinflammatory cytokine IL-17 and 
the levels of anti-inflammatory cytokines and the phosphorylation of STAT-3, indi-
cating modulation of activating pathways (Lee et al. 2017). The effect was associ-
ated with the activation of the AMPK and FOXP3 regulatory pathways involved in 
mitochondrial turnover.

13.5  Prolongevity Effectors Affect the Immune System

Prolongevity interventions can modulate the evolution of immunosenescence in 
organismos. The most powerful interventions to delay aging are caloric restriction 
(CR), physical activity and some dietary bioactive compounds. In the case of CR, 
the studies in humans show controversial results. Long-term CR was recently not 
associated with delay in immunologic aging but this study only considered the 
length of telomeres in T-cells as marker of immunosenescence (Tomiyama et al. 
2017). However, studies performed in aged long-lived nonhuman primates have 
demonstrated that CR delays T-cell senescence, indicating a putative role in the 
progression of immunosenescence (Messaoudi et al. 2006). CR has been shown to 
affect CD4+ and CD8+ T-lymphocytes in the spleen, mesenteric lymph nodes, 
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peripheral blood, thymus and salivary glands (Jolly 2004). Previous studies per-
formed in mice demonstrate that CR prevented the thymic deterioration and 
improved the reponse of T-cells to IL-2 (Yang et al. 2009). The effect on these ani-
mals was suggested to be associated with the improvement in signal transduction 
that activates cells (Pahlavani 2004). Taken into consideration the importance of 
bioenergetics in the activity of T-cells (Choi et al. 2017) and the effect of CR on 
mitochondrial activity and turnover (Lopez-Lluch et  al. 2006) and in CoQ10- 
dependent antioxidant activities (De Cabo et al. 2004; Lopez-Lluch et al. 2005), the 
maintenance of mitochondrial activity in the immune system can be one of the main 
effect by which CR delays immunosenescence.

Exercise, a well-known anti-aging factor, also shows anti-immunosenescence 
activity by improving immunological and anti-inflammatory response decreasing 
morbidity and mortality from specific diseases showing an immunological and 
inflammatory etiology (Turner 2016). Although the type of exercise more appropri-
ate to regulate immune system in the elderly is under controversy (Abd El-Kader 
and Al-Shreef 2018; Cao Dinh et al. 2019), it seems clear that physical activity can 
improve immunological response in old  mice (Lee et  al. 2019) and in humans 
(Davison et al. 2016; Sellami et al. 2018). Consequently, we can consider that the 
practice of physical activity or exercise in elderly people is an important strategy to 
prevent immunosenescence. In association with the immune modulatory effect of 
exercise, we can consider that at least part of the positive effect can be due to a 
decrease in dysfunctional mitochondrial by incrementing mitochondrial biogenesis 
(Lumini et  al. 2008). Further, we cannot discard the association of the immuno-
modulatory effect of exercise with the stimulation of the production of CoQ levels 
as we demonstrated in mice muscle (Rodriguez-Bies et al. 2015; Rodriguez-Bies 
et  al. 2010) or in active old people showing higher CoQ10 levels in plasma (Del 
Pozo-Cruz et al. 2014). Physical activity would then improve the activity of mito-
chondria in lymphocytes and also maintain high CoQ10 levels for bioenergetics 
homeostasis and antioxidant capacity.

Bioactive compounds such as polyphenols are able to affect mitochondrial dys-
function and to regulate CoQ10 synthesis and CoQ10-dependent antioxidant activi-
ties (Baur et al. 2006; Tung et al. 2014). Further, resveratrol, a known polyphenol, 
also increases mitochondrial mass and regulates mitochondrial activity (Baur et al. 
2006; Rodriguez-Bies et al. 2016). Interestingly, CoQ10 and resveratrol exert syner-
gistic activity in the prevention of inflammatory insult in a model of muscle damage 
in mice, indicating immunomodulatory effects (Potgieter et al. 2011). In fact, bioac-
tive compounds have shown positive effects of the immune function in many differ-
ent models of immunological dysfunction such as ovariectomized mice (Baeza 
et  al. 2010), normal aging (Yuan et  al. 2012) or in senescence accelerated mice 
(Zhang et al. 2012). In humans, extracts rich in bioactive compounds are able to 
activate immune cells (Tumova et al. 2017) although with other extracts no improve-
ment of the immune system activity was found (Hunter et al. 2012).

In general, it seems clear that prolongevity effectors can improve immune sys-
tem in elderly people although the mechanism of action remains elusive. Taken into 
consideration the importance of bioenergetics, mitochondrial activity and 
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antioxidant protection in the immune response, we can speculate that CoQ10 homeo-
stasis can play an important role in this response and in the effect of these factors.

13.6  Concluding Remarks

Taken all these studies in consideration, it seems that CoQ10 can be an important 
factor in the maintenance of the activity of the immune system during aging. We can 
speculate that changes in the levels of CoQ10 during aging could be related to 
changes observed in immunosenescence and proinflammatory profile. Levels of 
CoQ decreases with age (Onur et al. 2014). Further, ubiquinone levels in plasma 
increases with age probably in response to a higher oxidative stress or a decrease in 
reducing capacity in elderly (Takahashi et al. 2019). These alterations could affect 
to the susceptibility of elderly people to infectious diseases and to the response to 
their immune systems. The evidence accumulated to date indicate that supplementa-
tion with CoQ10 can improve the activity of the immune system during aging affect-
ing mitochondrial dysfunction, and antioxidant capacity (Fig. 13.1). These effects 
can ameliorate the activity of the acquired immune response at the same time that 
reduce chronic inflammation.

Fig. 13.1 Mitochondrial dysfunction is associated with immunosenescence. Mitochondrial dys-
function affects many aspects of the immune system and probably the evolution of immunosenes-
cence. Supplementation with CoQ10 reduces mtDNA mutations, improves ATP production and 
activity of the ETC, reduces ROS production and oxidative stress and, in general, reduces chronic 
inflammation
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Chapter 14
Coenzyme Q10 in Fertility 
and Reproduction

Diana Vaamonde, Anthony C. Hackney, Carolina Algar-Santacruz, 
María José Garcia-Moreno, and Juan Manuel García-Manso

Abstract Coenzyme Q10 (CoQ10) intake and supplementation has been directly and 
indirectly associated with physiological function relative to exercise, aging and 
reproduction. This chapter describes several significant aspects regarding biochemi-
cal properties and mechanism of action of CoQ10 in male and female fertility and 
reproduction. This effect is mainly through its action as an antioxidant, protecting 
against oxidative stress by controlling the levels of reactive oxygen species (ROS) 
associated with reproductive pathologies. Although some studies support the evi-
dence of use of CoQ10 to improve fertility, the available literature is contradictory 
and conflicting due to lack of standardization regarding type, dosage and time frame 
of treatment with CoQ10 as well as the bio-specimen, the exercise protocol employed 
and the assays used to analyze these specimens. However, CoQ10 supplementation 
seems to be able to improve both male and female gamete physiology, conception 
and embryo development and pregnancy success, something that may be related to 
the protecting effect against ROS-related fertility issues. It seems it may, as well, 

D. Vaamonde (*) 
Morphological Sciences Department. School of Medicine and Nursing,  
Universidad de Córdoba, Cordoba, Spain 

International Network on Physical Exercise and Fertility, Cordoba, Spain
e-mail: fivresearch@yahoo.com 

A. C. Hackney 
Department of Exercise and Sport Science; Department of Nutrition,  
University of North Carolina, Chapel Hill, NC, USA

International Network on Physical Exercise and Fertility, Cordoba, Spain

C. Algar-Santacruz ∙ M. J. Garcia-Moreno 
Morphological Sciences Department. School of Medicine and Nursing,  
Universidad de Córdoba, Cordoba, Spain 

J. M. García-Manso 
Department of Physical Education, Universidad de Las Palmas de Gran Canaria,  
Santa María de Guía, Canary Islands, Spain

International Network on Physical Exercise and Fertility, Cordoba, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-45642-9_14&domain=pdf
https://doi.org/10.1007/978-3-030-45642-9_14#DOI
mailto:fivresearch@yahoo.com


284

attenuate somewhat the negative impact of age on fertility, though discontinuation 
of treatment will result in cessation or diminution of such effect.

Keywords Fertility · Sperm · Oocytes · Reproduction

14.1  Introduction

Coenzyme Q10 (CoQ10) is a chemical compound considered a pseudo-vitamin and is 
essential for the human body as it works both as an electron carrier/proton translo-
cator in the respiratory chain (energy-promoting agent leading to ATP synthesis in 
the mitochondrial membrane) (Groneberg et al. 2005; Hernandez-Camacho et al. 
2018) and as an antioxidant (Lopez-Lluch et al. 2010). Its function as an antioxidant 
is both direct by scavenging radicals (Smith et al. 1996) or indirect by regenerating 
vitamin E (Lewin and Lavon 1997). Energy production in the cell greatly depends 
on CoQ10 availability (Lewin and Lavon 1997). CoQ10 has also been shown to affect 
expression of genes involved in human cell signaling, metabolism, and transport 
affecting human fertility (Balercia et al. 2009b; Groneberg et al. 2005).

In this chapter, we show the importance of CoQ10 in human fertility and the effects 
of supplementation in the improvement of gamete production and fertilization.

14.2  Coenzyme Q10 in Fertility and Reproduction

Infertility affects approximately 1 out of 10 couples, male factors account for about 
50% of these cases (Auger et al. 2001; Eskenazi et al. 2005; Lafuente et al. 2013) 
and female factors for the other 50% with many cases having both a female and a 
male component (De Kretser and Baker 1999; Safarinejad 2008, 2009). Though 
currently most causes behind infertility are known, still a significant proportion of 
cases are considered idiopathic as the etiology and pathogenesis are not well under-
stood (Safarinejad 2009). Infertility cases are due to hormonal, environmental and 
nutritional factors that affect reproductive and gamete physiology (sperm and 
oocyte) and embryo development. Such factors ought to be evaluated, and in such 
context occupational risk factors (including exposure to heat, pesticides, chemicals, 
and heavy metals), lifestyle and dietary choices, and environmental factors (pesti-
cides, xeno-estrogens) need to be examined as they may negatively impact fertility 
status (Auger et al. 2001; Eskenazi et al. 2005; Lafuente et al. 2013). Also, it is 
important to remember that age greatly affects fertility and increased age has been 
linked to chromosomal defects in the gametes of both men and women (Humm and 
Sakkas 2013).
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14.3  Animal Models for the Effect of CoQ10  
in Male Fertility

Different studies have been performed trying to assess the potential beneficial effect 
of CoQ supplementation in animal models and animal species for reproductive 
purposes.

Metabolic disease and age-associated accumulation of fat is associated with 
aging progression. To study the effect of metabolic disease in the quality of semen, 
rats were submitted to cholesterol and oxidized cholesterol rich food models to 
develop high levels of blood LDL and oxidized LDL. In these animals, the admin-
istration of CoQ10 and L-carnitine as a pretreatment before the diet resulted in 
improved levels of both sex hormones and semen parameters (Ghanbarzadeh et al. 
2014a). The same authors show also similar results in rats with impaired spermato-
genesis as a result of isoproterenol injury revealing that pretreatment with this com-
bination decreased oxidative damage, increased LH and testosterone and also 
improved sperm parameters (Ghanbarzadeh et al. 2014b).

Another age-associated disease is type II diabetes. It has been documented that 
diabetes mellitus greatly affects reproductive function via increased ROS produc-
tion and oxidative stress, which could cause an imbalance in bioavailability of 
energy for the spermatogenic process and thus impair testicular function (Amaral 
et al. 2008). In a rat model with Goto-Kakizaki rats (Amaral et al. 2006), it has been 
observed that these rats are less susceptible to lipid peroxidation due to higher levels 
of GSH and CoQ9, suggesting that these rats have higher antioxidant capacity, 
maybe as a mitochondrial adaptive response (Palmeira et al. 2001).

In pigeons levels of CoQ correlated with the sperm concentration and the mean 
linear velocity whereas an inverse correlation was found with the motility percent-
age indicating a possible influence of CoQ in the quality of the sperm (Ducci et al. 
2002). This effect could be due to the antioxidant effect of CoQ that tries to coun-
teract oxidative damage in sperm and suggest the possible role of CoQ levels as 
fertility marker (Ducci et al. 2002).

In frozen/thawed samples of bovine sperm, the administration of a mixture of 
compounds including CoQ10 improves kinetic performance and intracellular pH; 
(Boni et al. 2017). In cooled equine semen, CoQ10 alone or in combination with 
α-tocopherol exerted protective effect during sperm cooling. Experiments per-
formed only with supplemented CoQ10 exhibited the highest percentage of total 
motility whereas the group supplemented both with CoQ10 and α-tocopherol or only 
with α-tocopherol showed the lowest degree of lipid peroxidation (Nogueira et al. 
2015). In bull’s sperm, CoQ10 administration along with zinc and d-aspartate main-
tains sperm motility and prevents sperm DNA fragmentation. Oocytes fertilized by 
the treated sperm resulted in higher blastocyst rate and the formed blastocysts 
showed fewer apoptotic cells (Gualtieri et al. 2014).

As a means of improving the quality and functionality of gametes taken from 
animals postmortem, a combination of CoQ10 with glycerol and soybean lecithin 
was tested in caprine cauda epididymis sperm preservation. These experiments 
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evidence the protection of sperm with good maintenance of motility, viability and 
membrane integrity (Datta et al. 2009).

In general, all these experiments performed in model animals demonstrate that 
CoQ10 can preserve sperm quality and improve male fertility.

14.4  CoQ10 and Male Fertility

Many of the studies about the effect of CoQ10 in fertility are not free of bias, even if 
minor, and that there is great heterogeneity in sample population (including cause of 
infertility, exclusion criteria, etc.), dosage and duration of administration. 
Furthermore, some of the studies have had a low number of patients which reduces 
their relevance. However, the results shown here are similar to those from other 
studies assessing other antioxidant compounds in fertility and sperm activity. 
Following we show the results of several studies about the effect of CoQ10 on sperm 
quality and male fertility.

In regards to male infertility/subfertility, the damaging effects of oxidative stress 
may be responsible for up to 30–80% of all cases. In cases of male idiopathic infer-
tility, high seminal reactive oxygen species (ROS) levels and low antioxidant poten-
tial have been observed (Lafuente et al. 2013). Approximately, 25–40% of semen 
samples show high levels of ROS (Comhaire et al. 2000, 2005). Both infiltrating 
leukocytes and sperm produce ROS (Geva et al. 1998; Parinaud et al. 1997; Zalata 
et  al. 1995). A relationship exists between ROS and leukocyte concentration 
(Lobascio et al. 2015) and between ROS and functional damage via lipid peroxida-
tion (Balercia et al. 2009b; Griveau et al. 1995).

The loss of sperm cytoplasm during the maturational process, as a means of 
facilitating motility, results in loss of antioxidant defenses (Meldrum et al. 2016). 
Therefore, spermatozoa are susceptible to ROS (including hydrogen peroxide, 
superoxide anions and hydroxyl radicals) (Aitken and Krausz 2001; Balercia et al. 
2009a). These compounds are counteracted by the antioxidant systems in sperm 
cells and seminal plasma (catalase, superoxide dismutase, glutathione peroxidase, 
and vitamin E) (Balercia et  al. 2009b; Sheweita et  al. 2005; Smith et  al. 1996; 
Walczak-Jedrzejowska et al. 2013); that is, these are chain breaking compounds that 
appease the effects of free radicals. When these antioxidant systems are over-
whelmed by ROS, oxidative damage may occur (Aitken and Krausz 2001; Balercia 
et al. 2009b) leading to negative effects on seminal characteristics and the sperm 
cells (oligospermia and asthenozoospermia) and increasing the risk of sperm dys-
function and male infertility, even in normozoospermic infertile men with unex-
plained infertility (Agarwal et  al. 2003; Balercia et  al. 2009a, b; Eskenazi et  al. 
2005; Lafuente et al. 2013; Sharma and Agarwal 1996; Ross et al. 2010).

ROS production, however, is a normal physiological process of cell metabolism 
for those cells which perform mitochondrial respiration (Lafuente et al. 2013), a 
process that is necessary in low levels for appropriate sperm function. They contrib-
ute to intracellular signaling, genetic regulation, sperm capacitation and 
sperm- oocyte fusion (Aitken 1997b; Balercia et  al. 2009b). As such, superoxide 
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anion radicals play an important role in the capacitation and acrosome reaction 
processes.

Because of inherent functions, sperm plasma membrane is highly specific in its 
lipidic structure, containing high levels of polyunsaturated fatty acids (Balercia 
et al. 2009b). This characteristic provides the sperm membrane with marked flexi-
bility and fluidity, necessary for sperm-oocyte fusion (Aitken 1997a; Balercia et al. 
2009b). Yet, at the same time, the membranes become highly susceptible to damage 
from excessive ROS levels, common in inflammatory and infectious processes as 
well as in a result of increased numbers of immature spermatogenic cells, etc.; since 
they are precisely the main target for lipid peroxidation (Balercia et  al. 2009b; 
Eskenazi et al. 2005; Lafuente et al. 2013; Lenzi et al. 1996; Sharma and Agarwal 
1996; Sheweita et al. 2005).

Sperm continuously undergo morphological and biochemical changes at several 
time points of development (testicular production and first maturational processes, 
epididymal storage and maturation, female tract capacitation). The aforementioned 
changes are intimately related to changes in plasma membrane biochemical compo-
sition affecting lipids, carbohydrates and proteins (Lafuente et al. 2013; Tulsiani 
2000). During epididymal storage and maturation, unsaturation increases as sperm 
travel from the caput to the cauda, process which reveals active lipid metabolism 
(Balercia et al. 2009b; Lenzi et al. 1998). Noteworthy is the fact that the epididymis 
region is also a site of greater leukocyte invasion; and, it has been demonstrated that 
the time of permanence in the epididymis is greater in oligospermic patients and 
therefore the exposition to ROS is longer (Ford and Whittington 1998; Lafuente 
et al. 2013; Tapia et al. 2012). Oxidative stress mainly takes place at the epididymis 
and the transit through the different duct system, and the longer time between ejacu-
lations, the longer time sperm (already have lost their cytoplasm and antioxidant 
defenses) are exposed to oxidative stress (Meldrum et al. 2016).

Membrane integrity has been reported to be maintained or improved by CoQ10 
administration in caprine sperm as revealed by results in swelling tests (Datta et al. 
2009). The same results have been reported and associated to decreased ROS forma-
tion such as hydrogen peroxide (Alleva et al. 1997) and thus avoiding membrane 
lipid peroxidation (Datta et al. 2009; Lafuente et al. 2013; Lewin and Lavon 1997). 
When lipid peroxidation occurs, membrane function is impaired, which in turn 
decreases membrane fluidity and thus sperm motility and sperm-oocyte binding 
ability; as a result, diminished fertilization may be expected (Agarwal et al. 2003; 
Talevi et  al. 2013). The fact that sperm are deficient in intracellular antioxidant 
enzymes and possess limited DNA repair ability contributes to sperm being highly 
susceptible to oxidative stress related damage, with possible alteration in DNA, 
decreased mitochondrial membrane potential, and even possible cell death (Balercia 
et al. 2009b; Geva et al. 1998; Talevi et al. 2013; Wathes et al. 2007). Sperm are 
especially fragile due to features such as: DNA strand breaks (Irvine et al. 2000), 
mitochondrial DNA fragmentation (Donnelly et  al. 2000) and poorly compacted 
chromatin (Balercia et al. 2009b; Sakkas et al. 1999). As a result of such sperm 
DNA damage, embryo development may be also impaired due to altered paternal 
genomes (Aitken et al. 2010; Talevi et al. 2013). As mentioned before, the greater 
exposure to oxidative stress mainly takes place at the epididymis and the transit 
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through the different duct system once the sperm has lost most of its antioxidants, 
and also while at the female reproductive tract where different environmental condi-
tions, such as a different pH, and functional modifications exist.

Impaired antioxidant capacity has been suggested to be related to male infertility 
(Macchia et al. 2010; Talevi et al. 2013) in contrast, men with high intake of antioxi-
dants present with better semen quality and lower levels of sperm aneuploidy (Geva 
et  al. 1996; Talevi et  al. 2013). In this regard, numerous studies have recently 
addressed antioxidant supplementation in infertile men as a possible means of 
improving seminal parameters (Lafuente et  al. 2013; Showell et  al. 2011). The 
aging process seems to be a key mechanism behind alterations in sperm as age has 
marked influence on sperm DNA fragmentation and altered spermatogenesis 
(Humm and Sakkas 2013; Lafuente et al. 2013), and this process could be mediated 
by greater oxidative stress which has been seen to increase DNA fragmentation and 
alter spermatogenesis (Lafuente et al. 2013; Mahfouz et al. 2010; Meldrum et al. 
2016). In addition, as a result of aging, it has been observed that the levels of CoQ10 
decrease in all tissues (Nadjarzadeh et al. 2011), so, the observed higher cellular 
oxidation cannot be as easily counteracted. Although oocytes from younger women 
may have some repair capacity, even for the chromosomal defects in sperm, antioxi-
dant intake is suspected to be beneficial for men over 40 (Meldrum et al. 2016). 
CoQ10 has been tested as one such possible supplementation to improve infertility 
due to its dual role as energy metabolism agent and liposoluble antioxidant (Lafuente 
et al. 2013; Showell et al. 2011).

In sperm cells, CoQ10 is found in the numerous mitochondria present in the mid- 
piece, due to its clear role in energy production-related processes and sperm tail 
movement requiring high energy expenditure (Iwanier and Zachara 1995; Lewin 
and Lavon 1997). Therefore, CoQ10 bioavailability is essential for ATP synthesis 
and energy production and its deficiency may explain reduced sperm motility in 
some cases (Lewin and Lavon 1997). Its reduced form, ubiquinol, acts as an antioxi-
dant preventing the lipid peroxidation mentioned in above paragraphs and preserv-
ing sperm integrity (Lewin and Lavon 1997).

14.4.1  Coenzyme Q10 and Sperm

As previously mentioned, ROS is the main cause of various alterations in sperm. 
Defective sperm generate larger amounts of ROS, and this correlates highly with 
impaired sperm motility (Lewin and Lavon 1997). Strong correlations have been 
found among seminal fluid content of ubiquinol and parameters reflecting sperm 
quality and function such as sperm count and motility (Gvozdjakova et al. 2013). 
Alterations in CoQ10 levels have been also observed in pathological conditions such 
as oligozoospermic or azoospermic, asthenozoospermia and varicocele (Balercia 
et al. 2002; Gvozdjakova et al. 2013; Mancini and Balercia 2011; Mancini et al. 
1998). These alterations can in turn adversely affect fertilization.
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Serum CoQ10 levels did not reveal any association with regards sperm parameters 
(Eroglu et al. 2014). On the other hand, different levels of seminal plasma CoQ10 
have been observed between infertile and fertile populations (Li et al. 2006). It has 
been found that sperm from idiopathic asthenozoospermic samples have lower ubi-
quinol (CoQ10H2)/ubiquinone(CoQ10) ratio (Balercia et al. 2002). The same finding 
was observed in seminal plasma in idiopathic asthenozoospermia and varicocele 
samples (Balercia et  al. 2002; Mancini et  al. 2005b). Such findings suggest that 
CoQ10H2/CoQ10 ratio may be indicative of oxidative status and semen quality may 
be negatively affected by a reduction in this ratio (Balercia et al. 2002). Furthermore, 
normal morphology has been observed to correlate with the CoQ10H2/CoQ10 ratio 
(Alleva et al. 1997). In infertile men, patients with better sperm motility also showed 
higher sperm concentration as well as CoQ10 and α-tocopherol concentrations and 
less sperm anomalies. TBARS, however, were increased with independence of 
motility dysfunction (Gvozdjakova et al. 2013). In men with idiopathic infertility, 
seminal CoQ10 levels correlated with sperm morphology while no correlation was 
found with regards sperm concentration or motility. On the other hand, some other 
studies did reveal a correlation between CoQ10 levels in seminal plasma and sperm 
motility (Balercia et al. 2009a, b; Mancini and Balercia 2011; Mancini et al. 2005a).

It can be hypothesized that, in certain circumstances, high oxidative stress in 
sperm cells can somehow over-consume CoQ10 in detriment of its bioenergetic role 
(Mancini and Balercia 2011). In fact, hydrogen peroxide levels have been observed 
to show inverse correlation with the CoQ10H2/CoQ10 ratio (Balercia et al. 2009b; 
Mancini and Balercia 2011). It seems plausible that CoQ10 may inhibit the forma-
tion of hydrogen peroxide, as it has also been observed for plasma lipoproteins 
(Balercia et al. 2009b).

Though paradoxical, an inverse correlation between CoQ10 sperm content and 
sperm motility has also been reported (Angelitti et al. 1995) when comparing infer-
tile to either fertile or potentially fertile patients, this strange paradox has been also 
observed in patients with varicocele (Mancini et al. 1998, 2003). This could be due 
to an increased demand for antioxidant effect of CoQ10 and less availability of this 
molecule for the ATP production process that sperm motility is dependent on. This 
finding however has not been supported, in patients other than varicocele patients, 
or in seminal plasma CoQ10 content as other authors have not been able to find such 
association (Eroglu et al. 2014; Gvozdjakova et al. 2013). In these cases, the found 
association was either direct between CoQ10 seminal plasma levels and motility 
(Gvozdjakova et al. 2013) or between CoQ10 levels in seminal plasma and sperm 
morphology (Eroglu et al. 2014). In varicocele patients, a significantly higher pro-
portion of total CoQ10 was present in seminal plasma when compared to the other 
patients (Mancini et al. 1998, 2003). Also in varicocele patients, there is an altered 
pattern of distribution of CoQ10 between sperm cells and seminal plasma (Mancini 
and Balercia 2011; Mancini et al. 2003).
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14.4.1.1  Supplementation of CoQ10 and Levels in Serum and Semen

In men with idiopathic infertility, there were no significant differences with regards 
to fertile men for values in serum total antioxidant capacity, and serum and seminal 
CoQ10; also, no relationship was found between serum and seminal levels of CoQ10 
(Eroglu et  al. 2014). As a result of daily 300  mg CoQ10 supplementation for 
26 weeks, blood and seminal plasma CoQ10 increased (seminal plasma CoQ10 pla-
teauing by week 8). Two weeks after withdrawal, CoQ10 concentrations, both in 
blood and seminal plasma, had dropped to pretreatment values (Safarinejad 2009). 
This behavior was observed in different studies (Balercia et  al. 2004, 2009a, b; 
Mancini et al. 2005a), and further supported in the meta-analysis by Lafuente and 
collaborators (Lafuente et al. 2013). Also, doses of 200 mg/day of CoQ10 caused an 
increase in CoQ10 levels as well as increased CoQ10H2 levels in idiopathic astheno-
zoospermic infertile patients (Balercia et  al. 2009a, b). With similar protocol, 
Nadjarzadeh and colleagues have found in idiopathic oligoasthenoteratozoo- 
spermic infertile men, increases in CoQ10 levels after 3-months treatment with 
200 mg CoQ10. This increase was accompanied by higher antioxidant activity (cata-
lase and superoxide dismutase) (Nadjarzadeh et  al. 2014) and evidence of lower 
oxidative stress through lower concentrations of thiobarbituric-acid-reactive sub-
stances (TBARS) (Nadjarzadeh et al. 2011).

14.4.1.2  CoQ10 and Sperm Concentration

With regards to sperm concentration, in idiopathic oligoasthenoteratozoospermic 
infertile men, a dose of 300  mg CoQ10 given orally daily for a 26-week period 
resulted in significant improvement in sperm density (Safarinejad 2009). Later on, 
the same group found similar results using 300  mg for 12  months (Safarinejad 
2012) and even only with 200 mg CoQ10 (Safarinejad et al. 2012).

Other studies revealed no significant differences in sperm concentration with 
doses of 200 and 100 mg of CoQ10 in asthenoteratozoospermic or oligoasthenotera-
tozoospermic men (Balercia et al. 2009a; Cakiroglu et al. 2014; Nadjarzadeh et al. 
2011). A later systematic review and other reviews seem to support the evidence 
that CoQ10 supplementation may produce an increase in sperm concentration 
(Lafuente et al. 2013; Littarru and Tiano 2010).

14.4.1.3  CoQ10 and Sperm Motility

With regards to sperm motility, this parameter was improved in asthenozoospermic 
samples from patients undergoing ICSI incubated with 50 μM CoQ10 (Lewin and 
Lavon 1997). Only samples from asthenozoospermic patients exhibited increased 
motility while samples from normozoospermic patients did not (Lewin and Lavon 
1997; Littarru and Tiano 2010). In idiopathic oligoasthenoteratozoospermic infer-
tile men, 300  mg CoQ10 given orally daily for a 26-week period resulted in 
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significant improvement in sperm motility (Safarinejad 2009). Later on, the same 
group found similar results using 300 mg for 12 months and even only with 200 mg 
CoQ10 (Safarinejad 2012; Safarinejad et al. 2012). In idiopathic asthenozoospermic 
infertile patients, a significant difference was found in forward (class a + b) motility 
of sperm cells after 6 months of 200 mg CoQ10 dietary supplementation (Balercia 
et al. 2004). In a later study, the same group reported with a greater sample size the 
same results giving further support to the idea that CoQ10 significantly improves 
sperm cell total motility and forward motility (Balercia et  al. 2009a). The same 
results have been observed with lower dose (100 mg) in asthenoteratozoospermic 
men (Cakiroglu et al. 2014). It is noteworthy to point out that treatment may be 
more beneficial for patients with lower motility and lower CoQ10 level.

In patients with varicocele, sperm motility was inversely correlated to CoQ10 
levels, contrary to what is observed in non-varicocele asthenozoospermic patients; 
this association was only partially reversed by surgical treatment and CoQ10 was 
able to improve sperm motility (Balercia et al. 2002, 2009a, b; Mancini et al. 2003, 
2005b, 2012).

In addition, systematic review seems to support the evidence that CoQ10 supple-
mentation produces an increase in sperm motility (Lafuente et  al. 2013). 
Nevertheless, it must be noted that other authors like Nadjarzadeh et al. do not show 
significant changes in sperm motility in oligoasthenoteratozoospermic patients 
(Nadjarzadeh et al. 2011, 2014).

14.4.1.4  CoQ10 and Sperm Morphology

With regards to sperm morphology, 300 mg CoQ10 given orally daily to idiopathic 
oligoasthenoteratozoospermic infertile men for a 26-week period resulted in an 
increase in the percent of normal forms, albeit non-significant, after treatment a 
follow-up period of 30 weeks resulted in (Safarinejad 2009). The same group found 
similar results using 300  mg for 12  months and even only with 200  mg CoQ10 
(Safarinejad 2012; Safarinejad et  al. 2012). In asthenoteratozoospermic men, 
100 mg increases the percentage of normal forms (Cakiroglu et al. 2014). Although, 
other studies did not reveal significant differences in sperm morphology (Balercia 
et al. 2004; Nadjarzadeh et al. 2011).

14.4.1.5  CoQ10 and Fertilization Potential

Fertilization potential has been significantly improved with administration of 60 mg 
of CoQ10, even when no other parameters showed significant changes (Lewin and 
Lavon 1997; Sinclair 2000). In ICSI patients, the administration of 50 μM CoQ10 
resulted in improved fertilization rates (Lewin and Lavon 1997). Acrosome reaction 
had significantly increased after CoQ10 supplementation by the end of the treatment 
phase whereas no changes were observed in semen volume or antisperm-antibody 
binding (Lafuente et al. 2013; Safarinejad 2009).
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However, a systematic review by Lafuente and associates provides evidence that 
CoQ10 supplementation does not increase pregnancy rates when given to infertile 
men (Lafuente et  al. 2013), and no available data regarding live births exists. In 
contrast, studies using other antioxidants have reported improved pregnancy rates 
(spontaneous and through assisted reproduction (Comhaire et  al. 2005; Lafuente 
et al. 2013; Tremellen et al. 2007). In a study by Balercia and colleagues, 200 mg/
day of CoQ10 resulted in improved spontaneous pregnancy rate, fact that suggests 
that this therapeutic approach is beneficial (Balercia et al. 2009a; Lafuente et al. 
2013); it must be noted however that the sample number in this study was rather 
small not permitting to obtain significant results.

14.4.1.6  Treatment with CoQ10 and Other Agents in Sperm Capacity

Other studies have assessed the effect of CoQ10 in conjunction with other agents in 
sperm parameters. In two studies, CoQ10 was used along with zinc and D-Asp 
(Giacone et al. 2017; Talevi et al. 2013). Zinc has been used for improving male 
fertility due to its antioxidant and anti-apoptotic features, also involving DNA- 
related mechanisms (Ebisch et al. 2007) and seems to be efficient in asthenozoo-
spermic men in improving sperm concentration, motility, integrity and thus, 
fertilization and pregnancy rates (Omu et al. 1999). On the other hand, D-Aspartic 
acid, an endogenous amino acid, has been shown to be present in different locations 
and cells of the reproductive tract, and its concentration is diminished in oligoasthe-
noteratozoospermic patients (D’Aniello et al. 2005).

A combination of 120 mg CoQ10 with vitamins E and C given daily for 3 and 
6 months to oligoasthenozoospermic men improved sperm concentration and motil-
ity and resulted in pregnancies, some of which were spontaneous (Kobori et  al. 
2014). Further, a combination of CoQ10 with vitamins E and C, and L carnitine 
given daily for 3 and 6 months to infertile men improved sperm concentration and 
diminished sperm anomalies and oxidative stress, increasing the percentage of preg-
nancies (Gvozdjakova et al. 2015). A commercially available formulation (20 mg 
CoQ10) given for 4 months to idiopathic asthenoteratozoospermic men resulted in 
increases in progressive motility but not in other sperm parameters; moreover, some 
of the patients achieved pregnancy while enrolled in the study (Busetto et al. 2012). 
In the same type of patients, another combination containing the same amount of 
CoQ10 resulted in the increase of all sperm parameters as well as improved DNA 
integrity (Abad et al. 2013).

In infertile patients with grade I varicocele showing greater number of DNA- 
damaged sperm than other infertile men, a mixture containing different vitamins 
and CoQ10 significantly reduced sperm DNA fragmentation and numbers of 
degraded sperm cells and also resulted in increased sperm concentration (Gual-Frau 
et  al. 2015). In azoospermic patients with maturational arrest, a combination of 
CoQ10, multivitamins and micronutrients, resulted in the appearance of sperm with 
progressive motility and normal morphology, even if slight, after 1 month of treat-
ment and two pregnancies after 3 months (Singh et al. 2010).
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14.5  Mechanism of Action of CoQ10 in Protection 
of Male Fertility

As it is easily understandable, the observed improvement CoQ10 administration pro-
duces in sperm motility is related to the dual role of CoQ10 as a main factor in mito-
chondrial bioenergetics and as membrane antioxidant (Balercia et  al. 2009b; 
Mancini and Balercia 2011). Due to the kinetic properties of the energetic process, 
a relevant increase in respiratory activity can be achieved even with small increases 
in CoQ10 (Balercia et  al. 2009b; Mancini and Balercia 2011). Furthermore, this 
effect could be also due to the antioxidant properties of CoQ10 fighting against oxi-
dative stress (Balercia et  al. 2009b; Giacone et  al. 2017; Lafuente et  al. 2013; 
Mancini and Balercia 2011; Mancini et al. 2012; Nadjarzadeh et al. 2011). This is 
supported by the fact most studies have reported improved motility but not increased 
sperm concentration as a result of CoQ10 administration.

CoQ10 is one of the most important antioxidants in seminal plasma. CoQ10 levels 
significantly relates to sperm motility and count as expected from the cellular com-
partmentalization observed. While not completely understood, CoQ10 distribution 
seems to be actively guided between intra- and extra-cellular compartments; such 
compartmentalization seems to be greatly altered in patients with varicocele 
(Balercia et al. 2009b; Lafuente et al. 2013; Mancini and Balercia 2011; Mancini 
et al. 2012).

Oxidative stress, as mentioned before, may be responsible for sperm dysfunc-
tion; this associated is more easily addressed in patients with varicocele who exhibit 
an enhanced ROS generation and high levels of nitric oxide (Mancini et al. 1998) 
and provide an excellent study model (Aksoy et  al. 2000; Balercia et  al. 2009b; 
Hendin et al. 1999). Other patients exhibiting greater levels of ROS are smokers 
(Saleh et  al. 2002) and men with chronic prostatitis (Balercia et  al. 2009b; 
Pasqualotto et  al. 2000), and oligospermic patients that show longer time in the 
epididymis with longer exposure to ROS (Ford and Whittington 1998; Lafuente 
et  al. 2013). In fact, some trials have shown that antioxidant supplementation 
improves sperm quality in male factor infertility (Lenzi et al. 1998), even increasing 
fertilization potential in some cases (Geva et  al. 1996; Kessopoulou et  al. 1995; 
Lafuente et al. 2013). It has been demonstrated that CoQ10 supplementation results 
in increased levels of CoQ10H2, and this in turns inhibits organic peroxide forma-
tion, protein and DNA oxidation and lipid peroxidation, thereby reducing the oxida-
tive stress that attack to sperm cells (Alleva et al. 1997; Littarru and Tiano 2010).

Although the main mode of action of CoQ10 seems to be its role in mitochondrial 
function and its antioxidant properties, other possible mechanisms involve gene 
expression related to cell signaling, metabolism, and transport have been hypothe-
sized to exist (Garrido-Maraver et  al. 2014; Groneberg et  al. 2005; Littarru and 
Tiano 2010).
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14.6  CoQ10 and Female Fertility

14.6.1  Deterioration of Female Reproductive Capacity

Female fertility is one of the major human physiological functions affected by the 
natural process of aging (Ben-Meir et al. 2015). The optimal time in the reproduc-
tive age of women is around the age of 25, with a rapid decline from around 
32–37 years of age, until the end of a woman’s reproductive life, at about 50 years 
(Ben-Meir et al. 2015; Bentov et al. 2014). Female reproductive capacity deterio-
rates with age as manifested by a reduction in ovarian reserve (Ben-Meir et al. 2015; 
Vital-Reyes et al. 2006); that is, there is a decrease in ovarian capacity to perform 
maturation and follicular development, and steroid hormones synthesis (Vital-Reyes 
et al. 2006). This is due to the accelerated decrease in oocyte quality and quantity 
(Bentov and Casper 2013), with a progressive and non-linear loss and mutation of 
primordial follicles (Ben-Meir et  al. 2015; Bentov et  al. 2014; Vital-Reyes et  al. 
2006). In addition, this deterioration may be related to alterations in different func-
tional structures of female reproductive tract and provokes a decrease in the repro-
ductive time of the woman and therefore female infertility (Ben-Meir et al. 2015; 
Bentov and Casper 2013; Bentov et al. 2011; Meldrum et al. 2016; Zhang et al. 
2006). The size and count of antral follicles, in basal conditions, is used as an indi-
cator to know if there is an adequate ovarian reserve and a proper response to ovar-
ian hyperstimulation in women submitted to assisted fertilization, number of 
follicles of size ranging from 2 to 10 mm of follicular diameter indicate ovarian 
reserve and likely outcome (Jayaprakasan et al. 2010; Vital-Reyes et al. 2006), with 
an important hallmark for triggering ovulation with exogenous hormones when the 
dominant follicle reaches about 18 mm of diameter (Escudero et al. 2005; Humaidan 
et al. 2005; Kuang et al. 2014; Olivennes et al. 2000).

Female fertility is influenced by oxidative phosphorylation capacity, since this 
has a critical importance in early stages of development of the oocyte and embryo 
(Bartmann et al. 2004; Bentov et al. 2014; Gendelman and Roth 2012; Meldrum 
et al. 2016; Schon et al. 2000), due to high energy oxygen consumption levels (Ben-
Meir et al. 2015). Therefore, any alteration in this process would produce a decrease 
in energy availability and alterations in the reproductive system.

Additionally, polycystic ovary syndrome (PCOS) and endometriosis are two 
complicated female reproductive pathologies. They are associated with pathologies 
such as diabetes, obesity, hyperandrogenism and hypercholesterolemia (El Refaeey 
et  al. 2014). Oxidative stress and reactive oxygen species (ROS) are potentially 
involved in PCOS (Melo et al. 2016; Zhang et al. 2016) and endometriosis (Donnez 
et  al. 2016). In fact, follicular fluid of women with endometriosis undergoing 
assisted reproductive techniques has been shown to have higher levels of oxidative 
stress (de Lima et al. 2017).

Low CoQ10 levels have been observed in female with fertility problems showing 
different ovarian and embryonic alterations such as aneuploid oocyte and embryos 
(Ben-Meir et al. 2015). This diminution occurs around 30 years of age. Aneuploid 
oocyte and embryos can be found, even in young women, between 62% and 65% of 

D. Vaamonde et al.



295

the cases (Bentov and Casper 2013; Bentov et al. 2014). There is also evidence that 
aging is accompanied by oocyte mitochondrial dysfunction (Keefe et  al. 1995; 
Ramalho-Santos et al. 2009), a higher incidence of oocyte and embryo aneuploidies 
(Bentov and Casper 2013; Bentov et al. 2014; Kuliev et al. 2005; Pellestor et al. 
2005), decreased oocyte quality, lower ovarian stimulation response and lower 
implantation rate (Bartmann et al. 2004; Bentov et al. 2014; Meldrum et al. 2016; 
Schon et al. 2000).

14.6.2  Coenzyme Q10 and the Female Reproductive Tract

Ovarian reserve shows a fast decline as women age (Ben-Meir et al. 2015; Faddy 
2000); among the different reasons, oocyte damage, as the DNA repair systems 
decrease with age, should be highlighted (Ben-Meir et al. 2015; Titus et al. 2013). 
Two possible theories have been proposed to explain the decrease of the oocyte 
quality in relation to aging. The first one indicates that during the first years of fer-
tile life there is a selection of oocytes that present better quality. The second theory 
reflects how the aging process itself influences a woman’s own ovarian reserve 
(Bentov and Casper 2013).

As in all tissues, in the ovary, CoQ10 production takes place in the inner mito-
chondrial membrane (Ben-Meir et al. 2015). The oocyte has an important capacity 
to produce high levels of CoQ10 (El Refaeey et al. 2014), due to high numbers of 
mitochondria in mature normal oocytes (Ben-Meir et  al. 2015; El Refaeey et  al. 
2014), and displays adequate exogenous absorption of this coenzyme from external 
sources (Ben-Meir et al. 2019; Bentov et al. 2014). Therefore, development of a 
mitochondrial dysfunction may cause deficiency of CoQ10 (Ben-Meir et  al. 
2015, 2019).

During oocyte maturation, nuclear, cytoplasmic and epigenetic changes take 
place in order to form the meiotic spindle. These processes require energy through 
oxidative phosphorylation, since other energy processes such as glycolysis may not 
be as effective in the oocyte (Ben-Meir et al. 2015). The process of oocyte matura-
tion may be detained by alterations in bioenergetics or mitochondria (Bartmann 
et al. 2004; Ben-Meir et al. 2015; Bentov et al. 2014). This alteration can also pro-
voke a decrease in oocyte quality, sometimes even leading to oocyte death (El 
Refaeey et al. 2014), and risk of embryonic mal-development (Ben-Meir et al. 2015; 
Meldrum et al. 2016; Ritter et al. 2015; Schon et al. 2000; Takeuchi et al. 2005; 
Zhang et al. 2006). The relationship to embryo development is due to the fact that 
mitochondria are maternally inherited (Bentov and Casper 2013; Meldrum et  al. 
2016), as the paternal ones are destroyed by lysosomal degradation after fertiliza-
tion (Sato and Sato 2012). As such, oocyte-derived mitochondria are responsible for 
providing the necessary energy for early embryonic development (Meldrum et al. 
2016). According to some studies, an alteration in the functional state of the energy 
producing structures in oocyte mitochondria can influence the correct configuration 
of the meiotic spindle and the chromosomal misalignment (El Refaeey et al. 2014; 
Meldrum et al. 2016; Ritter et al. 2015; Schon et al. 2000). As a result, decreased 
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preimplantation embryo developmental potential has been observed in mice 
(Meldrum et al. 2016; Zhang et al. 2016).

Therefore, it is of great importance, in the assisted reproduction setting, to 
observe the correlation between the levels of CoQ10 and oocyte and embryo grade 
maturation (Ben-Meir et  al. 2015). In fact, a recent study demonstrates how, in 
patients undergoing in vitro fertilization, the combination of CoQ10 and dehydroepi-
androsterone improves the ovarian response without observing any difference in the 
clinical outcome (Gat et al. 2016).

14.6.3  Effect of Supplementation of CoQ10

Supplementation with CoQ10 in aged animals and humans has been shown to pro-
mote fertility as it may increase ovarian reserve and ovarian mitochondrial energy 
levels of ATP, while reducing levels of ROS (Talukdar et al. 2015) and oocyte chro-
mosome aneuploidies (Bentov and Casper 2013; Bentov et  al. 2014; El Refaeey 
et al. 2014). Furthermore, CoQ10 supplementation has been observed to result in 
improved morphology of the meiotic spindle and the chromosomal alignment, 
avoiding the chromosomal dispersion (Ben-Meir et al. 2015; Meldrum et al. 2016; 
Ritter et al. 2015; Schon et al. 2000).

CoQ10 supplementation in several animal species has been found to favor ovarian 
activity and its development. These studies seem to be in agreement with the evi-
dences found in humans. Favoring ovarian activity and its development in turn, 
improves embryo quality and fertility in older women (Ben-Meir et  al. 2015; El 
Shourbagy et  al. 2006; Meldrum et  al. 2016). Aged mice and rats supplemented 
with CoQ10 showed improved ovulation rates and ovarian response (Ben-Meir et al. 
2015, 2019; Bentinger et al. 2008). Twelve weeks of supplementation resulted in 
increased number of primordial follicles and ovulatory capacity, mitochondrial 
energy activity and DNA restoration, and delayed ovarian reserve depletion (Ben-
Meir et al. 2015). Similar results have been observed in women with preeclampsia 
treated with CoQ10 and clomiphene citrate (El Refaeey et al. 2014).

Taking the importance of mitochondrial function into consideration, maternal 
supplementation with CoQ10 may lead to improvement of mitochondrial function 
and improvement of all the processes along fertilization and gestation (Ben-Meir 
et al. 2019; Lopez-Lluch 2019; Meldrum et al. 2016).

14.7  CoQ10 and Embryo Development

14.7.1  CoQ10 and Early Gestation Events

It has been shown that embryo implantation potential correlates with ATP embryo 
content (Bentov et  al. 2014; El Refaeey et  al. 2014; Van Blerkom et  al. 1995). 
Supporting this concept, Bentov and colleagues have observed that supplementation 
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with CoQ10 increases ATP levels in embryos helping implantation. This supplemen-
tation could help old patients with infertility problems (Bentov et al. 2010).

In agreement with the importance of CoQ10 in early embryonic development, 
Stojkovic and colleagues, studying in  vitro culture supplementation in animal 
embryos with 30–100  μM of CoQ10, observed a higher rate of early cleavage, 
embryo development to the blastocyst stage and energy molecules levels (Stojkovic 
et al. 1999). Other authors have found the same evidence in in vitro culture of bovine 
embryos, with a greater early embryo cleavage, greater blastocyst formation, an 
increase in numbers of expansive blastocysts and the size of inner cell mass (Bentov 
et al. 2010; Bentov et al. 2014; El Refaeey et al. 2014). Further, CoQ10 supplementa-
tion resulted in higher survival rates and blastocyst formation derived from porcine 
oocytes; the improvement was accompanied by with higher levels of mRNA expres-
sion indicating the importance of bioenergetics in the expression of genes in early 
embryonic stages (Hwang et al. 2016). Furthermore, fertilization with sperm incu-
bated with CoQ10 reduced the number of apoptotic cells in blastocysts from bull 
oocytes (Gualtieri et al. 2014).

14.7.2  CoQ10 and Pregnancy

Studies performed in humans demonstrate that CoQ10 administration in women may 
increase pregnancy rate (Bentov et al. 2014). In addition, treatment with CoQ10 may 
improve also male fertility, aiding to improve pregnancy success (Arcaniolo et al. 
2014; Safarinejad et al. 2012).

Both neuroendocrine and uterine factors play a role in pregnancy decline during 
aging. However, it has also been observed to be caused by a decrease in oocyte qual-
ity and metabolic activity (Chiang et al. 2011). As a result of aging, accumulation of 
alterations in chromosomes may affect embryonic development (Ben-Meir et  al. 
2015) and lead to lower implantation rate (Bentov et al. 2014). Plasma CoQ10 levels 
seem to be related to pregnancy outcome, and decreased CoQ10 plasma levels are 
associated with pregnancy termination (Ben-Meir et al. 2015). Spontaneous miscar-
riage, or risk of late term miscarriage and/or pre-term deliveries may be related to 
decreased plasma levels of CoQ10 (Noia et al. 1996, 1998, 1999). Noia and associ-
ates reported that the normal curve of plasma CoQ10 levels rises during each trimes-
ter whereas decreased CoQ10 levels were related with spontaneous abortion (Noia 
et al. 1996). These studies indicate that maternal plasma levels of CoQ10 may indi-
cate pathological contractile uterine activity and risk of spontaneous abortion (Noia 
et al. 1999).

Other authors have determined the relationship existing between lifestyle and 
antioxidant levels in each trimester during pregnancy and 1  month postpartum. 
These studies show that CoQ10 serum levels increase during gestation. High levels 
were observed at all times during pregnancy in non-smokers and a significant 
increase in the third trimester in women who frequently perform physical exercise 
(Matsuzaki et al. 2014). High CoQ10 levels in pregnancy can be due to an increase 
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in cholesterol, and more specifically LDL cholesterol, since this is the main carrier 
of CoQ10 in human plasma (Abo-Elmatty et  al. 2012; Haruna et  al. 2010; Teran 
et al. 2009).

During pregnancy, several complications may take place, some of them associ-
ated with low levels of CoQ10 in plasma. One of these complications is preeclamp-
sia. Preeclampsia takes place in about 8–10% of pregnant women at around week 
20 and it is associated with hypertension and proteinuria (Abo-Elmatty et al. 2012; 
Roland et  al. 2010). Women experiencing preeclampsia show low CoQ10 and 
α-tocopherol plasma levels associated with reduced antioxidant defenses and higher 
endothelial cell damage (Palan et al. 2004; Teran et al. 2009). Interestingly, in these 
cases, CoQ10 levels in umbilical cord and placenta are increased probably indicating 
a compensatory mechanism (Teran et al. 2005, 2008). Therefore, determination of 
CoQ10 in plasma as gestation progressive can be a feasible mechanism to early 
detect preeclampsia (Abo-Elmatty et  al. 2012; Roland et  al. 2010). Further, pre-
eclampsia, as well as other gestational pathologies, may be diminished, and even 
prevented, through CoQ10 administration (Abo-Elmatty et  al. 2012; Littarru and 
Tiano 2010). However, a study performed in rats contraindicate the administration 
of CoQ10 during pregnancy by a putative CoQ10-dependent oxidative stress (Staicu 
et al. 2011) but this study contradicts many other studies performed in animals and 
humans indicating safety and lack of oxidative stress after CoQ10 supplementation 
(Hernandez-Camacho et al. 2018; Lopez-Lluch 2019; Lopez-Lluch et al. 2010).

14.7.3  Plasma and Amniotic Fluid CoQ10 Levels

A correlation between maternal plasma levels of CoQ10 and fetal amniotic concen-
tration of CoQ10 and birth weight has been established (Giannubilo et  al. 2014; 
Haruna et al. 2010). Among the studies analyzed, it was observed that plasma levels 
of CoQ10 in the mother were greater than in amniotic fluid (up to 10 times lower) 
(Franke et al. 2013; Teran et al. 2011). At the same time, there is a negative correla-
tion between the amniotic concentration of CoQ10 and birth weight. Higher amniotic 
concentration of CoQ10 is associated with lower-weight fetuses as a possible com-
pensatory mechanism against oxidative stress (Giannubilo et al. 2014). However, 
other authors have reported that lower CoQ10 levels were associated with premature 
births (Giannubilo et al. 2014; Teran et al. 2011). Furthermore, CoQ10 fetal umbili-
cal cord plasma levels at 38  weeks of gestation is lower than in the mother 
(Compagnoni et al. 2004; Franke et al. 2013; Garcia-Rodriguez et al. 2012; Teran 
et al. 2005).

All these differences can be due to the fact that placental transfer acts as a “fil-
ter”, retaining higher level of CoQ10 in the placenta (Franke et al. 2013; Teran et al. 
2005, 2008).
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14.7.4  Prevention of Oxidative Stress during Pregnancy

During pregnancy, oxidative stress has been associated with the onset and progres-
sion of several complications (Matsuzaki et  al. 2014). Oxidative stress plays an 
important role in the onset of embryonic alterations secondary to different condi-
tions such as gestational diabetes mellitus, decreased blood flow or substance abuse, 
premature labor, labor or preeclampsia (Giannubilo et  al. 2014; Matsuzaki et  al. 
2014; Roland et  al. 2010; Sakamaki et  al. 1999). Evidence indicates that CoQ10 
levels are low in pregnancy pathologies showing high levels of oxidative stress 
(Matsuzaki et al. 2014). In turn, oxidative stress and free radicals may lead to fetal 
stress, thus influencing the possibility of achieving a viable pregnancy (Giannubilo 
et al. 2014; Staicu et al. 2011). Increased placental mitochondrial activity and ROS 
production during pregnancy results in increased oxidative stress. Different studies 
reveal a correlation between antioxidant levels, such as CoQ10, and oxidative stress 
levels. Some evidence indicates an increase in antioxidant levels during pregnancy 
can counteract the increase in oxidative stress (Matsuzaki et al. 2014; Myatt and Cui 
2004). That is, oxidative stress may provoke a response of elevating CoQ10, in order 
to minimize or prevent the detrimental effect this status may cause (Giannubilo 
et al. 2014; Staicu et al. 2011).

14.8  Conclusion

Supplementation with CoQ10 seems to improve both male and female fertility, 
affecting gamete capacity, conception, embryo development and pregnancy out-
come. The main mechanism by which CoQ affects fertilization capacity seems to be 
by protecting against ROS. CoQ10 may, as well, attenuate the negative impact of age 
on fertility.

Due to heterogeneity in populations, treatment and results, caution should be 
advised. Further well-designed and robust studies are needed to get additional 
insight on the benefits of CoQ10 administration on human fertility. Ultimately, the 
mode of action should be clarified. However, the preventive use of CoQ10 may be 
considered safe for consumption. However indiscriminate administration of CoQ10 
is not advised and should only be given to subjects that can clearly benefit from it.
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Abstract The relationship between diet, longevity and health is complex, consid-
ering that nutritional components affect several physiologic processes and play a 
regulatory role in metabolic pathways crucial for the survival of cells. Caloric 
restriction is well known to extend healthy, average, and maximum life span in an 
evolutionary conserved way, acting through effector molecules which reprogram 
energy metabolism in response to reduced energy availability. As a central compo-
nent in energy metabolism, alterations in coenzyme Q biosynthesis and its cellular 
balance may participate in adaptive responses to physiological, experimental, or 
pathological conditions. In fact, coenzyme Q levels, expression of COQ genes and 
activity of coenzyme Q-dependent antioxidant systems are targets of caloric restric-
tion in a tissue-specific way, with skeletal muscle exhibiting an early response to 
this intervention. In mammal models, maximal longevity is not affected by life-long 
administration of coenzyme Q10 when animals are fed normal diets, but dietary 
coenzyme Q10 supplementation can ameliorate deleterious alterations associated 
with aging and even extends lifespan of rats fed a potentially prooxidant diet. The 
role of additional factors, as duration of caloric restriction intervention, caloric 
restriction protocol, or the predominant fat source present in the experimental diets, 
among others, is still to be fully determined to understand the actual role of coen-
zyme Q alterations and their impact on this dietary intervention in relation with the 
physiology of aging.
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15.1  Introduction

Both lifespan and health span are influenced by nutrition, since nutrients and their 
metabolites control energy balance, enzymatic activities, and genome stability 
throughout the lifecycle (Dato et al. 2016). The relationship between diet, longevity 
and health is complex, considering that nutritional components affect several physi-
ologic processes and play a regulatory role in metabolic pathways crucial for the 
survival of cells such as inflammation or immune function (Santoro et al. 2014). It 
is also commonly accepted that the complex interactions of multiple polymorphisms 
play a key role in determining how individuals may respond to dietary interventions 
(nutrigenetics) or how some nutrients may affect gene expression (nutrigenomic) 
(Darnton-Hill et al. 2004).

Caloric restriction (CR) is a dietary intervention well known to extend healthy, 
average, and maximum life span in an evolutionary conserved way (Weindruch 
et  al. 1988; Weindruch and Sohal 1997). Currently available data obtained from 
many experimental models (Ruetenik and Barrientos 2015; Fontana and Partridge 
2015) indicate that a lifestyle modification in the form of CR, even if started during 
adulthood, can help to minimize the risk of age-associated disorders and promote 
healthy aging in humans, probably through molecular mechanisms largely con-
served along evolution.

The underlying biological mechanism responsible for the life extension effect of 
CR is still not known, although many hypotheses have been proposed. Moreover, a 
wide range of interventions have been used to impose CR, even within single spe-
cies, and the mechanisms through which they extend lifespan can differ. The pio-
neering studies on body’s response to CR already pointed to different pathways 
which were not mutually exclusive, such as decreased oxidative stress (Sohal and 
Weindruch 1996), decreased glycation and glycosidation (Kristal and Yu 1992), 
decreased body temperature associated with hypometabolic state (Walford and 
Spindler 1997), neuroendocrine changes (Nelson et  al. 1995), and alterations in 
gene expression and protein degradation (Xia et  al. 1995). Cellular effector pro-
cesses can include enhanced genomic stability and chromatin remodeling, improved 
chaperone-mediated protein homeostasis and cellular turnover processes, including 
autophagy, and increases in various forms of stress resistance. Investigations aimed 
to understand at a molecular level those mechanisms by which CR extends longev-
ity and improves the quality of life have led to the proposal that this non-genetic 
intervention acts through effector molecules which reprogram energy metabolism 
in response to reduced energy availability (Anderson and Weindruch 2010). 
Molecular effectors shown to mediate the effects of CR on health and longevity 
include forkhead box O (FoxO), target of rapamycin (TOR), AMP-activated protein 
kinase (AMPK), sirtuins (SIRT), heat shock factors (HSF), and nuclear factor 
E2-related factor-2 (NRF2) (see Fontana and Partridge 2005 for a review). In addi-
tion, studies carried out in several species have shown that the changes in energy 
metabolism induced by CR are dependent on the specific tissue (Heilbronn and 
Ravussin 2003; Park and Prolla 2005; Anderson and Weindruch 2010), which is 
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consistent with a database of gene expression (AGEMAP. Atlas of Gene Expression 
in MouseAging Project) where a relevant tissue specificity was found in the tran-
scriptional changes that are associated with age (Zahn et al. 2007).

Redox homeostasis of the cell is ensured by complex endogenous antioxidant 
defense systems, which include antioxidant enzymes and non-enzymatic com-
pounds like glutathione, proteins (ferritin, transferrin, ceruloplasmin, and even 
albumin) and low molecular weight scavengers, like uric acid, coenzyme Q (CoQ), 
and lipoic acid (Dröge 2002). In addition, exogenous antioxidants present in fruits 
and vegetables complement the activity of the mentioned endogenous antioxidative 
defense. The theory of free radicals in aging (Harman 1956) continues to be among 
the most popular and accepted theories to explain the causes of aging (Barja 2013, 
2014). Thus, it has been investigated in depth if CR alters the production of reactive 
oxygen species (ROS) or cellular oxidative damage. The accumulation of oxida-
tively damaged biomolecules in aged animals can be prevented by CR (reviewed by 
Cerqueira and Kowaltowski 2013). In studies carried out on rodents, it has been 
shown that CR decreases oxidative damage to proteins (Sohal et al. 1994a; Lass 
et al. 1998), DNA (Sohal et al. 1994b; Kaneko et al. 1997), and lipids (Kim et al. 
1996; Lass et al. 1998). It has also been demonstrated that CR slows ROS produc-
tion in mitochondria (Sohal et al. 1994a; Bevilacqua et al. 2004; Hagopian et al. 
2005). In sum, these findings support the idea that decreased oxidative stress may be 
a mechanism contributing, at least partially, to the delay of aging with CR.

Since elevated metabolic activity might lead to a higher generation of potentially 
pro-oxidant substances, CR has been also proposed to act through a reduction in 
metabolic rate, resulting in a decrease of toxic molecules from metabolism (Sohal 
and Weindruch 1996; Anderson and Weindruch 2010). During aging, induction of 
stress response appears a result of damage to proteins and other macromolecules 
caused by cellular energy decline and by the deficit in systems for the renewal of 
these molecules. The effects of CR are offset by those caused by aging, minimizing 
the stress response genes (Sohal and Forster 2014). Accordingly, CR promotes the 
reduction of metabolic genes involved in detoxification, DNA repair and response 
to oxidative stress, probably because substrate availability for these systems may be 
reduced under this situation. Furthermore, CR also triggers genes related with an 
increase in the biosynthesis and renewal of macromolecules (Weindruch et al. 2001; 
Park and Prolla 2005). The work carried out by Lee et al. (2004) documented that 
CR and dietary supplementation with antioxidants as CoQ and lipoic acid result in 
changes of gene expression patterns consistent with a decrease of the basal level of 
cellular oxidants, although dietary interventions with the antioxidants were not as 
effective as CR in inhibiting the aging process.

CoQ is a member of the mitochondrial respiratory chain present in all cells and 
membranes and carries out functions of great importance for the cellular metabo-
lism. Due to the importance of CoQ in several different aspects of cell physiology, 
it can be considered not only as a key factor in metabolism, but also for antioxidant 
protection, signaling regulation and organelle activity. The biosynthesis of CoQ has 
been studied to a great detail in bacteria and yeast, and many of these observations 
have been useful to understand the process in animal models (Turunen et al. 2004). 
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CoQ distribution is not uniform among the various tissues and organs, and its redis-
tribution between organs is insignificant. In mice, rats, and humans, maximal CoQ 
concentrations are present in kidney and heart, whereas lower amounts can be 
detected in liver, brain, and skeletal muscle (Turunen et al. 2004; Bentinger et al. 
2010). Thus, CoQ levels may be adapted to the particular physiology of each tissue, 
which is probably determined by a coordinated balance between its synthesis and 
degradation, both of which occur in all tissues (Turunen et al. 2004). In addition, in 
a study carried out by our Group, focused on the relative abundance of the two main 
CoQ isoforms present in mouse tissues (CoQ9 and CoQ10), we found that in young 
mice the highest CoQ9/CoQ10 ratios were observed in liver and skeletal muscle 
whereas the lowest ratios were found in kidney and brain. These data support the 
idea that the homeostatic range for CoQ isoforms also varies among tissues and 
organs, and the maintenance of a given CoQ9/CoQ10 ratio may be important for 
proper function of each tissue (Parrado-Fernández et al. 2011). Furthermore, besides 
being synthesized in all organisms, CoQ can be also provided by diet, although its 
assimilation by tissues of vertebrates is not homogeneous and is modulated with 
aging (Aberg et al. 1992; Lass et al. 1999), with central nervous system and muscle 
tissues exhibiting less capacity to incorporate CoQ from the diet (Bentinger 
et al. 2003).

Tissue concentrations of CoQ are modified during aging and pathophysiological 
conditions, which may influence cellular functions. In this case, the extent of distur-
bances is dependent on the localization and the modified distribution of this antioxi-
dant at cellular and membrane levels. The maintenance of CoQ levels in tissues as 
brain, muscle or liver is extremely important due to their high dependence of these 
tissues on oxidative metabolism. Kalen and co-workers detected an age-associated 
loss of CoQ in homogenates from several human tissues (Kalen et al. 1989), while 
a constant level of CoQ with age was reported for homogenates of rat brain and lung 
(Beyer et al. 1985; Sohal and Forster 2007).

As the only lipid-soluble antioxidant that can be synthesized in vivo by all organ-
isms and can also be taken from dietary source, CoQ emerges as a significant 
molecular target whose levels are regulated by aging and dietary interventions 
(Wang et al. 2015).

15.2  Coenzyme Q, Calorie Restriction and Aging. Lessons 
from Different Animal Models

Recent studies carried out in unicellular and invertebrate model organisms, and in 
different mammal systems including rodents, monkeys, and humans, have clearly 
indicated that diet has a prominent role in modulating mechanisms of aging and its 
associated diseases (Fontana and Partridge 2015).
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15.2.1  Dietary CoQ and Genetic Interventions Related 
with CoQ Biosynthesis

It has been suggested that a diet rich in antioxidants can bring health benefits and 
thus, a great interest has been directed towards assessing the antioxidant capacity of 
natural products (Pisoschi and Pop 2015). However, the excessive use of antioxi-
dants in unnecessary conditions could impair the aging process (Linnane et  al. 
2007). For this reason, a right balance between the needs of the organisms and 
supplementation with antioxidants, such as CoQ, must be maintained to avoid both 
deficient and excess conditions. Although CoQ has been linked to lifespan, the 
effects of dietary CoQ supplement in lifespan and the actual role played by its 
endogenous biosynthesis in aging have been contradictory when comparing differ-
ent animal models and/or experimental conditions.

Whereas the yeast aging model has uncovered many interconnections between 
aging and other relevant cellular processes, including mitochondrial function, which 
may be key determinants in more complex eukaryotes, the nematode Caenorhabditis 
elegans shares numerous processes and pathways with more complex animals and, 
in spite of its simplicity, it is a versatile model organism and a powerful tool to 
unravel the effect of genes on longevity, due to its amenability to genetic manipula-
tion and short lifespan. Longevity is clearly affected by CoQ levels in C. elegans, 
although several studies focused on elucidating the effect of dietary CoQ on aging 
have yielded contradictory observations. Larsen and Clarke (2002) reported benefi-
cial effects of CoQ deprivation on longevity of wild type C. elegansworms that were 
fed a CoQ8-less diet. Life span extension induced by moderated CoQ depletion in 
this invertebrate model was explained on the basis of lower oxygen radical produc-
tion in mitochondria. However, Ishii et al. (2004) reported later that exogenously 
supplied CoQ10 can play a significant anti-aging function both in wild-type strains 
of C. elegans and in mev-1(kn1) mutants that are hypersensitive to oxidative stress 
and age precociously, probably because of elevated superoxide anion production in 
mitochondria. Of note, it was proposed that the mechanism of action could involve 
the participation of CoQ either as an antioxidant to dismutate the free radical super-
oxide anion or by reducing the uncoupling of reactions during electron transport 
that could otherwise result in superoxide anion production.

Studies carried out with clk-1(coq7) mutants (Ewbank et al. 1997), as well as 
those set up to elucidate the effect of silencing several coq genes (Asencio et al. 
2003; Rodriguez-Aguilera et al. 2005), have also indicated that lower levels of the 
endogenous CoQ9 isoform can lead to a more optimized operation of the mitochon-
drial transport chain and generate less ROS in C. elegans. However, the longevity- 
extending phenotype of the clk-1 mutation was only evident when the worms were 
fed a normal diet with CoQ8-containing bacteria, but lost when the worms were fed 
CoQ8-less bacteria (Jonassen et  al. 2001). In accordance, severe CoQ depletion 
leads to developmental and reproductive inefficiency with the observation that 
knockouts in coq-1, coq-2, coq-3 or coq-8 genes showed deleterious defects that led 
to C. elegans early developmental arrest that was partially prevented by dietary CoQ 
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(Asencio et al. 2009; Gavilan et al. 2005; Hihi et al. 2002). In Drosophila it has been 
demonstrated that mutation of sbo gene (a functional homolog of COQ2) leads to an 
extension of lifespan by decreasing endogenous CoQ9 and CoQ10 biosynthesis (Liu 
et al. 2011).

Mammals have a variety of efficient systems to maintain CoQ in a reduced state, 
which sustains a high antioxidant status in the tissues. Although total levels of CoQ 
have been reported to decrease with aging, at least in some tissues (López-Lluch 
et al. 2010), life-long administration of CoQ10 did not affect maximal longevity of 
rats that had been fed normal diets (Lönnrot et al. 1995, 1998; Sohal and Forster 
2007). However, supplementation of the diet with CoQ10 did ameliorate deleterious 
alterations associated with aging and even extended lifespan of rats that had been 
fed a potentially prooxidant diet containing n-6 PUFA from sunflower oil as dietary 
fat source (Quiles et al. 2004; Varela-Lopez et al. 2016). Using this latter model, we 
also demonstrated that CoQ10 supplementation improved liver antioxidant defense 
systems by potentiating thiol-dependent mechanisms (Bello et al. 2005) and pro-
moted an anti-aterogenic and anti-inflammatory pattern of plasma proteins in aged 
rats (Santos-González et al. 2007). In a human model, it was found that supplemen-
tation with CoQ10 improved several parameters associated with a better antioxidant 
status in healthy elderly men and women fed a Mediterranean diet, such as post-
prandial oxidative stress and the action of antioxidant systems and antioxidant gene 
expression (Yubero-Serrano et al. 2011, 2013), the expression of genes related with 
inflammatory response and endoplasmic reticulum stress (Yubero-Serrano et  al. 
2012), postprandial metabolism of advanced glycation end products (Lopez-Moreno 
et al. 2016), and postprandial changes of p53 in response to oxidative DNA damage 
(Gutierrez-Mariscal et al. 2012).

15.2.2  Alteration of Endogenous CoQ Levels by Dietary 
Interventions. The Effect of Calorie Restriction

Dietary CoQ is taken up from the intestine into the circulation with a low rate, and 
only about 2–4% of dietary CoQ can be recovered (Zhang et al. 1995), which is not 
equally delivered to all organs (Kwong et al. 2002). Since bioavailability of dietary 
CoQ is very low, it is thus very important to develop mechanisms to increase func-
tional CoQ in tissues and organs in processes such as aging or several diseases 
(Bentinger et al. 2003). In this sense, attention has been paid to interventions able to 
upregulate the synthesis of endogenous CoQ using naturally occurring substances, 
nutritional supplements or some drugs which increase the cellular synthetic rate at 
the transcriptional and/or the translational level (Bentinger et  al. 2008a, b). 
Tocotrienol epoxides have been proven to be very efficient in augmenting endoge-
nous CoQ levels, and those having one epoxide in the side chain doubled or trebled 
CoQ synthesis while those bearing two epoxides additionally also inhibited choles-
terol synthesis (Bentinger et al. 2008a, b). More recently, it has been reported that 
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oxidosqualenes were also useful for stimulating the synthesis and levels of CoQ 
both in vitro and in vivo (Bentinger et al. 2014).

CR intervention may also affect differentially endogenous CoQ balance depend-
ing on the tissue and the model of study. In our research Group we have demon-
strated that distribution of CoQ homologues and CoQ9/CoQ10 ratio displayed 
significant variability among tissues and organs obtained from 3 month young mice 
that were subjected to short term (1 month) CR. It is remarkable that a clear response 
to this intervention (as measured by a significant alteration of CoQ levels in tissue 
homogenates) was found in skeletal muscle, where levels of both CoQ9 and CoQ10 
were significantly higher in comparison with the control group, but not in other tis-
sues including liver (Parrado-Fernández et al. 2011). Previous reports documented 
that long-term CR increased CoQ9 content of mitochondria isolated from skeletal 
muscle (Lass et al. 1999), liver, heart and kidney (Kamzalov and Sohal 2004). The 
increase of CoQ9 by CR in skeletal muscle mitochondria (Lass et al. 1999) agrees 
with our own observations (Parrado-Fernández et  al. 2011), although we also 
observed an increase of the CoQ10 isoform. It is interesting to note that we detected 
these changes in skeletal muscle very early, after 1 month of CR, which agrees with 
Bevilacqua et al. (2004) who demonstrated that skeletal muscle (but not liver) mito-
chondria are rapidly adapted to short-term (2-week and 2-month) CR in the rat with 
a significant decrease of ROS generation (Ramsey et al. 2004). It is possible that CR 
effects on CoQ levels in liver are a late event since life-long CR indeed attenuated 
the increase of CoQ9/CoQ10 ratio in rat liver plasma membrane from aged rats (de 
Cabo et al. 2004). On the other hand, it has been recently reported that a CR inter-
vention based on every-other-day feeding procedure and physical exercise increased 
skeletal muscle CoQ levels in old but not in young animals (Rodríguez-Bies et al. 
2015). These apparent discrepancies might highlight the importance of the protocol 
used to impose CR.

CR-elicited changes of CoQ content in skeletal muscle might be related with the 
beneficial effects reported for this intervention. In this sense, Leeuwenburgh et al. 
(1997) demonstrated previously that CR prevented the aging-associated increase of 
protein oxidation in the skeletal muscle and later, Bevilacqua et al. (2004) reported 
that skeletal muscle (but not liver) mitochondria are rapidly adapted to short-term 
CR in the rat with a significant decrease in reactive oxygen species (ROS) genera-
tion. Recent structural studies developed in mice subjected to CR for 6 month have 
also demonstrated that this intervention produces a better healthy state of skeletal 
muscle fibers, represented by increased cross-sectional area and decreased circular-
ity in cross sections (López-Domínguez et al. 2013).

Recent investigations carried out with C. elegans have pointed out to the idea that 
CR could decrease CoQ9 levels via gene expression in this model organism (Fischer 
et al. 2015). In this way, dietary restriction down-regulated the steady-state expres-
sion levels of several evolutionary conserved genes (i.e. coq-1) that encode key 
enzymes of the mevalonate and CoQ-synthesizing pathways, and also decreased the 
levels of total CoQ9 and its reduced form (ubiquinol) in C. elegans (Fischer et al. 
2015). However, it is noteworthy that supplementation with 4-hydroxybenzoate 
(4-HBA), the CoQ ring biosynthetic precursor, conferred increased longevity and 
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stress resistance in C. elegans through a mechanism that involved not only its strong 
antioxidant capacity, but also SIRT1/SIRT2-mediated DAF-16/FoxO activation, 
independently of dietary restriction and insulin/IGF signaling pathway (Kim et al. 
2014). The fact the CR may decrease CoQ9 levels in C. elegans, resulting in a con-
comitant decrease of mitochondrial ROS, is in agreement with previous investiga-
tions based on mutants, genetic silencing or coq genes, and dietary CoQ deprivation 
in the same model organism, although this concept is in contrast with several inves-
tigations carried out in rat and mice where CR was found to consistently increase 
CoQ levels, at least in some tissues and at some ages (see above). It has to be noted, 
however, that one study carried out with rats showed that both CoQ9 and CoQ10 
isoforms were found to be decreased by CR in liver mitochondria (Armeni 
et al. 2003).

As a central component in energy metabolism, alterations in CoQ biosynthesis 
and its cellular balance may participate in adaptive responses to physiological, 
experimental, or pathological conditions (Turunen et al. 2004). In this sense, CoQ 
increases have been reported to occur under cold adaptation and with exercise, 
whereas CoQ levels may be decreased by aging, at least in some tissues (Bentinger 
et al. 2010). Due to the complex pathway leading to CoQ synthesis, simultaneous 
analysis of CoQ levels and several COQ mRNAs or proteins in various tissues can 
be a useful tool to understand the genetic factors that determine tissue-specific dis-
tribution of CoQ and its modulation during metabolic adaptation in mammal mod-
els. We have demonstrated that tissues obtained from young mice (3 month) also 
display specific patterns of mCOQ biosynthesis transcripts, and these patterns can 
be modulated by CR (Parrado-Fernández et al. 2011). Interestingly, CR increased 
mPDSS2 mRNA in skeletal muscle, although mCOQ7 was decreased. In contrast, 
as it happened for CoQ9 levels, most mCOQ transcripts were significantly decreased 
by 1 month CR in heart. CR also modified CoQ9/CoQ10 ratio, which was increased 
in kidney but decreased in heart without alterations of mPDSS1 or mPDSS2 tran-
scripts. Finally, CR did not change CoQ or steady-state levels of any of the mCOQ 
transcripts in brain. The fact that CR can increase both steady-state levels of 
mPDSS2 and total CoQ in skeletal muscle may be of great importance because 
skeletal muscle is one of the specific sites of CoQ deficiency and tissue damage 
caused by a mutation in the PDSS2 gene in humans (Lopez et al. 2006).

15.2.3  The Effect of Calorie Restriction on Plasma Membrane 
CoQ-Dependent Redox Systems

The mitochondrial (Boveris and Chance 1973) and plasma (O’Donnell and Azzi 
1996) membranes are predominant sites of ROS production and oxidative damage 
targets, and CoQ content in plasma membrane can influence its function by regulat-
ing the redox balance of lipid bilayer. Thus, sphingomyelin-depending signaling in 
plasma membrane has been reported to be modulated by CoQ through the reduction 
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of lipoperoxidation (Fernández-Ayala et al. 2000). Furthermore, besides affecting 
CoQ levels and CoQ biosynthesis (see above), CR could also affect the activities of 
plasma membrane CoQ-dependent oxidoreductases. Therefore, several studies have 
postulated that a central role of CR may involve membrane alterations to promote a 
decrease in the production of ROS and/or oxidative damage, which could be related 
not only with a change in CoQ levels but also with modification in CoQ-dependent 
enzymatic systems. In this sense, the activity of plasma membrane redox system 
(PMRS) changes in liver during aging and CR modulates these changes. By this 
mechanism, CR maintains a higher antioxidant capacity in liver plasma membrane 
of old animals by increasing the activity of CoQ-dependent reductases (Lopez- 
Lluch et al. 2005). In the same way, age-related increases in plasma membrane lipid 
peroxidation, protein carbonyls, and nitrotyrosine were attenuated by CR in an in 
vitro model in which brain cells were incubated in medium containing serum from 
animals fed ad libitum (AL) or CR diets (de Cabo et al. 2003). Levels of PMRS 
enzyme activities were higher, and markers of oxidative stress were lower in cul-
tured neuronal cells treated with CR serum compared with those treated with AL 
serum (Hyun et al. 2006). CR is thus suggested to play a protective role by enhanc-
ing CoQ-dependent PMRS enzyme activities, which results in decreased levels of 
ROS-mediated damage to membrane lipids and proteins. CR-induced increases of 
CoQ levels, as well as activation of CoQ dependent antioxidant system, have been 
also reported to occur in liver and brain plasma membranes from old rats, which 
takes place in parallel to the attenuation of age-related oxidative damage, although 
CR did not alter plasma membrane CoQ levels in young rats (de Cabo et al. 2004; 
Hyun et al. 2006) or in young mice (Lopez-Lluch et al. 2005). This is consistent 
with the absence of changes for both CoQ isoforms and their ratio observed in sar-
colemmal membranes from CR young-adult (6  month) mice (López-Domínguez 
et al. 2013).

15.3  The Crosstalk Between Calorie Restriction and Dietary 
Lipid Source

The Membrane Theory of Aging proposes that life span is inversely related to the 
level of unsaturation in membrane phospholipids (Sohal and Weindruch 1996; 
Pamplona et al. 1998, 2002; Portero-Otin et al. 2001; Hulbert 2005). Carbon atoms 
that form a double bond in polyunsaturated fatty acids (PUFA) are most susceptible 
to oxidative attack by free radicals and the products of this lipid peroxidation, as 
hydroxynonenal, are themselves reactive and can cause further damage to other cel-
lular components (Halliwell and Gutteridge 1984). In accordance with the 
Membrane Theory of Aging, comparisons between birds and mammals of similar 
body sizes have indicated that birds have greater longevity and fewer PUFA in phos-
pholipids skeletal muscle (Hulbert 2003) and heart (Pamplona et  al. 1999) than 
mammals. This decrease in the number of double bonds of the fatty acids of the 
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membranes can be an adaptation of the longest-lived species to prevent the develop-
ment and accumulation of oxidative damage with time (Pamplona et al. 2002).

CR might act in a similar manner since this intervention is associated with a 
reduction in the mitochondrial content of long chain PUFA and an increase of the 
degree of membrane saturation in rat liver (Laganiere and Yu, 1989, 1993; Faulks 
et al. 2006). Additional studies carried out in rat spleen (Laganiere and Fernandes 
1991; Venkatraman and Fernandes 1992), cerebral cortex (Tacconi et al. 1991), and 
heart (Lee et al. 1999, 2002) have also supported the idea that CR decreases unsatu-
ration of membrane lipids. Thus, the decrease in the degree of unsaturation of the 
fatty acids and the concomitant increase of resistance against oxidative damage, 
which could contribute positively to the extension of longevity, has been proposed 
as a mechanism to underlay the action of CR in cell membranes (Yu et al. 2002; Yu 
2005). More recently, a lipidomic study has allowed us to better understand the 
molecular basis of this diminished susceptibility of membranes to peroxidation, 
which relies on a redistribution in the type of unsaturation: CR increased monoun-
saturated fatty acids (MUFA) in liver, whereas the levels of PUFA were decreased 
without any observed changes in saturated fatty acids (SFA). These specific changes 
may be the result of a metabolic reprogramming leading to lower levels of oxidative 
damage which could contribute to the increased lifespan of CR  mice (Jové 
et al. 2014).

These observations have supported the hypothesis that dietary fatty acids might 
be nutritional components that influence life span in CR animals and thus, manipu-
lation of membrane fatty acids by feeding CR animals with diets containing differ-
ent lipid compositions might be a valuable strategy to determine their specific role 
in determining the longevity extension effect of CR intervention (Villalba et  al. 
2015). Since it was previously reported that CR dampens dietary fat-induced 
changes in liver plasma membrane phospholipid composition (Cha and Jones 2000), 
subsequent research carried out in our Group was focused towards elucidating if 
alterations in dietary lipids could lead to changes in mitochondrial phospholipid 
fatty acid composition by feeding CR mice diets containing lard (high in saturated 
and monounsaturated fats), soybean oil (high in linoleic acid) or fish oil (high in n-3 
PUFAs) as the predominant fat source. Overall, these investigations have demon-
strated that skeletal muscle and liver mitochondrial phospholipid fatty acids were 
readily changed to reflect the dietary fat source by both short- and long-term CR 
(Chen et al. 2012, 2014; López-Domínguez et al. 2015). These alterations in phos-
pholipid fatty acid composition were associated with changes in mitochondrial ROS 
production, proton leak, electron transport chain (ETC) enzyme activities, and other 
membrane-linked processes. In skeletal muscle, ROS production was decreased in 
long-term CR  mice fed a diet containing lard compared to CR  mice consuming 
either soybean- or fish oil-based diets (Chen et al. 2014). Also, liver and muscle 
mitochondrial proton leak was decreased in mice fed CR-lard compared to the other 
diet groups (Chen et al. 2013, 2014).

Interestingly, life span was increased in CR mice consuming lard versus fish oil, 
with CR mice consuming soybean oil showing life spans intermediate to the lard or 
fish oil-containing diets (López-Domínguez et  al. 2015). These observations are 

M. I. Burón et al.



321

consistent with the Membrane Theory of Aging and question the efficacy of feeding 
diets high in PUFA to CR animals (Villalba et al. 2015). The lack of differences in 
prevalence of neoplasms or other major measures of end-of-life pathology between 
CR dietary groups support that differences in lifespan were likely due to delay in 
onset of disease rather than preventing the occurrence of specific disease conditions 
(López-Domínguez et al. 2015). The fact that the CR-lard diet significantly increased 
MUFA levels in liver and muscle phospholipids and the recent demonstration that 
CR produces a redistribution in the type of unsaturation with a significant increase 
of MUFA in liver (Jové et al. 2014), make it very likely that MUFA increases may 
be a causal factor in the observed effects of CR-lard diet increasing life span 
(Villalba et al. 2015). The potential importance of macronutrient composition of the 
diets to the retardation of aging with CR is highlighted by the recent speculation that 
differences in life span between CR monkeys from different colonies used respec-
tively in the Wisconsin and National Institute on Aging studies may be due to diet 
composition (Colman et al. 2009; Mattison et al. 2012).

Since CR increased CoQ levels in mouse skeletal muscle (see above), we were 
also interested in studying how dietary fat affected CoQ levels in this tissue, both in 
animals fed AL and under CR. As depicted in Fig. 15.1, dietary fat significantly 
modified the response of skeletal muscle to CR. The CR-dependent increase of 
CoQ9 and CoQ10 levels that we had observed with diets containing soybean oil was 
not detected with diets containing lard or fish oil. Instead, both CoQ9 and CoQ10 
levels, and hence total CoQ, were unaffected by CR when fish oil was the predomi-
nant dietary fat source, and both CoQ isoforms were even decreased by CR when 
mice were fed a lard-based diet (see Fig. 15.1a–c). On the other hand, CoQ9/CoQ10 
ratio in skeletal muscle was not altered by CR with any of the diets (Fig. 15.1d). 
When analyzing the effect of dietary fat source within a given group of caloric 
intake (control or CR), in mice fed AL we found minimal levels of skeletal muscle 
CoQ when animals were fed a soybean-based diet in comparison with both lard- and 
fish oil-containing diets. However, in CR mice the lowest levels of CoQ in skeletal 
muscle were observed when mice were fed a lard-based diet. Interestingly, under 
CR the two PUFA-enriched diets (containing either soybean or fish oil) augmented 
CoQ9 and total CoQ in comparison with the CR-lard diet, whereas CoQ10 levels 
were augmented with CR-fish but not with CR-soybean diet (see Fig.  15.1a–c). 
Although, as stated above, CR did not modify CoQ9/CoQ10 ratio in skeletal muscle 
in any of the diets (Fig.  15.1d), dietary fat source indeed produced a significant 
effect on this parameter, with the highest CoQ9/CoQ10 ratio being obtained with 
soybean oil, in comparison with lard- or soybean-based diets (Fig. 15.1d). Chen 
et al. (2012) reported that short term (1 month) consumption of CR-lard diet in very 
young mice (1 month of dietary intervention) induced a reduced mitochondrial pro-
ton leak whereas CR-fish diet had detrimental effect with an increased lipid 
peroxidation.

Interestingly, the protective effect of CR observed on skeletal muscle was 
enhanced by dietary fish oil in young-adult mice that were fed experimental diets 
for 6  month, as demonstrated by the significant improvement of fiber structural 
features. Additionally, when fish oil was the main lipid dietary source, a cellular 
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anti-apoptotic environment was produced in skeletal muscle with a downregulation 
of components involved in the initial stages of apoptosis engagement, both at the 
plasma membrane and the mitochondria (López-Domínguez et al. 2013). It is tempt-
ing to speculate that these protective effects could be related with a CoQ increase. 
However, although fish oil attenuated skeletal muscle apoptotic signaling in young- 
adult CR mice, most of these changes were abolished or even reverted in aged mice, 
with a significant decrease of caspase-9 activity, a marker of mitochondrial apopto-
sis, in the CR-lard group (López-Domínguez et al. 2013).

Fig. 15.1 The effect of CR and dietary fat on skeletal muscle CoQ9 (A), CoQ10 (B), total CoQ (C) 
and CoQ9/CoQ10 ratio (D). Male mice (C57BL/6, 3 month-old) were fed experimental diets based 
on an AIN93G formulation for 1 month. The control groups were fed 95% of average ad libitum 
diary intake, whereas the CR groups consumed 60% of average diary intake. All diets were identi-
cal except for dietary lipid source, which was soybean oil (high in n-6 PUFA), fish oil (high in n-3 
PUFA) or lard (high in saturated and monounsaturated fatty acids). Soybean oil (14% of total fat 
content) was added to the fish oil and lard diets to insure adequate intake of linoleic acid. Dietary 
groups are denoted as follows: ContL (control-lard), CRL (CR-lard), ContS (control-soybean oil), 
CRS (CR-soybean oil), ContF (control-fish oil) and CRF (CR-fish oil). Lipids were recovered by 
organic extraction from hind limb skeletal muscle samples with hexane, and separated and quanti-
fied by HPLC as described (Parrado-Fernández et al. 2011). Data are means ± SEM (n = 16). Data 
were analyzed by two-way ANOVA. Significant differences between control and CR for a given fat 
source are indicated by asterisks (∗∗∗p < 0.001). Uppercase letters are used to denote statistical 
differences as a function of dietary fat within control groups, whereas lowercase letters are used to 
denote statistical differences as a function of dietary fat within CR groups. Groups that do not 
share letter exhibit statistically significant differences. A) p < 0.05 ContS versus ContL and ContF; 
p < 0.001 CRL versus CRS and CRF. B) p < 0.001 ContS versus ContL and ContF; p < 0.001 CRF 
versus CRL and CRS. C) p < 0.01 ContS versus ContL; p < 0.05 ContS versus ContF; p < 0.001 
CRL versus CRS and CRF. D) p < 0.001 ContS versus ContL and ContF; p < 0.001 CRS versus 
CRL and CRF
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15.4  Conclusions and Perspectives

CoQ levels significantly affect aging in model systems as C. elegans. Both genetic 
(mutations and gene silencing of COQ biosynthetic genes) and dietary (CR and 
feeding worms a CoQ8-less diet) approaches have generally shown that decreased 
levels of CoQ in tissues may lead to extended lifespan in this model system, although 
exogenously supplied CoQ10 or CoQ-biosynthetic precursors can also play a signifi-
cant anti-aging function. In mammal models (as rats), maximal longevity is not 
affected by life-long administration of CoQ10 when animals are fed normal diets, but 
dietary CoQ10 supplementation can ameliorate deleterious alterations associated 
with aging and even extend lifespan of rats that had been fed a potentially prooxi-
dant diet. In humans, supplementation with CoQ10 improves several parameters 
associated with a better antioxidant status in healthy elderly men and women fed a 
Mediterranean diet, which supports that CoQ10 supplementation could be a valuable 
strategy to counteract several oxidative modifications in the elderly. However, given 
the low bioavailability of dietary CoQ, it is also very important to develop mecha-
nisms to increase functional CoQ in tissues and organs along aging or disease states. 
In animal models, several oxidation products as tocotrienol epoxides and oxido-
squalenes have proven very useful for stimulating CoQ synthesis. In addition, CoQ 
levels, COQ gene expression and CoQ-dependent antioxidant systems are CR tar-
gets in cellular systems and in mice in a tissue-specific way, with skeletal muscle 
exhibiting an early response to this intervention. However, whether CR increases, 
decreases or has no effect on CoQ levels, relies on additional factors such as dura-
tion of CR intervention, CR protocol or the predominant fat source present in CR 
diet, and probably additional factors still to be determined. In young mice fed under 
CR, levels of CoQ (and particularly those of CoQ10) adapt to the prevailing oxida-
tive status in the tissue, which can be modulated by dietary fat. Future investigations 
are warranted in order to elucidate how long-term CR intervention with different 
dietary fats affects CoQ levels in old animals.
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Chapter 16
Age Dependent Changes of Coenzyme Q 
Levels and its Induction in Experimental 
Systems

Magnus Bentinger, Gustav Dallner, Kerstin Brismar, Ewa Swiezewska, 
and Michael Tekle

Abstract Coenzyme Q (CoQ) is required for normal metabolic functions in all tis-
sues. In humans, the amount of this lipid increases in all organs during adolescence 
and reaches its highest peak during the first 2–3 decades of life. At 80 years of age, 
the amount is decreased to around half. This development is also observed in differ-
ent regions of the brain. In rodents, a number of physical and chemical factors are 
known to increase CoQ in various organs. Depending on the type, duration and 
doses of the treatments applied, the amount of the lipid increased in different organs 
to variable extents. Vitamin E plays a regulatory role in CoQ synthesis. Low amount 
of vitamin E in the diet results in lower amount of CoQ in liver and blood, while 
high amount of this vitamin increase the amount. Several nuclear receptors are 
involved in the synthesis of the lipid. Mice knockout models of PPARα, RXRα, 
TRα, and LXRα receptors exhibit significantly reduced amounts of this lipid in the 
liver and spleen. The amount of CoQ increases in a number of rodent and human 
pathological conditions, while it decreases in human liver cancer and 
cardiomyopathy.
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16.1  Introduction

It is now well established that coenzyme Q (CoQ), a neutral lipid and one of the 
products of the mevalonate pathway, has many important functions in the cell and 
regulates a number of processes. It plays a central role in the mitochondrial function 
and it is one of the main factors in mitochondrial supercomplexes and necessary for 
the supramolecular organization of the respiratory chain (Genova and Lenaz 2011). 
It is one of the regulators of the mitochondrial permeability transition pool and it 
was also proposed that it participates in the function of uncoupling proteins (Echtay 
et al. 2000; Azzolin et al. 2010). It is quenching free radicals and is our only lipid 
soluble antioxidant that is synthesized endogenously (Ernster and Forsmark-Andree 
1993). Regulation of cell growth and differentiation requires the function of the 
CoQ dependent NADH-oxidase in the plasma membrane (Crane et al. 1985; Buron 
et al. 1993). This lipid has also turned out to be an immunological factor as it is 
affecting the expression of β2-integrins, TNFα and NF-κB dependent genes regulat-
ing release of mediators and signal substances from monocytes and lymphocytes 
into the circulation and exhibit multiple anti-inflammatory effects (Turunen et al. 
2002b; Groneberg et al. 2005; Schmelzer and Doring 2010).

A new development is the elucidation of the biosynthetic mechanism of CoQ 
which is now characterized in detail. At least 12 genes are required and the proteins 
are present in a biosynthetic complex (Tran and Clarke 2007; Acosta et al. 2016). 
Various factors which regulate the state and form of the complex are of great inter-
est. During the recent years our knowledge of the occurrence of genetic mutations 
affecting CoQ expression has increased. A number of primary mutations in the CoQ 
synthetizing enzymes have now been identified (Rotig et  al. 2007; Quinzii and 
Hirano 2010). These mutations lead to functional deficiencies early in life and 
involve mainly the brain, cerebellum, muscles and kidney. Emerging studies indi-
cate the involvement of miRNA in the regulation of lipid metabolism and it remains 
to establish their role in CoQ metabolism (Allen and Vickers 2014).

Even a moderate decrease in CoQ amount reduces the antioxidant protection and 
has negative consequences. Several diseases such as liver cancer, cardiomyopathy 
and complex myopathies exhibit lower CoQ content in the respective organs and is 
considered to be part of the disease process (Turunen et al. 2004). During aging 
many changes occur in cellular constituents and functions which influence organ 
metabolism. A highly discussed issue is the increased production of free radicals 
which would require an increased antioxidant protection. Taking into consideration 
that CoQ is not only an antioxidant, but also has several other functions, changes in 
the cellular amount during aging could influence a number of cellular mechanisms.
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16.2  Decrease of CoQ During Aging

CoQ is present in all tissues and cells of mammals and has an important role in 
respiration, antioxidant action and regulation of a number of other biological pro-
cesses. Hence, its amount is of great importance for a normal cellular function. 
Development and aging affect most cellular components and it is not surprising that 
the amount of this lipid is greatly changed during the lifetime of the organism. In 
humans, the amount is substantial already at birth and in general it further increases 
in the first 20 years of life (Table 16.1) (Kalen et al. 1989). A gradual decrease takes 
place in the following years, a process that continues to older age. At the age of 80, 
CoQ in pancreas and spleen decreases to one-third compared to younger counter-
parts. In all other organs there is also a CoQ reduction, but not to the extent of the 
organs mentioned above.

In human brains, a great variation in the amount of CoQ between different 
regions is found and the levels are between 5 and 20 μg/g wet weight (Fig. 16.1). 
Remarkably, the amount of CoQ in the brain is stable in all regions until the age of 
65–70, but at the age of 90 and older, a decrease is obvious in all parts of the brain, 
especially in the medulla oblongata and hippocampus, where the amount decreases 
by about 50% (Soderberg et al. 1990).

The situation in rodent brain is different during aging (Fig. 16.2). In the initial 
months of life there is a continuous increase of both CoQ9 and CoQ10 contents 
(Zhang et  al. 1996a). The levels are stable after 5  months of age and remain 
unchanged during the rest of life. In mice and rat, the main form of the lipid is com-
posed of 9 isoprenes. However in the brain, 30% of the total CoQ content consists 
of CoQ10 (10 isoprenes), which is the main form in humans. CoQ10 is also found in 
other organs of rodents, but in considerably smaller amounts with the exception of 
the spleen and intestine that also possess about 30% CoQ10 (Aberg et al. 1992). Like 
the human brain, the various regions of the rat brain contain different levels of CoQ, 
which obviously is dependent on the amount and distribution of the cell types 
(Zhang et al. 1996a).

Table 16.1 Age dependent changes of coenzyme Q10 concentration in various human organs

1 year 20 years 40 years 80 years (Age)

Adrenal 58 16 12 9
Heart 79 110 75 47
Kidney 53 98 71 64
Liver 45 61 58 51
Lung 6 6 7 3
Pancreas 38 21 19 7
Spleen 30 33 29 13

Units are in μg/g wet weight. Reference Kalen et al. (1989)
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16.3  Induction of CoQ Biosynthesis

At present, several conditions and treatments are known to induce CoQ biosynthesis 
in rodents. There are a number of publications in the literature that are discussing if 
there are similar effects in humans. For obvious reasons it is very difficult to evalu-
ate these conditions in humans.

The conditions that elevate the CoQ amount in rodents are summarized in 
Table 16.2. Exercise is considered as an effective inducer of CoQ in rat muscle, 
white and brown adipose tissues and liver mitochondria. The increase of the lipid 
may be caused by a general elevation of the total concentration in all membranes or 
on an increase in the number of mitochondria, since this organelle contains the 

Fig. 16.1 Coenzyme Q content in different regions of the human brain during aging. (a) Nucleus 
Caudatus and pons. (b) Gray matter and medulla oblongata. (c) Hippocampus and white matter. 
(d) Cerebellum. From reference Soderberg et al. (1990)
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major part of cellular CoQ. Cold exposure is also another non-drug inducer that 
stimulates the biosynthesis.

A number of substances are known as inducers of CoQ biosynthesis. Carnosine 
is a dipeptide that plays an important role in a number of biological functions, as 

Fig. 16.2 Total coenzyme Q (CoQ9 + CoQ10) content in rat brain during development. (a) Total 
CoQ content in whole rat brain during the first 45 days. (b) CoQ level in the cerebral cortex and 
hippocampus during 1–24 months of life. (c) CoQ content in the cerebellum and brain stem during 
1–24 months of life. From reference Zhang et al. (1996a)

Table 16.2 Treatments that stimulate CoQ biosynthesis in rodents

Conditions Organ
CoQ % of 
control References

Exercise Rat muscle, brown and white 
adipocyte tissues

160–200 Gohil et al. (1985)

Rat liver mitochondria 180–230 Quiles et al. (1994)
Cold exposure Rat liver 250 Aithal et al. (1968)
Carnosine Mouse liver 160 Bentinger et al. (2003)

Mouse liver 131 Santos et al. 
(unpublished data)

Thyroxin Rat liver, heart, muscle 115–170 Pedersen et al. (1963)
Dehydroepiandrosterone Mouse liver 180 Tekle (unpublished)

Rat liver, kidney, muscle 120–182 Aberg et al. (1996)
Vitamin A deficiency Mouse liver 130 Sohlenius-Sternbeck 

et al. (2000)
Vitamin E treatment Rat liver 125 Zhang et al. (1996b)
Acetylsalicylic acid Rat liver, kidney, muscle 129–140 Aberg et al. (1996)
Clofibrate Rat liver, heart, muscle, 120–250 Aberg et al. (1994)
Fluorine Rat brain 125 Guan et al. (1998)
Mevinolin Rat muscle 248 Low et al. (1992)

Rat blood 159 Low et al. (1992)
Aminotriazole Rat liver, kidney, muscle 105–155 Aberg et al. (1996)
DEHP Rat liver, heart, muscle 170–440 Aberg et al. (1994)
2-Ethylhexanoic acid Rat liver 196 Aberg et al. (1996)
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antioxidant, anti-inflammatory and anti-senescence agent. Additionally, it also 
increases CoQ in mice liver upon dietary administration. Among the hormones thy-
roxin and dehydroepiandrosterone are described to increase CoQ amount in various 
tissues. Vitamin A deficiency and administration of vitamin E elevates the amount 
of CoQ. Acetylsalicylic acid, clofibrate and mevinolin are established drugs that 
induce CoQ synthesis. Fluorine in a low concentration increases CoQ in rat brain. 
Aminotriazole, di(2-ethylhexyl)phthalate (DEHP) and 2-ethylhexanoic acid are 
examples of chemical substances present in the environment which are known as 
inducers. It is demonstrated in tissue culture systems that camptothecin, an anti- 
cancer agent upregulates CoQ synthesis. This process is dependent on the activation 
of the transcription factor NF-κB (Brea-Calvo et al. 2009).

16.4  Nuclear Receptors and CoQ Biosynthesis

Nuclear receptors are regulators of a number of genetic signaling pathways involved 
in the biosynthetic processes. In rodents, peroxisome proliferator activating recep-
tor alpha (PPARα), retinoid x receptor alpha (RXRα) and liver x receptor alpha 
(LXRα) are involved in the regulation of CoQ synthesis (Turunen et  al. 2000; 
Bentinger et al. 2003; Bentinger et al. 2012). Since RXRα is the dimeric partner of 
a number of receptors, its involvement in the synthetic process is not clear. In 
PPARα knockout mice CoQ amount and synthesis is not disturbed but the induction 
with peroxisomal inducers is eliminated (Table 16.3). The CoQ synthesis increases 
upon cold exposure, however inducers such as DEHP has no longer an effect on the 
synthetic process in PPARα knockout mice. On the other hand, RXRα knockout 
mice did not respond to cold exposure but induction with DEHP is extensive. LXRα 
appears to have different roles in various organs. LXRα knockout mice have a 
decreased CoQ synthesis in the liver but increased in the spleen as well as in other 
organs. The LXRβ knockout mice have no influence concerning CoQ synthesis in 
any of the organs. Consequently, the LXR-αβ double knockout mice behave as the 
α knockout form. It is expected that in the near future the role of nuclear receptors 
in CoQ biosynthesis will be explored in detail.

The effectiveness of the inducers is demonstrated by the use of clofibrate and 
DEHP in rat (Aberg et al. 1996). Clofibrate is interesting since it is also used in 
human therapy in some type of hyperlipidemia. After 2 weeks of treatment the CoQ 
amount in organs is influenced and after 6 weeks a more than 100% increase is 
observed in the liver, 40% in muscle and heart and 20% in blood while the brain 
remains unaffected (Fig. 16.3).

DEHP is a chemical component that we encounter in our daily life. It is present 
everywhere as a consequence of release from polyvinylchloride (PVC) plastic 
where it is used as plasticizer. It is also inadvertently introduced to patients since the 
plastic bags and tubes used for blood storage and dialysis are composed of PVC 
plastics. When it is administered to rats, already after 3-weeks the CoQ amount is 
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increased substantially and after 6 weeks the elevation is 400% in the liver, 80% in 
the muscle and 20% in the heart and blood (Fig. 16.4).

16.5  Interference with Uptake of CoQ

Today the only way to increase CoQ in human blood and tissues is by dietary 
administration of the lipid (Littarru and Tiano 2005). The uptake is limited to a few 
percent but various formulations for increased uptake were proposed, such as sup-
plementing the reduced form, a water soluble form and derivatization by hydroxyl-
ation or succinylation (Turunen et  al. 1999; Miles et  al. 2007; Bergamini et  al. 
2012). To find an optimal condition is of interest for future investigations. A Vitamin 
E deficient diet decreases the CoQ uptake to a limited extent, but enrichment of the 
diet with vitamin E increases uptake of CoQ considerably (Table 16.4).

Table 16.3 Nuclear receptors 
and CoQ amounts in mouse 
liver and spleen

Mice Treatment
CoQ (% of 
wild-type)

Wild type, liver None 100
DEHP 226
Cold exposure 157

PPARα-knock out, liver None 98
DEHP 98
Cold exposure 149

RXRα − deficient, liver None 49
DEHP 555

Thyroxin, liver Cold exposure 114
None 100
TRα−/− 166
TRβ−/− (CoQ9) 100
TRβ−/− (CoQ10) 500

LXR, liver None 100
α−/− None 69
β−/− None 98
αβ−/− None 63
LXR, spleen None 100
α−/− None 132
β−/− None 96
αβ−/− None 148

From references Turunen et al. (2000), Bentinger et al. (2003), 
Bentinger et al. (2012) and Tekle (unpublished data)
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16.6  Induction of Coenzyme Q Synthesis in 
Experimental Systems

In aging and in many diseases - including inborn errors - the optimal treatment pro-
cedure would be to use an inducer of the CoQ synthesis without toxic effects. In this 

Fig. 16.3 Amounts of CoQ9 in rat tissues and blood after 2 and 6 weeks of treatment with clofi-
brate. From reference Aberg et al. (1994)
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respect modified forms of tocotrienols appear to be efficient (Bentinger et al. 2008). 
Both mono and diepoxidated forms of α, β, γ and δ tocotrienols greatly increased 
the incorporation of 3H-mevalonate into CoQ when cultured with HepG2 cells 
(Fig. 16.5). Most of the lipids with all-trans isoprenoid side chains such as vitamin 
K2, squalene, solanesol, solanesyl-phosphate, solanesyl-acetate, solanesyl- 
phtalimide, epoxidated tocotrienols as well as epoxidated CoQ are efficient induc-
ers in tissue cultures. It was also found that the COQ1 and COQ2 genes were 

Fig. 16.4 Amounts of CoQ9 in rat tissues and blood after 3 and 6 weeks treatment with di(2- 
ethylhexyl)phthalate. From reference Aberg et al. (1994)
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induced in the cells. In prolonged incubation of the cells with these substances, a 
substantial elevation of not only the rate of synthesis, but also the total amount of 
the lipid was achieved. The various derivatives of tocotrienols are promising as 
future drugs since they have very low toxicity. The human diet contains a large 
amount of tocotrienols (Theriault et al. 1999), greatly exceeding the amount of the 
epoxidated form given to the rodents (Bentinger et al. 2008).

Squalene is one of the all-trans isoprenoids present in the cell and is a substrate 
for cholesterol synthesis. This intermediate can be modified by transferring the 
epoxide moiety to the second or third unsaturated bond. When 10, 11- oxidosqualene 
was injected to the mice during 6 days, the amount of cholesterol in the circulation 
was not influenced but the amount of circulating CoQ increased significantly 
(Fig. 16.6a, 16.6b). The validity of this finding was also proven by injecting the 
substance into ApoE deficient mice in which CoQ in blood was doubled already 
after 4 days (Fig. 16.6c). A similar finding was also observed in the type 2 diabetic 
model Goto-Kakizaki (GK) rats where the CoQ amount was almost doubled after 
6 days of injection (Fig. 16.6d) (Bentinger et al. 2014).

Table 16.4 Effects of vitamin E status on the dietary uptake of CoQ10 into liver and plasma of rats

Vitamin E DD Normal vitamin E diet CoQ10 pmol/mg protein Vitamin E SD

Liver
  None 88 102 127
  CoQ10 treated 481 520 674
Plasma
  None 68 74 84
  CoQ10 treated 149 156 252

DD deficient diet, SD supplemented diet. From reference Zhang et al. (1996b)

Fig. 16.5 Effects of tocotrienols and their epoxidated forms on CoQ biosynthesis. Incorporation 
of 3H-mevalonate into CoQ in HepG2 cells was determined. From reference Bentinger et al. (2008)
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16.7  Coenzyme Q in Diseases

A limited number of studies are available where CoQ is measured in various tissues 
in diseased conditions. This subject is of interest in order to find out the importance 
of this lipid for various normal functions. Prion disease develops as a consequence 
of protein conformational changes and is closely related to Creutzfeldt-Jakob dis-
ease. The mouse model of the disease has been investigated to a great extent and 
contributed to the identification of the changes causing the disease. Among the 
modifications is the greatly induced synthesis of CoQ resulting in a 2.5-fold increase 
of the lipid in the brain (Table  16.5) (Guan et  al. 1996). Interestingly, the other 
mevalonate pathway lipids, dolichol and dolichylphosphate are also elevated by 
several folds in the brains of scrapie infected mice.

Chemical carcinogenesis can be performed by intermittent administration of 
2-acetylaminofluorene to rats which in the initial period leads to the development of 
preneoplastic nodule in the liver. These nodules contain a greatly increased amount 
of CoQ before the development of cancer (Olsson et al. 1991). Animal models of 
diabetes type 2 are more or less similar to the human form of diabetes. One of the 
few available data concerning CoQ amount is that in the GK rat testis mitochondria 

Fig. 16.6 The influence of treatment with 10,11-oxidosqualene on plasma levels of cholesterol 
and CoQ9 in control mice (a, b), CoQ9 in ApoE deficient mice (c) and CoQ9 in GK-rats (d). From 
reference Bentinger et al. (2014)
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where an increase of CoQ was observed (Palmeira et al. 2001). A similar finding 
was also observed in the liver of GK rat (Grunler, unpublished data).

The major form of human dementia is the Alzheimer’s disease. This is a well 
characterized disease where a number of changes in the brain are found but no 
therapy is available today. In this disease, CoQ is greatly increased in all parts of 
human brain including the cerebellum and medulla oblongata (Soderberg et al. 1992).

Some diseases are associated with inhibition of the synthesis of this lipid. A 
decrease in CoQ amount was also observed in the liver of Niemann-Pick type C 
disease mice, a model commonly used to find out the factors behind this disease 
(Schedin et al. 1998).

In human liver cancer, the amount of CoQ per gram tissue is greatly decreased 
which is in contrast to what was found in the preneoplastic nodule of the rat (Eggens 
et al. 1989).

In some investigations, biopsies taken from human heart were analyzed in order 
to follow the effectiveness of dietary CoQ therapy (Folkers et al. 1985). When the 
disorders were followed from class I to class IV, which are classes introduced to 
classify the severity of the myocardial disorder where class I is milder and IV is an 
advanced form of the disease, the CoQ levels decreased accordingly. In fact it has 
been shown that a long term CoQ treatment during chronic heart failure improves 
heart function and adverse cardiovascular events (Alehagen et al. 2013; Mortensen 
et al. 2014).

Table 16.5 Coenzyme Q in diseases

Increase Control Diseased Unit Reference

Scrapie disease (mouse) 40.3 99.9 μg/g ww Guan et al. (1996)
Preneoplastic nodule (rat) 135 855 μg/mg p Olsson et al. (1991)
Diabetes (testis mit) GK rat 1.6 2.1 nmol/mg p Palmeira et al. (2001)
Liver, GK rat 158 226 nmol/g 

tissue
Grunler (unpublished 
data)

Alzheimer’s disease (human) Soderberg et al. (1992)
Frontal cortex 13.1 16.9 μg/g ww
Frontal white matter 2.6 4.2
Nucleaus caudatus 14.9 22.4
Cerebellum 9.7 14.8
Medulla oblongata 5.0 9.4

Decrease
Niemann-pick type C disease (mouse 
liver)

150 98 ng/mg p Schedin et al. (1998)

Liver cancer (human) 40 18 μg/g ww Eggens et al. (1989)
Cardiomyopathy (human) Folkers et al. (1985)
Class I 0.40 μg/g dw
Class II 0.34
Class III 0.28
Class IV 0.28

ww wet weight, dw dry weight, p protein, GK Goto Kakizaki, mit mitochondria
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16.8  Discussion

In this review, we describe the changes in CoQ amount that occur during aging, 
under various experimental conditions and in diseases. These data deals with events 
related to cells and tissues and do not include information concerning measure-
ments in blood since the amount of CoQ found in the circulation does not necessar-
ily reflect the metabolism and the levels in various organs. The major part of the data 
available in the literature originates from studies based on blood CoQ content. 
However the situation, in contrast to other blood lipids such as cholesterol, is differ-
ent. Cholesterol is one of the major lipid constituents of the blood and reflects the 
metabolism both in blood and organs (Goldstein and Brown 1990; Johnson et al. 
1997). It is synthesized in all organs but the daily requirement is very different from 
that of CoQ. For example, the adrenals synthesize large amounts of hormones using 
mainly external uptake of the substrate which is cholesterol. One third of our cho-
lesterol originates from the diet as an important food constituent (Hussain 2014). 
The liver synthesizes large amounts of cholesterol that is secreted to the circulation 
and mixed with the dietary lipids bound to lipoproteins. This process involves equi-
librium between the blood and metabolism in various organs. Consequently, the 
concentration of cholesterol in the blood reflects the levels characteristic for the 
general metabolism. The situation is different concerning CoQ. All organs and cells 
in the body synthesize this lipid in sufficient amounts to attain the cellular require-
ments and, in opposite to cholesterol, CoQ is not metabolized to be a substrate for 
downstream cellular functions (Elmberger et al. 1987). The uptake of CoQ from the 
diet is limited, not exceeding 3–4%, and the level is rapidly saturated (Zhang et al. 
1995). It appears that the major part of CoQ in the blood is originating from synthe-
sis in the liver where a low amount is excreted with the VLDL into the blood 
(Elmberger et al. 1989). Probably, the importance and main function of CoQ in the 
blood plasma is to maintain the required antioxidant defence of the blood lipopro-
teins and no tissue redistribution occurs under normal conditions (Thomas et  al. 
1997). Therefore, the blood level does not necessarily reflect the levels and metabo-
lism of various organs. This situation is most clearly demonstrated in children with 
inborn errors of CoQ synthesis who require a continuous treatment with CoQ in 
order to survive (Rustin et al. 2004). Most of these children have the same lipid 
composition in the blood as healthy children. This fact does not exclude the useful-
ness of CoQ measurements in the blood for diagnosis of specific conditions, where 
changes are related to specific metabolic disorders. Another possibility to diagnose 
CoQ deficiency could be to isolate and measure lipid content in the blood mono-
cytes since these cells behave in most aspects similar to the tissue cells in various 
organs (Turunen et al. 2002a). However, this analysis would be difficult to perform 
in a larger scale.

A comparison of CoQ amounts in the blood under various conditions and in 
diseases are often performed in extensive studies. This kind of comparison can be 
relevant if homogenous populations are compared. In one study, it was found that 
Polish and Swedish women selected from restricted regions had the same amount of 
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CoQ in the blood (Tekle et al. 2010). Women from the capital of Serbia had twice as 
much CoQ, while women from part of Serbia, which had been affected by chemical 
pollutant in a recent war, had only 20% of what was found in the Swedish and Polish 
cohorts. In another investigation, Kenyan rural (Samburu) and urban (Nairobi) pop-
ulations were compared and those in the rural areas showed a three-fold higher CoQ 
amount (Theuri et  al. 2013) probably due to enhanced physical activities. These 
facts should be kept in mind in future larger studies.

Another question of great interest is the redox status of CoQ which is often inves-
tigated. In spite of the fact that the body utilizes CoQ as an effective antioxidant and 
also for regenerating α-tocopherol, most of the lipid is found in reduced form. Now 
it is well established that a number of different reductive enzymes are capable of 
reducing the oxidized CoQ and these enzymes are in excess (Olsson et al. 1999; 
Montano et al. 2015). It is also established that reduced CoQ is rapidly auto- oxidized 
when exposed to air depending on a number of conditions (Aberg et  al. 1992). 
Consequently, the type of the solvents used for extraction and the time consumed 
for isolation of the lipid is of great importance and influences the redox status exten-
sively. As a result, it is difficult to obtain reproducible data and the real status of the 
lipid in the tissues can be different. This fact is also reflected when analyzing a 
number of studies where the amount of reduced per oxidized CoQ is very different 
in spite of the similar experimental conditions. In a recent investigation it was shown 
that reversed mitochondrial electron transport from reduced CoQ to complex I leads 
to the generation of superoxide and oxidation of complex I proteins (Guaras et al. 
2016). Consequently, CoQ redox status acts as a metabolic sensor which influences 
the efficiency of the respiratory chain.

During aging, not only in rodents but also in humans, CoQ is decreasing in all 
organs (Kalen et al. 1989). Since the major part of the lipid is in the inner mitochon-
drial membrane, it is expected that mitochondrial respiration and ATP production is 
reduced (Kalen et  al. 1990). The requirement for oxidative phosphorylation is 
decreased during aging and the importance of this change is not completely eluci-
dated. Most or all of the procedures described to increase the amount of this lipid 
are working in experimental systems but none of them have so far proved to be 
efficient in humans. Today, the only way to increase CoQ action in human is by tak-
ing the dietary administration route (Littarru and Tiano 2005). In doses of 
100–200 mg, part of this lipid is taken up into the circulation and affects human 
metabolism (Brauner et al. 2014). This occurs in spite of the established fact that the 
uptake into the organs from the blood is limited. However this limitation does not 
interfere with the findings that organ functions are influenced. Dietary CoQ is pres-
ent in monocytes and influences the production of β2-integrins, complement recep-
tors, TNFα secretion and a number of genes involved in cell signaling and cellular 
metabolism. For these reasons CoQ may up or down regulate a large number of 
metabolic processes by binding to cell surface receptors that induce intracellular 
metabolic pathways. These effects do not require the entrance of the lipid into 
the cell.
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Chapter 17
Effects of Coenzyme Q10 Supplementation 
on Elderly People

Elena M. Yubero-Serrano, Francisco M. Gutierrez-Mariscal, 
and Jose Lopez-Miranda

Abstract Coenzyme Q10 (CoQ10) is an essential component of the electron trans-
port system and the only lipid-soluble compound synthesized endogenously present 
in all cell membranes with bioenergetics and antioxidant properties.

Aging, neurodegenerative disorders, cardiovascular disease and other aged- 
related diseases, as well as genetic mutations, have been associated with CoQ10 
deficiency. Since both limited uptake and low bioavailability of dietary CoQ10 might 
influence in this deficiency, supplementation with CoQ10 must be considered in 
those cases as therapeutic solution. However, more research is needed in order to 
identify the appropriate dose, the effectiveness and the bioavailability of orally- 
administered CoQ10. Furthermore research must be developed in order to design 
therapeutic agents to induce the endogenous synthesis CoQ10 specially in 
elderly people.

This review will focus in the most relevant biochemical characteristics of this 
important antioxidant, including its main functions, levels and distribution in human 
organism and the therapeutic potential of CoQ10, especially, during aging and the 
associated diseases.

Keywords Coenzyme Q10 · Aging · Oxidative stress · Antioxidant · Aging-related 
diseases · Therapeutic approach

Elena M. Yubero-Serrano and Francisco M. Gutierrez-Mariscal contributed equally with all other 
contributors.

E. M. Yubero-Serrano (*) · F. M. Gutierrez-Mariscal · J. Lopez-Miranda 
Lipids and Atherosclerosis Unit. Instituto Maimónides de Investigación Biomédica de 
Córdoba (IMIBIC); Reina Sofia University Hospital, University of Cordoba, and CIBER 
Fisiopatologia Obesidad y Nutricion (CIBEROBN), Instituto de Salud Carlos III, Spain, 
Córdoba, Spain
e-mail: jlopezmir@uco.es

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-45642-9_17&domain=pdf
mailto:jlopezmir@uco.es


348

17.1  Coenzyme Q10

Coenzyme Q10, also known as CoQ10, vitamin Q10, ubiquinone, and ubidecarenone, 
is a benzoquinone compound, identified as a component of the mitochondrial respi-
ratory chain (Crane et al. 1989; Schultz and Clarke 1999). It has been isolated and 
characterized as an ubiquitous quinone substance that received the name of ubiqui-
none (Festenstein et al. 1955). After its isolation, CoQ10 was identified as an essen-
tial electron carrier in the inner membrane of mitochondria as member of the 
mitochondrial electron transport chain (Festenstein et al. 1955; Crane et al. 1957).

CoQ10 is the short name of 2,3-dimethoxy-5-methyl-6-decaprenyl-1,4- 
benzoquinone. It is a lipid-soluble quinone with a very high biological activity. 
CoQ10 has two different parts, a polar benzoquinone ring and a lipidic isoprenoid 
side chain whose length depends on the organism. Its structure is similar to vitamin 
E. The name CoQ10 indicates that the quinone ring is bound to ten isoprenyl sub-
units that are part of this compound’s structure. This is the predominant human form 
of this molecule. Moreover, the term “coenzyme” denotes it as an organic (contains 
carbon atoms), non-protein molecule necessary for the proper functioning of its 
protein partner (an enzyme or an enzyme complex) (Jeya et al. 2010). The principal 
characteristic of CoQ10 is its presence in three redox states: the fully oxidized ubi-
quinone form, a semiquinone form (that acts as free radical) and the fully reduced 
ubiquinol (Fig. 17.1) (Alcazar-Fabra et al. 2016). CoQ10 is found in all cell mem-
branes but the highest presence is in the inner membrane of mitochondria in every 
cell in the human organism. In mitochondria, CoQ10 is essential as a cofactor in the 

Fig. 17.1 Chemical structure of different forms of coenzyme Q10

Chemical structure of different forms of coenzyme Q10 (2,3-dimethoxy-5-methyl-6-decaprenyl-
1,4-benzoquinone). Ubiquinone is reduced to ubiquinol through a semiquinone intermediate

E. M. Yubero-Serrano et al.
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mitochondrial electron transport chain, and them, indispensable for aerobic cellular 
respiration and for the production of ATP and cell bioenergetics in aerobic organ-
isms (Alcazar-Fabra et al. 2016; Acosta et al. 2016).

17.1.1  Coenzyme Q10 Functions

As member of the mitochondrial electron transport chain, CoQ10 accepts electrons 
from different donors named reductases, mainly NADH-coenzyme Q oxidoreduc-
tase (Complex I) and succinate-dehydrogenase (Complex II). The reduced form is 
later oxidized by transferring electrons to ubiquinol-cytochrome c reductase com-
plex (Complex III) (Fig. 17.2). Its electron transport activity is accompanied by a 
pumping capacity that transfers protons from mitochondrial matrix to the intermem-
brane space contributing to create a proton gradient between mitochondrial matrix 
and cytosol (Crane 2001). This redox activity permits to mitochondria to participate 
in cell growth and maintenance (Overvad et al. 1999). Through this process, CoQ10 
maintains a permanent redox equilibrium between the reduced form (ubiquinol) and 

Fig. 17.2 Electron transport chain
The electron transport chain uses the electrons from electron carriers to generate an electrochemi-
cal gradient that will be used by ATP synthase to produce ATP. Coenzyme Q10 accepts the electrons 
from both complex I and complex II and delivers them to complex III
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the oxidized form (ubiquinone). This equilibrium is maintained in mitochondria 
mainly by the activity of complexes I and II as electron donors and Complex III as 
acceptor. Other researches have revealed that CoQ10 is also a co-factor for the func-
tion of uncoupling proteins. For these reasons, CoQ10 is essential in the control of 
bioenergetics homeostasis in cells (Littarru and Tiano 2007; Potgieter et al. 2013).

In other cell membranes, at least three enzymes are known as CoQ10-reductases: 
NADH/NADPH oxidoreductase (DT diaphorase), NADH cytochrome b5 reductase 
and NADPH coenzyme Q reductase (Villalba and Navas 2000). In these mem-
branes, ubiquinol acts as a potent antioxidant protecting cells from oxidative dam-
age and contributing to the stability of the cell membranes, proteins, glycoproteins 
and DNA. Further reduced CoQ10 form has also been reported to protect LDL from 
oxidation (Lopez-Lluch et al. 2010). LDLs tend suffer more oxidation during aging 
probably by the reduction of the levels of CoQ10. For this reason, CoQ10 supplemen-
tation could be a good therapy to decrease LDL oxidation reducing the high risk of 
cardiovascular disease during aging (Yubero-Serrano et al. 2011).

In addition to direct antioxidant radical scavenging, CoQ10, and particularly the 
semiquinone intermediate (Fig.  17.1), recycles and regenerates other membrane 
antioxidants, such as α-tocopherol and also cytosolic and extracellular antioxidants 
such as ascorbic acid. CoQ10 is essential to maintain them in their reduced and activ-
ity state (Navas et  al. 2007). All these activities make CoQ10 as the main lipidic 
antioxidant, more powerful than vitamin E, present in relative high concentrations 
and able to regenerate intracellular reducing mechanisms (Forsmark-Andree 
et al. 1995).

17.1.2  Levels and Distribution of Coenzyme Q10 in the Humans

All human cells studied so far can synthesize CoQ10. Its amount in these cells 
depends on the organs and tissues. In humans, CoQ10 ranges from 8 μg/g in lung to 
114 μg/g in heart. In some determinations, a shorter form, CoQ9 has been found but 
only in small quantities (2–7%) (Jeya et al. 2010). In general, ubiquinol levels are 
higher than the levels of the oxidized form, ubiquinone, in most of the human tis-
sues except in the case of lung and brain (Bhagavan and Chopra 2006). In the case 
of brain, the increase in the ratio ubiquinol/ubiquinone can be associated with neu-
rological diseases due to mitochondrial dysfunction (Spinazzi et al. 2019).

Generally, tissues with high metabolic activity, such as the heart, kidney, liver 
and muscle, contain relatively high concentrations of CoQ10 (Ernster and Dallner 
1995). At the cellular levels, most of the CoQ10 (40–50%) is localized at the mito-
chondrial inner membrane. It is present in the rest of cell membranes although at 
smaller amounts in the other organelles and in the cytosol.

Cell and tissue CoQ10 is coming from endogenous synthesis although it can be 
also obtained from food intake or oral supplementation. Interestingly, the range of 
CoQ10 concentration in humans show a high range and also depend on age, sex and 
race, and on the health of the individual (Sohal and Forster 2007). In healthy young 
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individuals, total body content of CoQ10 is around 0.99 ± 0.3 mg/L (from 0.55 mg/L 
and 1.87 mg/L). However, these levels decrease during aging, and in age-related 
diseases such as in patients with cardiomyopathies, congestive heart failure and 
degenerative diseases (Fotino et al. 2012; Shetty et al. 2012).

17.1.3  Biosynthesis and Transport of CoQ10

The main although not unique source of CoQ10 in humans is the endogenous synthe-
sis. This synthesis depends on the mevalonate pathway (Fig. 17.3). CoQ10 synthesis 
Shares the mevalonate pathway with cholesterol, dolichol, dolychil-phoshate and 
isoprene chains that bind to aminoacid residues in proteins (Villalba et al. 2010). De 
novo CoQ10 synthesis in humans is initiated by the union of the benzoquinone ring 
precursor, 4-hydroxybenzoate, and the isoprenoid side chain produced from farne-
syl pyrophosphate. These two molecules are condensed by the polyprenil-4- 
hydroxybenzoate transferase, COQ2. After that, a complex with many other 
components, at least eight enzymes (encoded by COQ3–10) modify the benzene 
ring with subsequent methylation, decarboxylation and hydroxylation reactions to 
(Quinzii et al. 2007; Turunen et al. 2004).

It seems clear that CoQ10 synthesis is located in mitochondria and from this, it is 
distributed in all the subcellular compartments. Then, a transport system from the 
mitochondria to the rest of cellular membranes must exist. Using in vivo labeling 

Fig. 17.3 Cholesterol and 
Coenzyme Q10 pathways 
share Mevalonate 
intermediate and Statin 
interruption
3-Hydroxy-3- 
methylglutaryl-
Coenzyme A (HMG-CoA) 
is changed into 
Mevalonate by the action 
of the enzyme HMG-CoA 
reductase. From here, 
Mevalonate can be used 
to synthesize both 
cholesterol and coenzyme 
Q10. Statins work by 
inhibiting the action of 
HMG-CoA reductase, 
thereby decreasing the 
amount of mevalonate 
available to make either 
cholesterol or 
coenzyme Q10
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and cell fractionation in spinach leaves, it was demonstrated that CoQ10 is trans-
ported from the endoplasmic reticulum to other compartments through a vesicle- 
mediated process involving the Golgi system (Wanke et  al. 2000). This cellular 
transport system was also found in human cells in culture (Fernández-Ayala et al. 
2005a). Interestingly, exogenous CoQ10 can enter the cell through plasma mem-
brane and incorporate to cell organelles including mitochondrial inner membrane 
(Fernández-Ayala et al. 2005b).

17.1.4  Uptake and Distribution of CoQ10

CoQ10 is found in many dietary sources including animals and vegetables and can 
be also obtained from many dietary supplements. Large amounts are present in food 
from animal sources such as chicken legs, heart, liver and herrings. In comparison 
with meat and fish, lower levels are found in vegetables probably by the lower 
amount of mitochondria in comparison with animal cells (Table 17.1). In general, 
dietary intake of CoQ10 has been estimated as 3–5 mg/day. However, this intake is 
not necessary in situations without endogenous CoQ10 synthesis dysfunction in 
which the quinone reaches a saturation level in cells and tissues (Bhagavan and 
Chopra 2006).

Table 17.1 Content in 
coenzyme Q10 in food

Food Sources CoQ10 content (μg/g)

Meat Pork heart 203
Pork liver 3.1
Pork ham 20
Beef heart 41
Beef liver 19
Lamb leg 2.9
Chicken leg 17

Fish Trout 11
Sardines 64
Red mackerel 43–67
Tuna canned 0.3

Vegetables Spinach 2.3
Pea 0.1
Cauliflower 0.6

Fruits Orange 2.2
Strawberry 0.1
Apple 0.2

Cereals Bread (rye) 4.7
Bread (wheat) 2.1
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To understand the distribution of CoQ10 in tissues after oral ingestion it is neces-
sary to take into consideration its lipophilic nature. The absorption of CoQ10 is 
enhanced in the presence of lipids, then supplementation with CoQ10 must be per-
formed with fat-rich meals. Due its biochemical characteristics, CoQ10 is absorbed 
slowly from the small intestine, possibly because it has a high molecular weight and 
is not very water soluble, passes into the lympha, and finally to the blood bound to 
chylomicrons and further to tissues, mainly liver. This mechanism is the same than 
vitamin E used to be incorporated from dietary sources (Zhang et al. 1995). In blood 
plasma, the reduced form, ubiquinol, is bound to lipoproteins, mostly to LDL 
(Bhagavan et al. 2007; Zhang et al. 1995). It has been considered that circulating 
concentrations of CoQ10 may be a putative biomarker to indicate their general status 
in the body and for monitoring the bioavailability of CoQ10 supplementation.

Accordingly, the number of different formulations developed to improve the 
incorporation of CoQ10 into human body, the importance of the vehicle and the solu-
bility of CoQ10  in the preparation is clear in order to increase its bioavailability 
(López-Lluch et al. 2019). During the last decade, CoQ10 supplements have been 
developed as oil-based, softgel or powder-filled capsules and hard tablets. 
Comparisons between studies have indicated that CoQ10 bioavailability is influ-
enced by the type of formulation, and that it is better to take CoQ10 with fatty foods 
(Villalba et al. 2010).

17.2  CoQ10 and Aging

We can define aging as the normal decline in survival suffering by all organisms 
along time. Understanding the molecular and cellular mechanisms underlying aging 
process would permit to develop strategies to resolve the problems associated to the 
increase of aged population that affects the whole world. Aging events have been 
studied from different points of view. One of the most accepted theories suggest that 
aging, is associated with the increase of oxidative damage in cells and tissues that 
drives aging and the age-related degenerative diseases (Su et al. 2010). In this the-
ory, reactive oxygen species (ROS) are the factors that trigger the deleterious, irre-
versible changes and macromolecular damage associated with aging (Fig.  17.4) 
(Miquel 1998; Sohal et al. 2002).

Normal aerobic cell metabolism releases ow amounts of ROS as results of the 
partial reduction of molecular oxygen. These low ROS levels have beneficial effects 
maintaining antioxidant machinery. However, when there is a ROS overproduction, 
the accumulation of these reactive species produces oxidative modifications affect-
ing many cell components including all the organic molecules present in cells 
(Valko et  al. 2006). To avoid oxidative damage, organisms contains antioxidant 
mechanisms (Fig. 17.4) such as enzymes (superoxide dismutase, catalase, glutathi-
one peroxidase) and small hydrophilic and hydrophobic molecules that act directly 
as non-enzymatic antioxidants (ascorbic acid, tocopherol, glutathione, CoQ10, and 
others). Thus, we can define oxidative stress as the damage produced by the 
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imbalance between ROS production rate and the capacity to eliminate ROS by and 
antioxidant defences, in favour of ROS. This imbalance seems to be a hallmark of 
aging since oxidative stress has been associated with many age-associated diseases 
such as chronic-degenerative disease, such as cancer, metabolic and disease cardio-
vascular diseases.

Oxidative stress causes some of the modifications that cannot be completely 
repaired by antioxidant and cell turnover mechanisms and thus accumulate. The 
accumulation of oxidized structures in cells leads to cell senescence, cell death, 
organism malfunction, and the “aging phenotype.” Nowadays, a version of the free- 
radical theory to explain aging, related with mitochondria as the main source and, at 
the same time target for ROS-dependent damage, is one of the most popular theories 
of aging (Barja 2007; Miquel et al. 1980). This theory postulates that mitochondrial 
DNA (mtDNA) suffer higher oxidative damage as the organism ages and this leads 
to the accumulation of mtDNA.  This accumulation produces a vicious cycle in 
which an initial ROS-induced mtDNA damage increases oxidants production that, 
in turn, leads to more mitochondrial damage that produces more mtDNA damage 
(Gilmer et al. 2010).

According to this concept, mitochondria and mitochondrial ROS would play an 
important role in the development of strategies to delay and improve the aging pro-
cess. These strategies must be focused on extending lifespan and/or retarding age- 
associated biological changes, including age-related diseases (Lee et  al. 2004). 

Fig. 17.4 Theory of aging
One of the most accepted theory of aging suggest that aging is produced by the deleterious, irre-
versible changes and macromolecular damage produced by ROS. Some modifications (mainly 
those related to DNA) are not completely repaired and thus accumulate, leading to cell death, 
organism malfunction, and the “aging phenotype”
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Among these strategies, nutritional and pharmacological interventions studied in 
several model organisms, including yeast, flies, mice and rats, as well as monkeys. 
Accordingly, with this strategy, some antioxidants have proved to be useful as 
dietary antiaging therapies (Duntas 2011; Lopez-Dominguez et al. 2012).

17.2.1  Coenzyme Q10 Deficiency in Aging

As it has been indicated before, all cells in the organism synthesize CoQ10 (Schultz 
and Clarke 1999). Along human life, CoQ10 increases until 20 years; however, it 
seems that the organism begin to lose its ability to synthesise CoQ10 during maturity 
and aging when and the coenzyme becomes deficient (Blatt and Littarru 2011; 
Gutierrez-Mariscal et al. 2011; Ochoa et al. 2007). Besides a decrease in biosyn-
thetic capacity, other factors or situations may affect the levels of CoQ10, including 
an increase in its degradation (Nakamura et al. 1999) or changes in membrane com-
position as occurs in different age-related diseases (Kagan and Quinn 1996). 
However, it is difficult to determine the importance of the changes in CoQ10 levels 
during aging since they are tissue- and organ-dependent. It has been shown that 
levels of CoQ10 in mitochondria of old rat brain increase (Battino et  al. 1997) 
whereas they decrease in skeletal muscle (Lass et al. 1999). These differences make 
very complex the study of the importance of CoQ10 in aging process and further 
research is needed in order to clarify the importance of CoQ10 in aging 
progression.

Furthermore, dietary supplementation with CoQ10 does not affects all the organs. 
In young and healthy rodents, dietary CoQ10 is easily incorporated into liver and 
spleen; however, in older animals supplemental CoQ10 seems to restore normal lev-
els (Beal 1999; Rosenfeldt et al. 1999).

This decrease in CoQ10 during aging has been related to a higher oxidative stress 
associated with aging and its related diseases. Thus, oral CoQ10 supplementation 
could be an effective antioxidant strategy to many age-associated diseases such as 
neurodegenerative disorders, diabetes, and cancer, muscular and cardiovascular dis-
eases in which oxidative stress is an important factor.

17.3  Therapeutic Uses of CoQ10 in Age-Related Diseases

The fundamental role of CoQ10 in mitochondria, bioenergetics and antioxidant pro-
tection is the base of the therapeutic importance of CoQ10 supplementation. The 
studies performed in animals demonstrate that large doses of CoQ10 can reach all 
tissues and subcellular components including heart and brain mitochondria. This 
capacity has implications in therapies for many human diseases in which oxidative 
stress is a main factor. Several evidence have been recorded about the beneficial 
effects in cardiovascular, neurodegenerative and many other aged-related diseases 
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(Bhagavan and Chopra 2006; Villalba et al. 2010; Gonzalez-Guardia et al. 2015; 
Gutierrez-Mariscal et  al. 2012; Gutierrez-Mariscal et  al. 2014; Yubero-Serrano 
et al. 2013).

17.3.1  CoQ10 and Cardiovascular Disease

Cardiovascular disease (CVD) is one of the major causes of death and disability 
worldwide. We can suspect that the importance of disease will increase with the 
increase of elderly and the higher levels of obesity and sedentary lifestyles. Today, 
around 17 million deaths per year are associated to CVD (Flowers et al. 2014).

One of the main priorities in public health systems is to design a strategy to pre-
vent CVD by modifying lifestyle. In this strategy, diet plays an important role. 
Several dietary factors have been related with a rise in the risk to suffer CVD, such 
as a low consumption of fruit and vegetables, a high intake of saturated fat and salt 
(Eilat-Adar et al. 2013). In the pathogenesis of CVD, oxidative stress plays a cen-
tral role.

Oxidative stress has been also associated with congestive heart failure, hyperten-
sion and ischemic heart disease. The high-energy requirements and high mitochon-
dria amount in heart muscle cells is the main cause of the high levels of CoQ10 found 
in this cell type. In samples from human heart it has been detected a significant 
decrease of the CoQ10 content in cardiomyopathies. This deficiency showed a direct 
correlation with the severity of disease (Folkers et al. 1985; Nobuyoshi et al. 1984). 
A recent meta-analysis demonstrated that CoQ10 supplementation in the clinical 
treatment of CVD shoes improvement of congestive heart failure, indicated by best 
left ventricular ejection fraction (LVEF). Further, the New York Heart Association 
classification (NYHA), showed that subjects treated with CoQ10 supplements 
improved in the ejection fraction in comparison with controls (placebo) (Fotino 
et al. 2013). Moreover, a prospective, randomized, double-blind, placebo- controlled, 
multicentre trial in which CoQ10 (Q-SYMBIO) is used as an adjunctive treatment of 
chronic heart failure has demonstrated that the treatment with this quinone is safe, 
well tolerated, and associated with a reduction in general symptoms (Mortensen 
et al. 2014). These clinical results could be based on the important molecular func-
tions of CoQ10, as integral component of mitochondrial respiratory chain (Littarru 
and Tiano 2010), and the only lipid-soluble antioxidant that slows lipid peroxidation 
in the circulation (Littarru and Tiano 2007).

CVD in elderly is accompanied with other complications such as diabetes and 
hypercholesterolemia. Certain drugs used in hypercholesterolemic disease can 
cause depletion of CoQ10 in particular statins that affect the first enzyme (hydroxyl- 
methylglutaryl- coenzyme A reductase; HMG-CoA reductase) in cholesterol and 
CoQ10 synthesis pathway (Schaars and Stalenhoef 2008) (Fig.  17.3). Statins are 
widely prescribed to reduce cholesterol levels by inhibiting HMG-CoA reductase 
(Folkers et al. 1990). Chronic statin treatment can reduce endogenous-synthesized 
cholesterol levels but, at the same time, they also lower CoQ10 levels. This can be the 
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reason why chronic statin treatment is associated with muscle-related symptoms, 
pain or myopathies that can be improved with CoQ10 supplementation (Caso 
et al. 2007).

In relationship with the treatment of heart diseases several studies have con-
cluded that supplementation with CoQ10 (50–300 mg/day) can be the safe and opti-
mal dose, although higher doses such as 1200 mg/day have been also safely used 
(Gao et al. 2011). The majority of these clinical studies indicate that the treatment 
with CoQ10 significantly improve the heart muscle function, increasing ATP synthe-
sis and enhancing myocardial contractility (Folkers et al. 1985). Importantly, these 
treatments have demonstrated no adverse effects or drug interactions (Kaikkonen 
et al. 2002).

17.3.2  CoQ10 and Hypertension

Hypertension is also associated with aging. Hypertension is also a key risk factor for 
stroke, myocardial infarction, congestive heart failure, kidney failure, and periph-
eral vascular disease. Although many pharmacological treatment have shown effi-
cacy lowering blood pressure and modestly decrease stroke, myocardial infarction, 
and mortality, hypertension remains with high prevalence especially in old popula-
tion and additional treatments are needed (Musini et al. 2009). The health effects of 
CoQ10 as additional treatment have been investigated in several controlled interven-
tion studies in human subjects in a range of CoQ10 doses from 100 mg to 200 mg/
day (Young et al. 2011; Yubero-Serrano et al. 2011, 2013). CoQ10 affects vasodilata-
tion by improving endothelium and vascular smooth muscle activity, counteracting 
vasoconstriction and lowering blood pressure. Among treated patients, it has been 
reported a decrease in systolic blood pressure ranged from 11–17  mmHg and 
8 mmHg decrease in diastolic blood pressure after the treatment with CoQ10. These 
results indicate a putative role of CoQ10 as a hypotensive agent and probably a safe 
adjuvant in the treatment with conventional anti-hypertensive pharmacological 
products.

17.3.3  CoQ10 and Endothelial Function

The progression and clinical manifestations of atherosclerosis and cardiovascular 
diseases depends on the dysfunction of endothelium. Several studies have deter-
mined the effect of oral CoQ10 supplementation on the physiology of endothelium 
in patients suffering coronary artery disease or diabetes mellitus or in elderly people 
(Gao et al. 2011; Tiano et al. 2007; Watts et al. 2002). In most of the individuals 
treated with CoQ10, endothelial function, determined by flow-mediated dilation 
(FMD) or by nitro-glycerine-mediated dilation (NMD) and the activity of extracel-
lular superoxide dismutase, improved. This effect has been associated with the 
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antioxidant and anti-inflammatory activity of CoQ10 (Yubero-Serrano et al. 2012). 
CoQ10 treatment decreases the rate of production of peroxynitrite from nitric oxide 
(NO) that reacts with superoxide radicals. Likely, under conditions of oxidative 
stress, CoQ10 can reduce the levels of superoxide radicals (Yubero-Serrano et al. 
2011, 2013; Tiano et al. 2007). Furthermore, in vitro studies have demonstrated that 
CoQ10 can efficiently prevent apoptosis of endothelial cells produced by high glu-
cose and the adhesion to monocytes. This effect is very important in the prevention 
of the development of atherosclerosis (Tsuneki et al. 2007). Further, the inhibition 
of the LDL-oxidation by ubiquinol adds an important factor in the prevention of 
atherogenesis (Thomas et al. 1997).

17.3.4  CoQ10 and Renal Failure

Chronic kidney (CKD) and end-stage renal (ESRD) diseases are also associated 
with oxidative stress (Himmelfarb and Hakim 2003). Five hundred thousand patients 
in the United States receive maintenance haemodialysis for ESRD, with life expec-
tancies less than 17–34% than those of the general population (US Renal Data 
System 2013). In these patients, the balance between ROS and antioxidants is dis-
turbed and oxidative stress is produced. The high ratio of mortality has been attrib-
uted to an increased risk of cardiovascular disease produced by this high oxidative 
stress (Kuchta et al. 2011). The putative role of CoQ10 in CKD patients has been 
studied only in a few studies. Lippa et al. (1994) determined the levels of CoQ10 in 
48 patients under chronic haemodialysis, in comparison with 15 uremic patients and 
a control group of healthy subjects (Lippa et al. 2000). In this study, CoQ10 levels 
were significantly lower in CKD patients. In a recent study, the levels of CoQ10 and 
oxidative stress biomarkers were determined in CKD, haemodialysis and peritoneal 
dialysis (PeD) patients. Contrary to the study of Lippa et al. (1994), in this study, 
researchers did not find differences in CoQ10 levels between those of CKD and hae-
modialysis groups. However, they did observe higher levels of members of the anti-
oxidant system in patients undergoing PeD in comparison with CKD patients 
(Gokbel et al. 2011).

In other study, supplementation with CoQ10 (120 mg/day) to patients with CKD, 
reduced the number of patients on dialysis in comparison with placebo after 28 days 
of treatment (Singh et al. 2000). As in other cases, the tolerability and safety of oral 
CoQ10 administration was determined until doses as higher as 1800 mg/day in CKD 
patients (Yeung et al. 2015). Authors conclude that in these patients, CoQ10 supple-
mentation is important since it reduces systemic oxidative stress and improves mito-
chondrial function in patients receiving haemodialysis (Yeung et al. 2015).
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17.3.5  CoQ10 and Neurodegenerative Diseases

Mitochondrial dysfunction is a common characteristic of the neurodegenerative dis-
eases. This dysfunction is accompanied by abnormal energy metabolism and higher 
oxidative stress. As we have previously described, CoQ10 levels in the brain and 
other tissues in humans and animals have been shown to decline with age. As an 
antioxidant molecule, CoQ10 has been involved in the development of neurodegen-
erative diseases such as Parkinson’s disease (PD), Huntington’s disease (HD) and 
other neurodegenerative disorders (Koroshetz et al. 1997; Shults et al. 1997). There 
is, therefore, a robust scientific rationale for testing this agent in neuroprotective 
therapies.

CoQ10 has shown protective effects in the nigrostriatal dopaminergic system in 
many preclinical studies of PD (Liu et  al. 2011). Mitochondrial dysfunction has 
been strongly associated with PD and, probably for this reason, CoQ10 levels are 
significantly lower in mitochondria from PD patients. A randomised, placebo con-
trolled and double-blind study performed in these patients demonstrated that a 
CoQ10 dose as high as 1200 mg/day, was safe and reduced the worsening of PD 
(Shults et al. 2002). Treatment with CoQ10 was accompanied by significant increases 
in plasma levels of CoQ10 and a higher NADH-cytochrome C reductase activity in 
white blood cells (Shults et al. 2002). Everyday activities of the patients, such as 
dressing, bathing and feeding, were significantly improved with the treatment with 
CoQ10. Accordingly with this study, another placebo-controlled, double- blind trial 
showed that CoQ10 supplementation provided a mild but significant benefit on PD 
patients in comparison with (Muller et al. 2003).

In the case of HD, strong evidence indicate the existence of early oxidative stress. 
As in the other cases, this oxidative stress is coupled with mitochondrial dysfunc-
tion and the impairment of energy metabolism in which the deficiency in CoQ10 can 
be an important factor (Stack et al. 2008). In HD patients, CoQ10 doses, ranging 
from 600 to 1200  mg/day were tested during six-months in an open-label trial. 
Although no significant effect on clinical scores were found, the treatment with 
CoQ10 significantly decreased the levels of cortical lactate concentrations. This 
decrease was reversed following withdrawal of therapy indicating a protective effect 
of CoQ10 supplementation (Delanty and Dichter 1998). Again, the effect of CoQ10 in 
the behaviour of metabolic markers indicate the bioenergetics effect of oral CoQ10 
in the mitochondrial metabolism of brain (Koroshetz et al. 1997).

17.4  Conclusions

The importance of CoQ10 is because this quinone is not just an agent in the transit 
of electrons in energy transduction in mitochondria. CoQ10 is a strong antioxidant 
able to regenerate the redox capacity in many tissues and organs. In normal condi-
tions, its biosynthesis in mitochondria and endoplasmic reticulum provides 
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sufficient CoQ10, but in some conditions such as genetic failure or aging and age- 
related diseases, CoQ10 deficiency can be an important factor in the progression of 
incapacity or disease. A number of studies have demonstrated that CoQ10 can be 
easily and safely used as nutritional supplement to delay and mitigate the effects 
caused by its depletion.

The clear beneficial effects of CoQ10 are reinforced because its excellent safety 
record. CoQ10 is very well tolerated even at high doses and for prolonged periods 
with null or very limited side effects. However, it is necessary to increase the 
research to determine the appropriate dose, effectiveness, and to increase the bio-
availability of orally administered CoQ10, specially, in the elderly. Further, a promis-
ing strategy can be centred in the design of therapeutic agents that increment the 
endogenous synthesis of CoQ10.
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