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1. Introduction

Heart failure with preserved ejection fraction (HFpEF) is a complex
syndrome in which the patient has a normal or near normal left ven-
tricular ejection fraction. This type of heart disease has a high rate of
morbidity and mortality [1,2], and patients with HFpEF are often
misdiagnosed because they describe symptoms such as dyspnea on
exertion that are non-specific. Thus, health care providers have diffi-
culty distinguishing HFpEF from heart failure with reduced ejection
fraction (HFrEF) on a clinical basis alone [3]. The optimal treatment for
patients with HFpEF should be related to the underlying biologic me-
chanisms of the syndrome [4]; however, there is an incomplete un-
derstanding of the pathophysiology of HFpEF. Researchers propose that
one mechanism for the development of HFpEF is reduced myocardial
bioenergetics [5].

Approximately 6.5 million Americans have heart failure, and the
prevalence is projected to increase by 8 million by 2030. About 50% of
heart failure patients have HFpEF [6]. With this clinical syndrome there
is an increased risk of organ dysfunction and other diseases such as
hypertension and diabetes mellitus. HFpEF is also more prevalent in
women and the elderly [7]. Despite various pharmacological treat-
ments, the incidence of HFpEF is rising. While the patient's symptoms
are treated [8], the underlying mechanisms of the syndrome are under
investigation. Mitochondrial dysfunction has been identified as the
primary factor contributing to the development of HFpEF. In many
clinical trials, researchers are now investigating agents that target im-
proving mitochondrial function as a treatment strategy for HFpEF [5,9].

The American College of Cardiology (ACC)/American Heart
Association (AHA)/HFSA (Heart Failure Society of American) guide-
lines have defined HFpEF signs and symptoms. The major symptoms are
dyspnea, fatigue, and chest pain that often limit a patient's mobility and
activities. With HFpEF, patients have a left ventricular ejection fraction
(LVEF) ≥ 50% and evidence of cardiac dysfunction (e.g., increased
atrial and ventricular stiffness and elevated filling pressures). The pa-
tients often exhibit elevated jugular venous pressure and pulmonary
and lower extremity edema [10]. Patients with HFpEF have common

exacerbations that cause elevated LV diastolic pressures [11]. De-
pending upon the age, gender, and ejection fraction, many of these
patients experience atrial fibrillation (AF), which can further limit their
LV filling and stroke volume [12]. Many patients also have elevated
blood pressures due to arterial stiffening [13] and increased myocardial
stiffness [14]. This can impair myocardial relaxation and lead to pul-
monary hypertension [15].

There is emerging data regarding the benefits of both ubiquinol and
D-ribose in the management of HF [16–19]. These substances may have
beneficial properties impacting improvement in mitochondrial func-
tion. Due to the challenges in the management of HFpEF and the limited
therapeutic options, further investigation of these promising agents is
warranted. Our research team is presently undertaking a clinical trial of
these supplements in HFpEF subjects (NCT03133793) [9]. Our study is
a randomized, double-blinded, placebo controlled, parallel arm pro-
tocol utilizing these agents with the outcomes being change in health
status defined by the Kansas City Cardiomyopathy Questionnaire and
change in mitochondrial ATP production.

Both ubiquinol and D-ribose are over-the-counter supplements that
may improve mitochondrial bioenergetics [20]. In our paper, we will
review the role of mitochondrial metabolism as it may relate to HFpEF
pathophysiology and the potential mechanisms by which ubiquinol and
D-ribose may impact mitochondrial function. We will also discuss the
present status of the clinical management of HFpEF.

2. Mitochondria function

Mitochondria have several functions, the main one being production
of ATP by a sequence of biochemical reactions that form the basis of
aerobic cellular respiration [21]. Mitochondria are intracellular orga-
nelles enclosed by two membranes, and they contain their own DNA
(mtDNA) in order to synthesize proteins to carry out their role in
bioenergetics [22]. Some of the proteins produced contribute to the
formation of the mitochondria's electron transport chain (ETC) com-
plexes that are located within the cristae of the inner membrane [23].
The close proximity and the increased surface area of the cristae allows
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the protein complexes of the ETC to function and maximize energy
production [24]. Reducing agents NADH and FADH2 that are generated
from glycolysis and the tricarboxylic acid cycle transport electrons to
complexes I (NADH, ubiquinone oxidoreductase) and II (succinate de-
hydrogenase) [25,26]. Ubiquinol, the reduced form of CoQ10, transfers
electrons from complexes I and II to complex III (ubiquinol-cytochrome
c oxidoreductase). Complex III transfers electrons to complex IV (cy-
tochrome c oxidase) where oxygen accepts the electrons and reacts with
hydrogen to form water [23]. The movement of electrons through
complexes I, II, and IV enables hydrogen ions to be pumped out of the
matrix to the inner membrane space. The pumping of hydrogen gen-
erates a temporary electrochemical gradient to power complex V (ATP
synthase) in the oxidative phosphorylation of ADP to ATP (Fig. 1)
[23,27].

The ETC is known for producing reactive oxygen species (ROS) and
is hypothesized to be a major cause of diseases associated with mi-
tochondrial dysfunction and aging [22]. Oxidative stress can lead to
low levels of CoQ10 and high levels of ROS. Deficiencies in CoQ10 and
elevated ROS production have been observed in patients with heart
failure [21,28]. Complexes I and III generate the majority of the ROS
(Fig. 1) that include superoxide and hydrogen peroxide formed by
electron and hydrogen leaking [22,29]. The ability of CoQ10 to be
oxidized and reduced allows it to function as an antioxidant to stabilize
ROS [21]. The myocardium contains an abundance of mitochondria in
order to produce the energy needed to function. Damage to the myo-
cardiocytes may led to low CoQ10 levels and high ROS levels that
contribute to a decrease in ATP production [30]. Supplementation of
ubiquinol could improve the disease progression of heart failure by
increasing depleted levels of CoQ10, thus decreasing ROS levels and
increasing ATP [30,31]. Further research trials are needed to study
ubiquinol as a potential treatment for heart failure.

The pathophysiology of HFpEF is complex and heterogeneous with
“phenotypes” identified based on the predominant symptoms and co-
morbidities [32]. A signature feature of HFpEF is the presence of a
metabolic syndrome manifested by impaired mitochondrial respiration,
oxidative stress with associated inflammation, decreased mitochondrial
calcium, and depressed oxygen supply. This diminished oxygen avail-
ability directly reduces ATP synthesis, with consequent energy im-
pairment [5,33]. In patients with HFpEF, several factors contribute to
mitochondrial dysfunction: (1) increased sympathetic tone with asso-
ciated hypertension [5]; (2) oxidative stress with associated in-
flammation [34]; (3) pro-inflammatory cytokines with microvascular
dysfunction [35]; and (5) a buildup of lipids in the myocardium due to
diabetes [36]. Present strategies for altering mitochondrial function
include stimulation of mitochondrial biogenesis, reduction of oxidative
stress, and several mitochondrial-targeted therapies including nitrites,
resveratrol, ubiquinol, and D-ribose [9,37].

3. Ubiquinone and ubiquinol

In the US, there is often confusion about these over-the-counter
supplements. A bottle labeled CoQ10 is most likely the oxidized form of
CoQ10 (ubiquinone) and is produced by different manufacturers that
may vary in quality and purity. The reduced form of CoQ10 (ubiquinol)
is labeled with different brand names and is mainly manufactured by
the Japanese corporation called Kaneka [38]. While both forms are
commonly used dietary supplements that have antioxidant properties
and the ability to produce ATP, ubiquinol is more readily absorbed in
the body [21]. There is no established ideal dosage of CoQ10; in the
literature daily dosage widely varies from 50 mg to 1000 mg [39]. Oral
CoQ10 is well tolerated and safe with few drug interactions. The most
common side effects are gastrointestinal symptoms such as appetite
suppression, nausea, vomiting, and abdominal discomfort. CoQ10 is a
small lipophilic molecule that is an essential component in the pro-
duction of cellular energy (ATP) in mitochondria. There are reduction-
oxidation states of CoQ10: fully oxidized (ubiquinone), semiquinone
(ubisemiquinone), and fully reduced (ubiquinol) (Fig. 2). The different
forms of this molecule are fundamental to ETC and to the function of
free radical scavenging. Ubiquinol has more electrons to donate for free
radicals and thus is a much better antioxidant than ubiquinone. With
aging, the mitochondrial function is reduced, and the ability to convert
ubiquinone to ubiquinol decreases. With this reduction, the antioxidant
properties and ATP production declines and the cells are more sus-
ceptible to age-related conditions such as heart failure [40].

Ubiquinone and ubiquinol used as supplements are available in
single capsule doses of 30, 50, 60, 100, 200, and 300 mg. Although
there is no established minimum or maximum effective dose for these
supplements, approximately 400 mg is needed per day to attain a
therapeutic blood level of at least 2.5 mcg/ml [21]. Most studies related
to cardiac disease use daily doses from 50 to 600 mg from oral sup-
plementation with varying results. A reduction in CoQ10 production and
subsequent mitochondrial dysfunction from the use of statins may re-
sult in statin-associated muscle symptoms (SAMS), and CoQ10

Fig. 1. Mitochondrial ETC – electrons are transferred through complexes I–IV with the final electron acceptor being oxygen. Complexes I and III generate the majority
of ROS.

Fig. 2. CoQ10 has 3 Redox states: Ubiquinone, the completely oxidized form, a
partially reduced intermediate (ubisemiquinone), and ubiquinol, the com-
pletely reduced form.
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supplementation has been found to decrease SAMS in clinical trials
[21]. Future clinical trials evaluating the use of CoQ10 may want to
consider analyzing subjects on statin therapy separately from the study
population due to mitochondrial dysfunction caused by statin use.
Meta-analysis of CoQ10 supplementation in heart failure patients by
Fotino et al. shows that CoQ10 has been associated with increases in
ejection fraction and improved New York Heart Association symptom
classification [41]. Mochamad et al. found patients with HFpEF who
consumed 100 mg of ubiquinone three times per day versus placebo
had improved left ventricular diastolic function after 30 days [42].
These studies suggest a role for CoQ10 in improving symptoms and
cardiac function as well as reducing adverse clinical events.

Researchers have shown that ubiquinone and/or ubiquinol supple-
ments reduce the symptoms of mitochondrial dysfunction and of aging
because of an improvement in bioenergetics [43]. Over the past 30
years, many researchers have examined the effects of both ubiquinone
and ubiquinol at various doses in patients with heart failure. One of the
most recent studies called the Q-SYMBIO found a reduction in major
adverse cardiovascular events with CoQ10 (ubiquinone) supplementa-
tion [18]. From this study came recommendations for powered ran-
domized controlled trials of CoQ10 supplementation in patients with
heart failure. Currently, we are funded by NIH and regulated by the
FDA to study the effects of ubiquinol (300 mg softgels/twice daily/p.o.
with food) and/or D-ribose (15 g/daily/p.o.) in patients with HFpEF
[9].

4. D-ribose

D-ribose is monosaccharide that is naturally produced within the
body within the pentose pathway. It is a critically important pentose
sugar molecule that is part of the DNA and is essential for cellular ATP
production. There are other mechanisms for ATP generation such as the
pentose phosphate pathway (PPP). Through the PPP, D-ribose is an al-
ternative to ETC to assist with ATP generation. Thus, many in-
vestigators are examining D-ribose in different pathologic conditions
such as heart failure as well as prolonged physical exercise where ATP
concentrations (relative to total nucleotides) are decreased [44].

The de novo pathway is one of the first steps in making ATP in
which nucleotides are produced using ribose. This is a slow pathway
compared to the faster pathway called the salvage pathway in which
the mitochondria use ATP metabolites to form new ATP molecules.
Ribose is required for these pathways and is produced from glucose
through the PPP [45]. The PPP is needed for the creation of an inter-
mediate molecule in the production of ATP called 5-phosphyl-ribose-1-
pyrophosphate (PRPP). The PRPP is needed in ATP de novo synthesis
that is highly dependent on glucose 6-phosphte dehydrogenase
(G6PDH) [46]. With D-ribose supplementation, this rate-limiting enzy-
matic step in the formation of PRPP is bypassed [47], and there is an
increase in ATP production (Fig. 3). Different pathologic myocardial
conditions can produce lower levels of ATP, thereby altering cardiac
function [19]. Since these pathways are time-consuming and no foods
are able to provide sufficient ribose to restore levels quickly [45], D-
ribose supplements can replenish the cellular energy deficiency parti-
cularly in the myocardium [19,44].

Several investigators have examined the effect of D-ribose in dif-
ferent cardiac conditions. Orman et al. studied 15 patients with chronic
coronary artery disease and congestive heart failure. These patients
received either oral D-ribose (15 g) or placebo over 3 weeks followed by
a 1-week wash-out period. They reported that the patients consuming D-
ribose had significant enhancement of atrial contribution to left ven-
tricular filling as well as an improvement in their quality of life [48].
MacCarter et al. examined the role of D-ribose (15 g) on ventilation in
16 congestive heart failure patients. After 8 weeks, all of the patients
had a significant improvement in the ventilatory parameters [49].
Another study of 11 patients with New York Heart Association class II-
IV heart failure received only 5 g of oral D-ribose for 6 weeks. There was

improvement in tissue doppler velocity (E′) that was maintained for 9
weeks with some of the patients showing better ratios of early diastolic
filling velocity (E) to early annulus relaxation velocity (E’) [50].

In our current clinical trial, we believe supplemental oral D-ribose
provides patients with HFpEF the extra substrate to bypass the G6PDH
step and potentially increase the myocardial ATP levels. Though we are
unable to measure myocardial ATP levels directly, we are obtaining
blood ATP measurements in HFpEF patients receiving 15 g of D-ribose
or placebo over 12 weeks. Since this current blinded study is still in
progress, we are unable to report these data, but we will have a more in-
depth metabolic explanation after study completion.

5. Conclusion

HFpEF is a common and often debilitating disease process that may
be difficult to diagnose and has limited targeted therapeutic options.
Mitochondrial dysfunction appears to play a significant role in the pa-
thophysiologic processes of this clinical syndrome. Improved methods
of diagnosis for HFpEF are needed, as are specific effective therapies.
Active ongoing research into the roles of ubiquinol and D-ribose in
HFpEF may provide clinicians with additional management opportu-
nities.
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Fig. 3. Metabolism of carbohydrate with D-ribose supplementation. The long
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supplemental D-ribose as an alternate source for PRPP synthesis into purine and
pyrimidine for adenosine triphosphate.
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