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Chapter 6
Coenzyme Q10 Supplementation 
in Fibrosis and Aging

Iain P. Hargreaves and David Mantle

1  Introduction

Coenzyme Q10 (CoQ10) is a naturally occurring vitamin-like substance, first character-
ised in 1957 by Professor Fred Crane at the University of Wisconsin, USA [1]. CoQ10 
is a lipophilic molecule which is a member of a group of compounds known as ubiqui-
nones because of their ubiquitous distribution in nature, being found in animal, plants 
and microorganisms [1]. Ubiquinones are composed of a benzoquinone nucleus and an 
isoprenoid side chain, which varies in length among the different ubiquinone species 
with CoQ10 having a side chain composed of ten isoprenoid subunits (Fig. 6.1) [1]. 
CoQ10 is the predominant ubiquinone species found in human tissues [1]. CoQ10 plays 
an essential role in cellular energy generation within the mitochondrial respiratory 
chain (MRC). The role of CoQ10 is of particular importance in tissues with a high 
energy requirement, such as cardiac muscle. In addition to its role in cellular energy 
generation, CoQ10 also serves as an important lipid soluble antioxidant and anti-
inflammatory agent within the body [1–3]. The objective of this article is to review the 
potential role of CoQ10 as a biomarker of aging, specifically with regards to the preven-
tion of tissue fibrosis in the heart, which has been implicated in age-related dysfunction 
of this organ.
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2  Functions of CoQ10

CoQ10 serves as an electron carrier within the MRC (Fig. 6.2), where it is involved 
in the transfer of electrons derived from complex I (NADH:ubiquinone reductase) 
and complex II (succinate dehydrogenase) to complex III (ubiquinol cytochrome c 
reductase), allowing a continuous passage of electrons within the MRC, which is 
required in the process of oxidative phosphorylation and the concomitant produc-
tion of ATP, the energy currency of the cell [1]. Tissues with a high energy require-
ment, especially the heart and skeletal muscles, contain higher numbers of 
mitochondria within their cells and are particularly reliant on maintaining adequate 
tissue CoQ10 levels for normal functioning [2]. Thus, the heart and skeletal muscles 
typically contain about 1000  mg of CoQ10, out of a total body pool of 1500–
2000 mg. CoQ10 occurs in cells in two closely related forms, oxidised (ubiquinone) 
and fully reduced (ubiquinol) [1]. The interconversion between these two forms is 
essential for the normal functioning of CoQ10, and this interconversion is princi-
pally mediated by the selenium-containing enzyme, thioredoxin reductase [4].

CoQ10 is also important within the body serving as a major fat-soluble antioxi-
dant, protecting cell membranes (particularly those of the mitochondria) and circula-
tory lipoproteins from the damaging effects of free radical species [e.g., reactive 
oxygen species (ROS)] [1]. CoQ10 is the only lipid soluble antioxidant produced 
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Fig. 6.1 The structure of 
ubiquinones showing the 
bezoquinone nucleus and 
isoprenoid side chain. `N` 
represents the number of 
isoprenoid side chain units, 
which is 10 in Coenzyme 
Q10 (CoQ10)

Fig. 6.2 Diagram of the mitochondrial respiratory chain (MRC) and complex V illustrating proton 
(H+) movement during oxidative phosphorylation. Q: Coenzyme Q10. Cyt C: Cytochrome c
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within the body [5]. The antioxidant function of CoQ10 is attributed to its ubiquinol 
form, which must be constantly regenerated from CoQ10 to maintain its antioxidant 
capacity [5]. In addition to directly preventing lipid peroxidation, ubiquinol is able to 
enhance the cellular antioxidant capacity by maintaining the antioxidants, vitamin C 
and E, in their active fully reduced forms [6]. Most recently, a gene expression profil-
ing study showed that CoQ10 influences the expression and regulation of hundreds 
of genes in the human body [7]. In cell culture, CoQ10 has been shown to reduce the 
activity of inflammatory markers, suggesting CoQ10 may have anti- inflammatory 
action via gene expression modification, most notably in elderly individuals [8, 9].

3  Synthesis and Deficiency of CoQ10

Although some CoQ10 is obtained from the diet, most of the daily requirement is 
synthesized within the body, particularly by the liver, although all organs of the body 
have the capacity to synthesize CoQ10 [1]. Based on a total body pool of 2 g and an 
average tissue turnover time of 4 days, the human requirement for CoQ10 has been 
estimated at approximately, 500 mg/day [10]. A relatively small proportion of this 
daily requirement is obtained from the normal diet, typically up to 5 mg/day [10]. 
The synthesis of CoQ10 is a complex, multistage process requiring a number of 
amino acids, vitamins and trace element precursors and cofactors, and a deficiency 
in any of these can adversely affect the normal production of CoQ10 [1]. It is note-
worthy that CoQ10 shares a common biosynthetic pathway with cholesterol [1]. As 
people age, it has been reported that the capacity of the body to synthesize CoQ10 
decreases [5]. Optimal production of CoQ10 occurs around the mid- twenties, with a 
continual decrease thereafter to approximately 50% at age 70. CoQ10 levels can also 
be depleted by intense exercise, certain types of prescription medicines, and ill-
nesses [1, 5]. Dietary supplementation with coenzyme CoQ10 therefore provides a 
mechanism to maintain adequate levels of CoQ10 within the body.

In humans, at least 13 genes are thought to be involved in the biosynthesis of 
CoQ10, and mutations in 10 of these genes have been associated with primary 
CoQ10 deficiency, a condition which results from a genetic defect in the CoQ10 
biosynthetic pathway [11–13]. The first cases of primary CoQ10 deficiency were 
reported in 1989 by Ogasahara and colleagues [14]. The two patients were sisters 
born to unrelated parents and they presented with recurrent rhabdomyolysis, which 
was associated with developmental delay and seizures [14]. Subsequently, a number 
of other patients have been described with primary CoQ10 deficiency, which appears 
to have a heterogeneous clinical presentation. This can be divided into five distinct 
clinical phenotypes: (1) encephalomyopathic (as in the case of the two siblings 
described by Ogasahara et  al. [14]; (2) cerebral ataxic; (3) infantile multisystem 
disease; (4) steroid resistant nephrotic syndrome; and (5) isolated myopathy [15].

In most cases of suspected primary CoQ10 deficiency a family history suggests 
an autosomal mode of inheritance, however, genetic diagnosis is complicated by the 
fact that the CoQ10 biosynthetic pathway has not been fully elucidated in humans, 
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and diagnosis generally relies on the determination of the endogenous CoQ10 status 
of the patient [16]. Interestingly, a CoQ10 deficiency can also result from a disorder 
not associated with a genetic defect in the CoQ10 biosynthetic pathway [17]. This 
type of CoQ10 deficiency is known as a secondary CoQ10 deficiency which is 
thought to be more prevalent than a primary deficiency, and has been associated 
with diseases such as MRC disorders, cardiovascular disease, Parkinson’s disease 
and sepsis [1, 17]. The cause of secondary CoQ10 deficiency in disease has not yet 
been fully elucidated and a number of theories have been suggested to account for 
this loss of CoQ10 including increased oxidative stress-induced catabolism and/or 
ROS induced inhibition of the CoQ10 biosynthetic pathway enzymes [17].

4  Laboratory Measurement of CoQ10 Status

Quantification of CoQ10 is not usually included in routine biochemical analysis of 
blood by hospital pathology laboratories. The most common laboratory procedures 
used to assess CoQ10 status are based on high-pressure liquid chromatography 
(HPLC) with either ultraviolet (HPLC-UV) or electrochemical detection (HPLC-ED) 
[16]. CoQ10 levels are usually determined in plasma isolated from blood, with nor-
mal plasma levels typically in the range of 0.5–1.7 μM [16]. In view of the fact that 
CoQ10 levels are dependent upon the circulatory lipoprotein status (lipoproteins are 
the major carriers of CoQ10 in the circulation), it has been suggested that plasma 
CoQ10 levels should be expressed as a ratio to total plasma cholesterol status to take 
into account the lipoprotein status of the blood [1]. Furthermore, dietary intake has 
also been reported to influence plasma CoQ10 status, contributing up to 25% in 
some cases of the total amount of this isoprenoid in the circulation [1, 10]. 
Accordingly, it has been suggested that plasma may not be an appropriate surrogate 
for the assessment of endogenous CoQ10 status, and skeletal muscle is generally 
considered as the tissue of choice for this determination [16]. In addition to direct 
assessment in skeletal muscle, decreased activity of the linked MRC enzymes, 
NADH:cytochrome c reductase (complex I  +  III) and/or succinate:cytochrome c 
reductase (complex II + III) may also indicate evidence of a CoQ10 deficiency since 
the activity of these linked enzymes is dependent upon the endogenous CoQ10 sta-
tus of the tissue [16]. However, in view of the invasive nature of a muscle biopsy, 
blood mononuclear cells or fibroblast skin cells have also been suggested as alterna-
tive surrogates to assess endogenous CoQ10 status [16]. With regards to the neuro-
logical dysfunction associated with CoQ10 deficiency, the potential to assess 
cerebral CoQ10 status would be of diagnostic value. However, since it is not possi-
ble to directly determine the CoQ10 status of brain tissue, cerebral spinal fluid 
(CSF) has been used as an alternative surrogate for this evaluation [16]. Tentative 
references ranges for CSF CoQ10 status have now been established at 1.18–4.91 nM, 
although highly sensitive mass spectrometry techniques are required for this deter-
mination, in view of the low levels of CoQ10 detected in this matrix [18]. 
Furthermore, considering the increasing number of reported cases of steroid resis-
tant nephrotic syndrome associated with CoQ10 deficiency, Yubero et al. [19] have 
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developed a reliable method for the determination of the CoQ10 status of kidney 
epithelial cells isolated from urine and it is hoped that such an approach will prevent 
the need for an invasive needle biopsy to assess the CoQ10 status of this organ.

5  Aging and Fibrosis

Fibrosis is the formation of fibrous connective tissue, particularly collagen, in 
response to an injury. Fibrosis is an adaptive response to tissue injury, and is an 
essential part of the normal processes of wound healing and tissue repair [20]. In 
younger individuals, such fibrous material is replaced over time by new functional 
tissue. However, in older people, tissue scarring tends to persist and may continue 
to form and accumulate. Uncontrolled continuation of fibrosis can result in scarring 
and the permanent remodelling of the organ which can result in an eventual loss of 
function [21]. Progressive fibrosis is a hallmark of the aging process and has been 
implicated in the pathogenesis of diseases of the heart, lungs, liver, kidneys and 
bone marrow [22]. It has been estimated that organ fibrosis may be the root cause of 
over 800,000 deaths per year, approximately 50% of the total number of human 
deaths [20]. However, at present there is no effective treatment for fibrosis or infor-
mation available for designing appropriate therapeutic strategies [21, 22].

5.1  Fibrosis Mechanism

Fibrous connective tissue such as collagen is produced by specific types of cells 
called fibroblasts, which are present in most organs. Under normal circumstances, 
fibroblasts produce collagen in a controlled manner, to provide a “scaffold” for the 
structural support of the various types of functional cells in the different organs. 
Following tissue injury, fibroblasts are activated via inflammatory cytokines to pro-
duce collagen as part of the scar formation/healing process [23]. It is well estab-
lished that fibrosis is linked to inflammation, and there is evidence that even 
low-grade but persistent inflammation is sufficient to promote, for example, cardio-
vascular fibrosis where an increased amount of collagen can contribute to the 
increased stiffness of both arteries and the heart wall [21].

5.2  Preclinical Studies on CoQ10 Supplementation 
and Fibrosis

A number of studies have demonstrated the beneficial effects of CoQ10 supplemen-
tation on fibrosis related parameters (including oxidative stress/inflammation) in 
various animal models of fibrosis. These include dimethylnitrosamine-induced liver 
fibrosis in mice [24]. In this model, CoQ10 treatment was found to block the  
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activation of the stella cells (which is a central event in liver fibrosis) via activation 
of the nuclear factor, erythroid 2–like (Nrf2) which also resulted in an increased 
expression of the enzymes involved in the synthesis of the antioxidant, glutathione 
(GSH) in the hepatic cells. In sub-optimal nutrition-induced liver fibrosis in rats, 
CoQ10 supplementation was found to reverse fibrosis via suppression of the expres-
sion of cytokine transforming growth factor beta 1 (Tgfβ1) via a mechanism involv-
ing the upregulation of Nrf2-antioxidant response element (ARE)-associated genes 
[25]. In a study by Chen et al. which investigated the effect of CoQ10 supplementa-
tion on doxorubicin induced cardiac fibrosis in rats, it was found that CoQ10 was 
able to ameliorate the fibrosis by decreasing the expression of both Tgfβ1 and con-
nective tissue growth factor (CTGF) [26].

In a study which assessed isoprenaline induced cardiac fibrosis in rats, CoQ10 
was found to inhibit fibrosis in the heart as well as the kidney via its ability to reduce 
oxidative stress and prevent inflammatory cell infiltration in the tissues. However, 
the details of the mechanism of action of CoQ10 were not elucidated in the study 
[27]. In a recent study, Xue et al. [28] reported that CoQ10 supplementation was 
able to suppress the activation of mouse pancreatic stellate cells (PCSs), which has 
been associated in the development of pancreatic fibrosis, by its ability to decrease 
intracellular ROS levels and induce the mammalian target of rapamycin (mTOR) 
cell signalling pathway. CoQ10 supplementation was also found to ameliorate 
methotrexate induced lung and liver fibrosis in rats by the attenuation of hepatic 
oxidative stress which, contrary to the previous study [28], was found to result in a 
down-regulation of mTOR expression and increased evidence of autophagy [29]. 
The reasons for the disparity between the two studies are uncertain, but may repre-
sent a species or organ specific mechanism of fibrosis induction. Interestingly, in the 
aforementioned studies, CoQ10 appears to attenuate fibrosis by its ability either 
directly or via activation of cell signalling pathways to ameliorate cellular oxidative 
stress.

5.3  Cardiovascular Fibrosis

In the normal heart, contractile cells (myocytes) occupy approximately 75% of the 
tissue volume, with the remainder comprising other cell types, which are predomi-
natly fibroblasts [21]. Collagen secreted by fibroblasts forms a supportive scaffold 
for the myocytes, as well as providing a means of transmission for myocyte gener-
ated force within the heart [21]. With regard to the normal ageing process, post-
mortem analysis of cardiac tissue from human subjects without cardiovascular 
disease found that the collagen content increased by approximately 50% between 
the third and seventh decades of life [30].

Unlike other organs, the heart has a limited regenerative capacity following 
injury, with the repair process involving the removal of necrotic cells, followed by 
fibrotic scar tissue replacement [21]. Two common aspects of cardiovascular  
disease in which fibrosis plays a major role are myocardial infarction and heart 
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failure [20]. Myocardial infarction is caused by the blockage of the coronary arter-
ies, which results in the death of the cardiomyocyte cells responsible for contrac-
tion. This in turn causes fibroblasts to produce excess collagen, which helps to 
preserve the structural integrity of the tissue, but which stiffens cardiac muscle, 
impairing heart contractility and relaxation, ultimately leading to impaired cardiac 
function and eventual heart failure [31]. Excessive production of collagen by car-
diac fibroblasts can also cause fibrotic thickening of the heart valves, again ulti-
mately resulting in heart failure [30, 31].

6  CoQ10 and the KISEL-10 Study

In the KISEL-10 randomised controlled clinical trial, normal elderly individuals 
were supplemented with coenzyme Q10 (200 mg/day) and selenium (200 μg/day) 
for 4 years. The supplemented individuals showed a 53% reduction in cardiovascu-
lar related mortality risk compared to placebo [32]. Supplemental selenium was 
included in this study as this trace metal functions as a co-factor for the enzyme 
thioredoxin reductase, which is responsible for the interconversion of the ubiqui-
none and ubiquinol forms of CoQ10. In addition, there is evidence suggesting that 
a selenium deficiency may be prevalent within the general populations of a number 
of European countries, including Sweden [37]. Furthermore, selenium is also 
required for the biological activity of the antioxidant enzyme, glutathione peroxi-
dase which together with ubiquinol contributes to the cellular antioxidant defense 
[38]. A more recent study by Alehagen et  al. [33] using data derived from the 
KISEL-10 study has now identified significant reductions in the blood levels for a 
range of biochemical markers of fibrosis, including cathepsin S, endostatin, galec-
tin- 3, growth differentiation factor 15 (GDF-15), matrix metalloproteinase-1 
(MMP1), MMP9 and tissue inhibitor of metalloproteinase 1 (TIMP1). It is therefore 
concluded that the improvement in heart function and reduced risk of cardiovascu-
lar mortality following supplementation with coenzyme Q10 and selenium results 
from a reduction in cardiovascular fibrosis. It is of note that the reduction in sys-
temic fibrosis markers may also help to prevent fibrotic degeneration of other tissues 
such as the lungs and liver [33].

7  Safety of Coenzyme Q10 Supplementation

The safety of CoQ10 has been investigated by Hidaka et al. [34] and Hosoe et al. 
(2007) [35]. These authors reported that CoQ10 is generally well tolerated, with no 
serious adverse effects being detected in long term use. Rarely, some individuals 
may experience mild gastrointestinal disturbances, although this is not dose related. 
There are no known toxic side effects, and CoQ10 cannot be overdosed. CoQ10 is 
well tolerated in healthy adults at an intake of 900 mg/day, and in rats at a dose of 
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up to 1200 mg/kg/day. In addition, Yamaguchi et al. [36] reported that CoQ10 had 
no genotoxic activity. The safety of CoQ10 has been confirmed in more than 200 
randomised controlled trials, over a wide range of disorders including cardiovascu-
lar disease, Parkinson’s diseases and mitochondrial disease [1].

8  Requirements for Coenzyme Q10 Supplementation

CoQ10 is a lipid soluble substance absorbed from the digestive tract in the same 
manner as other dietary fats. Because of its hydrophobicity and large molecular 
weight, absorption of CoQ10 is in general slow and somewhat limited. Oil based 
formulations show the highest bioavailability. Absorption of CoQ10 is non-linear, 
with increasing doses absorbed to a decreasing degree. CoQ10 is therefore best 
administered in split doses (typically 100 mg two or three times daily).

When first manufactured, CoQ10 is produced in a crystalline form which cannot 
be absorbed from the digestive tract. In CoQ10 supplements, this crystalline form 
must be further treated to break it down into individual molecules to enable absorp-
tion and, most importantly, crystals should not re-form within the capsule. 
Supplement manufacturers vary in their ability to fulfil these requirements, and pre-
vious clinical trial studies reporting lack of benefit in a variety of disorders may 
have failed because of insufficient dosage and/or lack of bioavailability of the par-
ticular supplement used.

9  Conclusions

Oral supplementation with CoQ10 and selenium provides a means of correcting 
dietary deficiencies to which older individuals may be subject. In addition, supple-
mentation significantly reduces the levels of fibrotic markers in elderly individuals, 
thereby reducing the extent of cardiovascular fibrosis to which older individuals are 
subjected, and improving cardiovascular function and reducing risk of cardiovascu-
lar associated mortality. Although the factors responsible for the anti-fibrotic action 
of CoQ10 have yet to be fully elucidated, its antioxidant and anti-inflammatory 
functions are thought to be major contributors to its clinical efficacy. Further studies 
may lead to its use as an intervention to promote healthy aging. This is particularly 
pertinent to the treatment of idiopathic pulmonary fibrosis (IPF), a progressive and 
ultimately fatal lung disorder disproportionately affecting the elderly, with two- 
thirds of patients who present with IPF being older than 60 [39]. The management 
of IPF via prescription-type drugs has proved to be particularly refractory, and alter-
native therapeutic strategies for the treatment of this disorder are clearly warranted 
and CoQ10 may be an appropriate consideration.
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