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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a multifaceted syndrome with a complex aetiology often associ-
ated with several comorbidities, such as left ventricle pressure overload, diabetes mellitus, obesity, and kidney disease. Its
pathophysiology remains obscure mainly due to the complex phenotype induced by all these associated comorbidities and
to the scarcity of animal models that adequately mimic HFpEF. Increased oxidative stress, inflammation, and endothelial
dysfunction are currently accepted as key players in HFpEF pathophysiology. However, we have just started to unveil HFpEF
complexity and the role of calcium handling, energetic metabolism, and mitochondrial function remain to clarify. Indeed, the
enlightenment of such cellular and molecular mechanisms represents an opportunity to develop novel therapeutic approaches
and thus to improve HFpEF treatment options. In the last decades, the number of research groups dedicated to studying
HFpEEF has increased, denoting the importance and the magnitude achieved by this syndrome. In the current technological
and web world, the amount of information is overwhelming, driving us not only to compile the most relevant information
about the theme but also to explore beyond the tip of the iceberg. Thus, this review aims to encompass the most recent
knowledge related to HFpEF or HFpEF-associated comorbidities, focusing mainly on myocardial metabolism, oxidative
stress, and energetic pathways.
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Introduction

The main function of the heart is to provide oxygen and met-
abolic subtracts to all organs, tissues, and cells. Heart failure
(HF) occurs when the heart cannot pump enough blood to
meet the body’s metabolic demands or does it at the expense
of high filling pressures [1, 2]. Cardiovascular diseases are
the leading cause of death worldwide. In fact, in developed
countries, the prevalence of HF is continuously raising [3] at
an alarming rate of 1% by year, especially among the oldest
and sedentary population [4].

HF results from structural or functional abnormalities
in the right or left ventricle (LV) that impairs its filling
(diastolic dysfunction, DD) or ejection capacity (systolic
dysfunction). These alterations can be asymptomatic for a
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long time before the onset of the first HF manifestations [5].
Despite its clinical relevance, the presence of nonspecific
symptoms of HF hinders its correct diagnosis and treatment
[S].

HF is classically divided in HF with preserved or
reduced ejection fraction (EF), HFpEF or HFrEF, respec-
tively [5]. Among all HF cases, those that most concern
the medical and scientific community are HFpEF patients.
As HFpEF is associated with aging, sedentarism, and
obesity and considering the increase of life expectancy
and the behaviours of the population, it is presumed that,
in 2020, HFpEF will affect more than 8% of the popula-
tion over 65 years and will represent nearly 69% of all
HF cases. Its increased prevalence follows other epide-
miologic and social burdens typical of a sedentary life-
style, such as hypertension, chronic kidney disease [6],
type 2 diabetes, anaemia, chronic obstructive pulmonary
disease, and atrial fibrillation [7]. Besides representing
more than 50% of all HF cases, the higher mortality and
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mainly chronic morbidity impose significant costs to the
healthcare system, mostly due to the high frequency of
re-hospitalizations [6].

The HFpEF diagnosis remains challenging, mainly in its
early stage (Fig. 1). In the ambiguous cases, the evaluation
of aerobic capacity determined by echocardiography, per-
formed through a diastolic stress test and using a dynamic
exercise protocol, reveals effort intolerance in those patients,
an important hallmark of HFpEF [5].

Regarding biomarkers, additionally to the routinely use
of BNP, other molecules such as procollagen, interleukin-6
and -8, thyroid hormones, troponin T, proteins involved in
the transport of fatty acids (FA), and carbohydrate antigen
125 (CA125) are potential candidates for HFpEF diagnosis,
however, still await validation [9]. Recently, the index of
some biomarkers ((C-reactive protein + growth differen-
tiation factor-15 + soluble source of tumorigenicity 2)/NT-
proBNP) was reported to discriminate HFpEF from HFrEF
efficiently [10].

Although initially thought to be less threatening than
HFrEF, a prospective population study observed that HFpEF
patients present a survival rate similar to those with reduced
EF [7]. The limited knowledge about LV remodelling and
reverse remodelling (RR) in HFpEF is reflected in the few
therapeutic options available to these patients. Regardless of
the continuous pursuit to discover novel therapeutic targets,
most of them have not proven efficacy in HFpEF. Moreo-
ver, some clinical trials have provided disappointing even
harmful results, before reaching the phase III [11, 12]. The
complexity of HFpEF has due to the multiple cardiac and
non-cardiac associated pathologies. To unravel the mecha-
nism behind HFpEF and to understand this syndrome, it is
essential to simplify it. The categorization of HFpEF by its
specific triggers and phenotypes and their subsequent study

may help to clarify the mechanism behind HFpEF and boost
significantly the hope for a new effective treatment.

Cardiac remodelling and reverse
remodelling

Myocardial remodelling occurs after any stressful stimulus
that triggers molecular, cellular, and interstitial changes in
the heart. Myocardial remodelling is clinically manifest
by alterations in the size, mass, geometry, and function of
the heart and occurs in both HFpEF and HFrEF. In con-
trast, RR is defined as the attenuation or normalization of
these cardiac abnormalities [13, 14]. Therefore, to dissect
the molecular basis underlying both myocardial remodel-
ling and RR will surely provide a step forwards towards the
understanding of HFpEF pathophysiology and its treatment,
respectively.

In HFpEF the process of myocardium remodelling
induced by different triggers involves abnormalities in
energy metabolism, inflammation, and oxidative stress that
trigger (or are triggered) by coronary microvascular endothe-
lial dysfunction, infiltration of activated macrophages, and
reactive interstitial fibrosis [15]. As a result, hypertrophic
and profibrotic signalling cascades become activated,
altering the function or expression of myofilamentary and
calcium-handling proteins, as well as inducing fibroblast
proliferation and an imbalance of proteins that regulate col-
lagen turnover. These cascades of pathological events end
with stiffening of the myocardium and abnormalities in the
excitation—contraction coupling (ECC) affecting mainly
myocyte relaxation, and thus, decreasing ventricular filling
and elevating ventricular pressures during diastole, inducing
DD, a hallmark of HFpEF (Fig. 2) [16-19].

HFPEF DIAGNOSIS

Preserved systolic LV function

Indexed LV end-diastolic volume
<97mL/m?)

LV EF> 50 %

Fig.1 Workflow to diagnose HFpEF. In addition to the imperative
presence of signs and symptoms of heart failure, the patients should
present preserved left ventricular systolic function and evidence of
diastolic dysfunction (DD). DD is determined by pulmonary capillary
wedge pressure (PCWP) > 15 mmHg, left ventricular end-diastolic
pressure (LVEDP) > 12 mmHg at rest or E/e’ > 15. When E/e’ is in
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LVEDP > 12mmHg at rest

Pulmonary capillary wedge
pressure (PCWP) > 15mmHg
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the range of 8-15 or NT-pro natriuretic peptide type B (BNP)/BNP
levels are higher (NT-proBNP > 220 pg/mL or BNP > 200 pg/mL)
is necessary at least one additional sign of DD, including a low E/A
ratio combined with a high deceleration time, pulmonary venous flow
patterns indicative of DD, increase left atrium, atrial fibrillation, and/
or LV hypertrophy [8]
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Fig.2 Mechanisms underlying cardiac remodelling in HFpEF. The
figure shows the main triggers of myocardial remodelling and some
underlying mechanism responsible for HFpEF-clinical features. EF

The most recent assumptions in the aetiology behind
HFpEF are based on the augment of systemic inflamma-
tion and metabolic disarrangement, both triggered by
HFpEF non-cardiac comorbidities [18, 20]. The shift in
the preferred oxidative substrate, the increase of reactive
oxygen species (ROS), and mitochondria dysfunction
causes energy depletion due to a mismatch between ATP
production and demand. Concomitantly several down-
stream signalling pathways are activated, disrupting the
normal cardiac architecture, triggered systemic inflamma-
tion that can induce endothelial dysfunction of the coro-
nary vasculature and other deleterious processes. Together
these mechanisms drive the heart to remodel and stiffen,
while in HFrEF prevails the cardiomyocyte loss mainly
due to ischemia and the heart muscle becomes weak, thin,
or floppy [21, 22].

It has been previously suggested that abnormal myocar-
dial mitochondrial energetics and oxidative stress precede
structural remodelling [23]. In fact, all the mechanisms
involved in cardiac remodelling may be potentially associ-
ated with mitochondrial dysfunction, although this has not
been extensively addressed yet. Indeed, only a few stud-
ies have reported metabolic disturbances in experimental
models of myocardial hypertrophy and DD [24] and in
HFpEF patients [25] and no therapeutic approach has yet
been directed towards the mitochondria.

ejection fraction, LV left ventricle, LVEDP left ventricular end dias-
tolic pressure, SR sarcoplasmic reticulum

Myocardial excitation-contraction coupling
and cytosolic-mitochondria calcium
handling

Cardiac ECC is an orchestrated process only possible due
to the conversion of an electrical stimulus into mechanical
force (excitation to contraction) [26]. ECC begins with
myocyte electrical excitation that triggers Ca** entry, its
release from the sarcoplasmic reticulum (SR), and subse-
quent myofilament activation/contraction with sarcomere
shortening (Fig. 3) [27]. The mitochondria also partici-
pate in this process as it uptakes cytosolic Ca>* ([Ca**]c)
and uses it to regulate energy metabolism, including ATP
regeneration. Thus, changes in mitochondria are expected
to impact myocardial contraction and relaxation and vice
versa [28]. This organelle owns all the molecular machin-
ery for efficient Ca®* cycling (uptake and extraction)
that should work in a well-coordinated fashion to match
any change in energy demand in a process named exci-
tation-energetic coupling. Some studies suggested that
mitochondrial Ca®* ([Ca*"]m)-cycling in adult ventricu-
lar myocytes is coordinated with ECC in a beat-to-beat
basis, meaning that mitochondrial Ca>* uptake oscillates
in response to Ca>* transients and are pacing-dependent
(Fig. 3) [29, 30]. At the molecular level, mitochondrial
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Fig.3 Myocardial excitation—contraction and excitation-energetic
couplings. After reaching the T-tubules, the action potential induces
Ca**-channel opening and allows the Ca>* inflow to the junctional
zone or dyadic cleft. This Ca®" wave triggers ryanodine receptor
(RyR) opening and abundant Ca?* release (107~ to 107> M) from the
sarcoplasmic reticulum (SR)—calcium-induce-calcium release. SR
is the major intracellular Ca**-storage organelle into the cell that is
located closely to T-tubules to facilitate the ECC [26, 37]. Sarcoplas-
mic Ca®* binds to TnC and induces a conformational change in Tnl
that exposes the binding site of myosin ATPase located on the myo-
sin head on the actin molecule. This process requires ATP hydroly-
sis to supply energy for the conformational change that occurs in the
actin-myosin complex. Thus, when the amplitude and/or frequency of
the Ca®* transient rises, cardiac work increases, and therefore, both

Ca?* influx (MCU) and mitochondrial lithium/sodium-
calcium exchanger (NCLX) controls Ca** influx and
efflux, respectively, thus representing key players in
coordinating [Ca**]c and [Ca?*]m [31]. Besides MCLX,
Ca>* release from the mitochondria also depends on the
mitochondrial calcium buffering capacity. For higher
heart rates, the kinetics of Ca2* decay is slowest in mito-
chondria than in cytosol, contributing to calcium accu-
mulation in mitochondria, presumably to stimulate Krebs
cycle dehydrogenases. However, when in excess, [Ca>*Im
can deleteriously activate apoptosis pathways [32]. The
susceptibility to (Ca®*)-induced changes on mitochondrial
permeability transition pore (an early indicator of mito-
chondrial dysfunction) has been described to be increase
in a pig model of HFpEF [33].

While during diastole cytosolic and mitochondrial [Ca®*]
are similar, after stimulation [Ca**]m easily reach values 10-
to 100-fold higher than in the cytoplasm [34, 35]. The higher
rate of mitochondrial Ca>* uptake in response to relatively
small increases in [Ca**]c contrasts with the lower MCU
Ca’* affinity (Kd about 20-50 uM).[35]. To overcome lower
Kd, it is mandatory the presence of an upper physiological
[Ca®*]c range that can transiently be reached at microdo-
mains of high [Ca®*] named as Ca®" hot spots (Fig. 3). At
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Ca®* cycling and ATP hydrolysis augmented [Ca**]m rises rapidly
and with similar velocities as cytosolic Ca* ([Ca’t]e), allowing for
fast adjustment of mitochondrial ATP production to the increased
myocardial demands—excitation-energetic coupling. At the matrix,
Ca**-stimulates Krebs cycle enzymes (pyruvate-, a-ketoglutarate, and
isocitrate dehydrogenases) to regenerate NADH and FADH, but also
complex III of the ETC and the ATP synthase to accelerate respira-
tion. As a result of these coordinated processes, ATP and Ca** allow
the sliding movement between the myosin heads and the actin myofil-
aments as long as the cytosolic Ca>* remains elevated (plateau phase)
and leading to sarcomere shortening. ATP, adenosine triphosphate;
DHPR, dihydropyridine receptors; ETC, electron transport chain;
RyR, ryanodine receptors; SR, sarcoplasmic reticulum; TnC, troponin
C; and Tnl, troponin I

these locations mitochondria are strategically located close
to Ca’* channels such as RyR or SR channels [35, 36]. Fur-
thermore, MCU and NCLX are spatially separated in car-
diac mitochondria. Mitochondrial that contact with SR at the
zones of Ca?* hot spots are rich in MCU but lack NCLX.
This distribution minimizes the energy cost of maintaining
mitochondrial Ca** signals [28, 31].

For cardiac relaxation to occur the amount of intracellular
Ca** must decline, which requires inactivation of L-type
Ca”" channels and sequestration of Ca>" by the activation
of (1) sarcoplasmic reticulum calcium-ATPase (SERCA),
which pumps Ca?* back into the SR; (2) sarcolemmal Na't/
Ca”" exchange (NCX); (3) sarcolemmal Ca>*-ATPase which
pumps Ca>* directly out of the cell; and (4) mitochondrial
Ca* uniport which pumps Ca*" into the mitochondria
[38—40].

In the presence of a normal [ATP/ADP], as cytosolic
Ca?* decreases, Ca?* dissociate from TnC, induces a con-
formational change on Tnl back to its original shape and
the restoration of tropomyosin inhibition of actin-myosin
interaction, preventing the formation of cross-bridges during
relaxation [41]. The cycle ends with the binding of a new
ATP to the myosin head, displacing the ADP and restoring
the initial sarcomere length (Fig. 4).
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Fig.4 Myocardial requirements
of ATP during diastole. During
relaxation, ATP hydrolysis is
necessary to release ADP from
myosin heads and uncouple
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Relaxation is a key player of HFpEF pathophysiology;
thus, it is not surprising that modifications in proteins that
mediated Ca®* cycling, such as NCX, SERCA, PLB and
RyR2, have been reported during cardiac remodelling in
HFpEF or compensated hypertrophy [42]. In cardiomyocytes
from an HFpEF rat model with chronic kidney disease or
pigs with metabolic syndrome, cell shortening amplitude,
Ca’®* transients, and kinetics of shortening were altered.[33,
43, 44]. Also, at higher workloads, isolated hearts from rats
with metabolic syndrome and diabetes have shown incapac-
ity to upregulate ATP synthesis and decreased free energy of
ATP hydrolysis (AG. s1p), wWhich affects diastolic relaxation
and impaired contractile reserve [45, 46].

HFpEF: a metabolic disorder?

An increasing body of evidence supports that HF is a meta-
bolic disease that presents abnormalities in mitochondrial
oxidative metabolism and dysregulation of fatty acid (FA)
and glucose transport/utilization. Altogether these abnor-
malities lead to an energy deficit. Nevertheless, the heart is
an organ extremely flexible, capable of generating energy
from the oxidation of several substrates, such as fatty acids,
carbohydrates (lactate, glucose), ketones, and amino acids
[47]. Thus, targeting alterations in cardiac metabolism
seems a reasonable approach to increase cardiac efficiency.
However, the use of metabolic modulators is reliant on our

understanding of the complex changes occurring in cardiac
energy metabolism in the healthy and failing heart that
depend not only on the HF- type and severity but also on
the co-existence of other co-morbidities [48]. Furthermore,
among the vast available experimental studies, this com-
plexity is further exacerbated by differences in the animal
strain and study design [13, 14] or by the different triggers
of HF [48].

For instance, the use of animal models with distinct
cardiovascular risk factors (such as type I and type II dia-
betes, obesity, hypertension), the distinct evaluation time-
points or even the use of distinct regions of cardiac tissue
to perform molecular, cellular, or histological studies can
introduce mixed results and overshadow the general conclu-
sions. Hence, before reviewing the metabolic alteration in
HF and HFpEF, we will briefly recall carbohydrates and FA
metabolism.

Physiology of myocardial energy metabolism

The cardiomyocytes’ plasticity is essential for the myocar-
dium to meet its high metabolic demands and to quickly
adapt to the constant hemodynamic and/or metabolic chal-
lenges [49]. Compared with other cells, cardiac myocytes
are those who consume more energy. Under normal condi-
tions approximately 70 to 90% of cardiac ATP comes mainly
from mitochondrial oxidation of FA and the remaining 10
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to 30% is provided by carbohydrates (glucose and lactate)
and ketones [48, 50]. This scenario changes under dis-
ease conditions like HF, cardiac hypertrophy, HFpEF, and
ischemia, wherein a metabolic transformation occurs as the
heart becomes exposed to increased haemodynamic load and
oxygen tension [51, 52].

General consideration—carbohydrate and lipids
metabolism

Glucose transporter-4 (GLUT4) and -1 (GLUT1) medi-
ate the glucose uptake into the cells. Glycolysis is the first
step of carbohydrate metabolism and converts glucose into
pyruvate in the cytosol. Pyruvate is then translocated inside
the mitochondria by pyruvate translocase, and under aero-
bic conditions, is converted to acetyl-CoA by the pyruvate
dehydrogenase complex during glucose oxidation. Pyruvate
dehydrogenase (PDH) is allosterically activated and nega-
tively regulated by pyruvate dehydrogenase kinase (PDK)
and by increased levels of acetyl CoA/CoA, ATP/ADP, and
NADH/NAD™. In contrast, PDK is positively regulated by
pyruvate dehydrogenase phosphatase (PDP), which is acti-
vated by reduced levels of these ratios [53].

In the mitochondrial matrix, acetyl-CoA enters the tri-
carboxylic cycle (TCA) to generate NADH from NAD?Y,
which act as an electron donor to complex I of the electron
transport chain. Under hypoxia, anaerobic glycolysis is pro-
moted by HIF1-mediated expression of PDK and glycolytic
enzymes [54].

Fatty acid
oxidation

e —
| A

Fed state
Insulin levels
Carbohydrates

Malonyl-CoA
ACC
¥/ ¥

Fig.5 Regulation of fatty acid and glucose oxidation in the mito-
chondria. The oxidation of metabolic substrates, namely, fatty acid,
and glucose are tight regulated. The red arrows represent some mech-
anisms involved in the activation of FA and glucose oxidation. Blue
arrows indicate some mechanisms involved in the inhibition of these
metabolic processes. High levels of acetyl CoA/CoA, ATP/ADP, and
NADH/NAD + inhibit PDH. The main propose of fatty acid and glu-
cose oxidation are to produce Acetyl CoA (green arrows) that will
enter Krebs cycle to produce NADH and FADH2, electron donors to
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Free FAs released from adipose tissue in the fasted state
by hormone sensitive lipase (HSL) or FA from lipoprotein-
associated triacylglycerols via the action of lipoprotein
lipase (LPL) are released into the plasma and reach the heart
to be uptake by cardiomyocytes.

Lipolysis is regulated by catecholamines, glucocorti-
coids, glucagon, and insulin that controls LPL and HSL
activity. Upon feeding, insulin activates LPL while inhib-
its HSL, promoting the uptake of free FA from the blood.
Contrarily, during fasting, diabetes, intense exercise, or
stress conditions, glucagon activates HSL, promoting fat
tissue lipolysis [55]. In HF, the low cardiac output can be
compensated by a hyperadrenergic state that increases
plasmatic catecholamines increasing plasmatic free FA
concentration. As higher levels of free FA inhibit glucose
utilization, increased plasma catecholamines are typically
associated with insulin resistance [56]. FA uptake to car-
diomyocytes can occur by passive diffusion or mediated by
several proteins including FA translocase (FAT/CD36), FA-
binding protein (FABP), and FA transport protein (FATP)
[57]. Within the cardiomyocyte, the enzyme fatty acyl-CoA
synthase will convert long-chain FA to fatty acyl-CoA.
Fatty acyl-CoA are converted to acyl-L-carnitine and trans-
ported into the mitochondria by the enzymes carnitine pal-
mitoyl transferase type 1 (CPT-1) and CPT-2 (localized in
the outer and inner mitochondrial membrane, respectively),
through a process called ‘carnitine shuttle’. Afterwards,
acyl-L-carnitine is converted back to long-chain acyl-CoA
FA and undergoes p-oxidation, producing acetyl-CoA used

Y

Glucose
oxidation

complex I and II of electron transport chain, located at inner mito-
chondrial membrane. The Randle cycle or the glucose/FA cycle rep-
resents the feedback inhibition of FA and glucose oxidation mediated
by metabolic intermediates. ACC, acetyl-CoA carboxylase; ADP;
adenosine di-phosphate; ATP, adenosine triphosphate; FA, fatty acid;
CPT1, carnitine-palmitoyl transferase-1; PDH, Pyruvate dehydroge-
nase; PDP, dehydrogenase phosphatase; PDK, pyruvate dehydroge-
nase kinase; and NAD' /NADH, nicotinamide adenine dinucleotide
oxidized and reduced
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in TCA cycle to generate NADH and FADH?2 providing
reducing equivalents for the electron transport chain.

FA and glucose oxidation have multiple and tight regula-
tion sites, which are essential to maintain the heart ability to
switch between available substrates (Fig. 5) [58].

The regulation of FA oxidation starts with its uptake to
the mitochondria by CPT1. CPT1 activity decreases in the
fed state, reducing FA oxidation. During fasting, FA oxida-
tion and CPT1 activity increase. The initial intermediate of
FA biosynthesis, Malonyl-CoA, is a potent CPT1 inhibitor.
Under starvation ACC is inhibited by acyl-CoA (decreasing
malonyl CoA) and the CPT1 inhibition is released allowing
more acyl-CoA to be oxidized.

Glucose oxidation is controlled by pyruvate dehydroge-
nase complex. PDH is allosterically activated and negatively
regulated by PDK and by upregulation of acetyl CoA/CoA,
ATP/ADP, and NADH/NAD™. In contrast, PDK is positively
regulated by pyruvate PDP, which is activated by downregu-
lation of these ratios. In the fed state PDH is active and
becomes inactive under starvation (Fig. 5).

Furthermore, the Randle cycle (also called Glucose—fatty
acid cycle), is a biochemical mechanism, whereby glucose
and FA compete for oxidation and uptake. The cycle controls
fuel selection and adapts the substrate supply and demand.
As an example, in the muscle, when FA oxidation is intense,
a significant reduction in the uptake and utilization of glu-
cose takes place [48].

Cardiac metabolism in HF

When exposed to sustained pressure overload, other hemo-
dynamic stress or changes in myocardial blood flow, the
heart remodels first metabolically and then structurally
[59]. Indeed, it is widely accepted that under these stimuli,
the failing heart reverses back to a foetal phenotype pos-
sibly to protect the failing heart from further irreversible
structural and functional impairment [51, 60]. However, the
exact energetic metabolic profile in HF remains controversial
as denoted by the discrepant results on literature regarding
substrate preferences. While sometimes the heart switches
from FA oxidation to glucose metabolism, under other cir-
cumstances as HF associated with obesity or diabetes, the
heart prefers to oxidized FA {Karwi, 2018 #384}. Further-
more, some clinical and experimental studies suggest that
FA oxidation is either not changed or is increased in HF [51,
61, 62]. The complexity of the theme is also reflected on the
diversity of the therapeutic options that have been proposed
(supplement 1).

The benefit of glucose utilization compared with FA is
a lower O, consumption rate [63]. Each glucose consumes
6 molecules of O, with an ATP yield of 31 and a P/O ratio
of 2.58. Inversely, the oxidation of FA palmitate consumes
23 molecules of O, with an ATP yield of 105, giving a P/O

ratio of 2.33, making FA the least efficient energy substrate
to the myocardium. Furthermore, FA efficiency is decreased
given the requirement of 2 ATP molecules hydrolysis for
the esterification of FA to fatty acyl CoA and for the cyto-
plasmic cycling of FA between fatty acyl CoA and TG and
back to FA [48]. This would only represent an advantage
assuming the high demand of ATP by the myocardium and
the limited ATP storage that can only assure a few seconds
of beating [64].

However, the preferential use of glucose as energetic sub-
strate would represent an advantage only if the oxygen avail-
ability and the mitochondrial oxidation capacity of the fail-
ing heart were preserved to allow glucose oxidation [47, 48],
which does not seem to be the case. In fact, transcriptional
regulation and expression of hypoxia and mitochondrial oxi-
dative metabolism genes, including glucose oxidation, are
decreased in HF, rendering the heart more reliant on glyco-
lysis as a source of ATP regeneration [60, 65].

These phenomena can occur due to the limited capacity of
the failing heart to channel the higher amount of uptake glu-
cose into the glycolytic/oxidative pathway with consequent
re-direction towards the pentose phosphate pathway. This
metabolic pathway is known to increase oxidative stress and
induces ‘myocardial glucotoxicity’ by enhancing NADPH
levels and thus, superoxide generation by NADPH oxidase
[66]. The pentose phosphate pathway was found to be acti-
vated in Dahl salt-sensitive rats with congestive HF [65].
Glucose 6 phosphate dehydrogenase (G6P) (a rate-limiting
intermediate of pentose phosphate pathway) is known to be
positively regulated by insulin, mammalian target of rapa-
macycin (mTOR), AKT, among others [67]. Furthermore,
in heart perfused with glucose and working at high load,
the augment of G6P activates insulin-dependent mTOR
signalling, impairing cardiac power and inducing ER stress
response. In human HF mechanical unloading decreases
levels of G6P, reduces mTOR activation, and relieves ER
stress [59].

Cardiac glucose metabolism in hypertrophy, DD andHFpEF

Unlike physiological hypertrophy, where an increase of
FA and glucose oxidation is observed, pressure overload-
induced hypertrophy switches main myocardial source for
oxidative energy from FA to glucose [68—73] with downreg-
ulation or no changed of FA metabolism genes [68-70, 74].

The uncoupling of glycolysis from glucose oxidation
decreases cardiac efficiency and contributes to the energy
deficit as well as to the severity of hypertrophy and HF sec-
ondary to pressure-overload [75]. In HFpEF (induced by
metabolic and/or hemodynamic stress) the overall decrease
in mitochondrial oxidative metabolism can result in a com-
pensatory rise in glycolysis rate, increasing the uncou-
pling between glycolysis and glucose oxidation [60, 76].
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Intriguingly, insulin resistance was associated with improved
contractile function maybe by protecting the hearts from
fuel overload, reducing glucose uptake and increased rates
of glucose oxidation [76, 77]. Likewise, in hypertensive
patients an inverse correlation between the rate of glucose
uptake and the presence and severity of DD was found [73].

The underlying reason for the deleterious effect of glucose
oxidative metabolism uncoupling is not fully understood. In
addition to the deviation towards pentose phosphate pathway
and the augment of oxidative stress, the excessive production
of lactate and protons decreases pH and can reduce the Ca®*
sensitivity on troponin C, inhibit the slow Ca®* current, and
decrease the myocardium contractility, contributing to the
development of HFpEF [60]. Furthermore, the additional
need for ATP to remove these protons and maintain sodium
and calcium homeostasis decreases cardiac efficiency and
contributes to the deterioration in cardiac function [78][60].
Similarity to proliferative cancer cells, the “Warburg effect’,
characterized by higher glycolysis rates even under aero-
bic conditions and by an overall decrease in mitochondrial
oxidative metabolism, is likely to occur under conditions of
cardiac hypertrophy and DD, contributing to cardiac dys-
function and its subsequent progression to HFpEF [60, 69,
79, 80].

Cardiac FA metabolism in hypertrophy, DD, and HFpEF

The evidence of reduced FA oxidation in cardiac hypertro-
phy derives from studies in humans and animals with geneti-
cally or chemically impairment of FA oxidative capacity
[81]. Recently, Hunter and colleagues described a distinct
metabolic signature between HFrEF from HFpEF. Both
HFpEF and HFrEF patients showed increased plasma long-
chain acylcarnitines, further augmented in HFrEF, highlight-
ing a more severe impairment in mitochondrial FA oxidation
enzymes or more uncoupled FA oxidation in the latter [82].

A reduction/blockade in FA oxidation has been shown
to promote DD and hypertrophy by mTOR activation [81],
while maintenance of FA oxidation by overexpressing Acetyl
Coenzyme A Carboxylase attenuates hypertrophy, reduced
fibrosis, oxidative stress, and preserved mitochondrial func-
tion in rats with DD induced by Angll [83]. Additional
evidence of the benefits of improving FA oxidation comes
from HFpEF mice submitted to pressure overload and hyper-
trophic myocardial cells where the stimulation of -oxidation
by PPARa with Astragaloside IV improved mitochondrial
function, ATP content, and increased SERCA2a [84]. In a
metabolic rat model with insulin resistance, the poor myo-
cardial recovery pattern after ischaemia—reperfusion resulted
from the inability to increase or sustain long-chain FA oleate
oxidation. When oleate was replaced by a medium-chain FA
(more permeability to enter the mitochondria), contractile
function improved [85]. However, as observed in metabolic
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heart disease and diabetes, the loss of metabolic flexibility
favouring FA oxidation can also be detrimental to cardiac
function [18]. Alterations in the oxidative substrate due to
mutations in metabolic pathways or an imbalance between
FA uptake and oxidation can result in myocardial energy defi-
ciency, lack of crucial membrane components (e.g., cardi-
olipin deficiency), excessive lipid accumulation and lipotox-
icity, ultimately leading to cardiac hypertrophy, dysfunction,
or other associated cardiac pathologies [86]. Thus, metabolic
modulation seems to have a profound impact in cardiac dis-
eases changing contractile function and contributing to HF
progression. Nevertheless, a deeper understanding of these
complexes pathways urges and might pave the way for better
management of HFpEF.

Ketone metabolisms in health and HF conditions

Ketogenesis is an alternative biochemical process to pro-
duce ketone bodies through breakdown of FA and ketogenic
amino acids. During fasting, starvation, or periods of high-
intensity exercise training, ketone bodies are produced in the
liver by the incomplete oxidation of free FA released from
adipose tissue and used as an alternative source of energy.
The resultant metabolites are acetone, excreted in the breath,
B-hydroxybutyrate (BOHB), and acetoacetate, both enter-
ing blood circulation [61]. The use of ketone by the heart
has long been described and could represent ~ 2.6% (POHB)
and ~ 6.0% (acetoacetate) of total metabolism oxidation in
the heart.

As presumably the heart itself cannot do ketogenesis, it
uptakes ketonic bodies to cardiomyocytes and transports
them to the mitochondrial matrix where BOHB is oxidized
into acetoacetate by OHB dehydrogenase (BDHI) [87].
Thereafter, the rate-limiting enzyme, succinyl-CoA:3-
oxoacid-CoA-transferase (SCOT), transforms acetoacetate
into acetoacetyl-CoA that is lastly converted to acetyl-CoA
by acetyl-CoA acetyltransferase, acetyl-CoA goes in the
TCA cycle. The regulation of ketone metabolism in the
heart is poorly understood although the level of ketone bod-
ies in the blood is a key determinant of its oxidation rates.
Furthermore, hepatic BDH1 has been shown to be post-
translationally modified by SIRT5 and cardiac SCOT may
be regulated by residue-specific nitration in the settings of
diabetes and aging [61].

When the overall oxidative pathways are impaired the
heart relies more on ketone bodies to regenerate ATP as
repeatedly demonstrated in humans and in experimental
studies [88-90]. In mice submitted to chronic pressure
overload, ketone metabolism is an important player for the
development of cardiac remodelling. SCOT knockout mice
denoted increase of oxidative stress, mitochondria, and myo-
filament disarrangement as well as a worsening of cardiac
function [91].



Heart Failure Reviews (2021) 26:453-478

461

Recently but supporting old published results was demon-
strated an upregulation of ketone body synthesis enzymes’
in diabetic rats. These results suggest that the heart is capa-
ble to synthesize ketone bodies when mitochondrial fatty
acid oxidation is excessive. This metabolic pathway may
represent a mechanism to fight ‘metabolic inflexibility’ and
improve glucose oxidation through the pyruvate dehydroge-
nase complex, by deviate acetyl-CoA derived from elevated
FA oxidation into ketone bodies, decreasing acetyl-CoA/
CoA ratio [92].

Recently, ketone bodies have been gaining attention due
to the striking and unexpected results obtained in the EMPA-
REG OUTCOME trial. This clinical trial used an inhibitor
of sodium-glucose cotransporter 2 (SGLT2), empagliflo-
zin, in patients with type 2 diabetes and high cardiovascular
risk [93]. In addition to enhancing diuresis and reducing
blood pressure, empagliflozin induced a mild and persistent
hyperketonemia allowing BOHB to be taken up by the heart
(among other organs) and oxidized in preference to FA. By
improving oxygen consumption at mitochondria (the P/O
ratio of BOHB, is 2.50, less efficient than glucose but more
efficient than palmitate) [61] and due to the elevation of
haematocrit, this alternative metabolic substrate improved
tissue oxygenation, thereby establishing a powerful synergy
with the metabolic substrate shift [94]. Moreover, ketone
bodies decreased circulating FA by inducing its uptake into
adipocytes while stimulating glucose uptake into myocytes,
improving substrate supply and possible energy production
in the heart [18]. Until now, it remains obscure if the higher
ketone body metabolism in HF is a cause, a consequence, a
bystander, or a compensating mechanism, mostly because its
cardiac metabolism and its effect under disease conditions
are poorly understood [18].

Energetic deficit in HFpEF: looking deep
into the mitochondria

Many of the comorbidities associated to DD and HFpEF are
related to cardiac metabolic perturbations capable of modi-
fying the amount of adenine and creatine compounds, and
thus affecting myocardial function [95]. Actually, a linear
relationship has been described between ATP hydrolysis,
actin-myosin interaction, and contractile force [3, 96-98] as
well as between ADP levels and end-diastolic pressures [99].

In HFpEEF, the evidence of an energy deficit is confirmed
by reduced PCr/ATP due to PCr decrease [100] or, in some
cases, to a drop of 30-40% in ATP levels in failing hearts.
In pathological hypertrophy, the increase of glycolysis activ-
ity [74] culminates in a decrease of mitochondrial oxida-
tive metabolism and thus a reduction in the content of ATP,
Cr, and PCr [101, 102]. In fact, the reduction of PCr levels
results in a deficit of conversion of ADP to ATP and impairs

the ratio ATP/ADP [99]. Moreover, elevated levels of ADP
augment the myofilaments Ca®* sensitivity and increase
the recruitment of cross-bridges, culminating in a slower
myocardial relaxation [100, 103, 104] and higher cardio-
myocytes stiffness [103]. The increase of sarcomere Ca>*
sensitivity and ATPase utilization results in the augment of
energy requirements and compromises the ability of cardio-
myocytes to maintain sufficient energy levels resulting in
DD [105]. In rats, the reduction of the contractile reserve,
the increase of LV end-diastolic pressure, and mortality has
been associated with PCr reduction or a creatine kinase (CK)
inhibition [99]. In order to prevent ADP accumulation, PCr
is used re-phosphorylate ADP at the cytosol while the entry
of Cr and ADP to mitochondria stimulates ATP regeneration
by accelerating electron flux along the ETC and thus boost-
ing oxidative phosphorylation [28].

In the myocardium, free energy resulting from ATP
hydrolysis is used for several mechanisms, being 60-70%
directed to contraction and relaxation and the remaining
30-40% used by sarcoplasmic reticulum (SR) Ca?*-ATPase
(SERCA-2a) and by others ion pumps [3, 106]. A relevant
fact for HFpEF is the finding that the diastolic consump-
tion of ATP exceeds the one of systole [106]. Therefore, an
abnormal relaxation associated to DD, as occurs in HFpEF,
can also result from deficient ATP and ADP cycling, which
induce alterations in filaments sensitivity to Ca?* and
diastolic reuptake of Ca** (Fig. 4) [107, 108]. In HFpEF,
alterations on Ca* reuptake could result from the reduc-
tion of SERCA-2a activity or an increase in the SERCA-2a
inhibitor, phospholamban. Both can change myocardial Ca**
kinetics and ventricular relaxation [106, 109, 110]. Addi-
tionally, hyperphosphorylation of ryanodine receptors can
also underlie a reduction of SR Ca”* content (due to Ca>*
leakage) and therefore contribute to increasing Ca** cyto-
solic and worsening myocardium relaxation [95, 108]. These
pieces of evidence support that normal diastole depends on
the proper function of metabolic processes capable of regen-
erating ATP. Thus, low energy reserve observed in HFpEF
can result from mitochondrial dysfunction or metabolic dis-
turbances. However, it remains to clarify if these alterations
are the cause or the consequence of HF (Fig. 4)[3].

One cannot describe alterations in energetic metabo-
lism in HFpEF without referring to mitochondria, the
powerhouse of the cell. The relationship between mito-
chondrial dysfunction and HF was suggested in 1962
when Schwartz and Lee observed a reduction in mito-
chondrial oxidative phosphorylation capacity in pigs that
developed HF after aortic constriction [111]. Mitochon-
drial volume represents over 30% of cardiomyocytes’
total volume, reflecting the importance of this organelle
and oxidative phosphorylation for the heart. In fact, on
adult individuals, under normoxia and resting conditions,
about 95% of the myocardial ATP demands comes from
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mitochondria [3, 50]. Structural and functional alterations
at this organelle have been described in several cardio-
vascular diseases and in HF. The proposed mechanisms
for mitochondrial dysfunction are diverse and include
(i) electron transport chain dysfunction, (ii) modifica-
tions in mitochondrial complexes organization, (iii)
increased oxidative stress, (iv) altered membrane lipid
profile with decreased cardiolipin content, (v) changes
in the TCA cycle, (vi) mitochondrial uncoupling [112],
(vii) decreased transcriptional regulation of mitochondrial
biogenesis and FA oxidation, and (viii) altered autophagy
and mitophagy [48, 113].

Mitochondrial subpopulations

In cardiomyocytes, the three mitochondrial subpopu-
lations are distinguished by their subcellular spatial
arrangement and morphology: (1) perinuclear mito-
chondria are located on the nuclear poles and are mostly
spherical in shape; (2) subsarcolemmal (SSM) mitochon-
dria are larger, present a lamellar morphology and are
situated just below the sarcolemma; and (3) intermyofi-
brillar (IFM) mitochondria are smaller, have less internal
complexity, and are positioned between the myofilaments
[114, 115].

This heterogeneity may dictate differences in mito-
chondrial subpopulations. Indeed, perinuclear mitochon-
dria have been suggested to be more dedicated to generat-
ing ATP driving mitochondrial metabolism closer to the
nucleus. Moreover, the higher activity rates at complex
L, III, IV, and V in IFM than SSM support its primary
involvement to supply ATP for contraction, while SSM
are more prone to contribute with ATP for active transport
across the sarcolemma [116, 117].

In response to deleterious stimuli, such as pressure
overload, the pathophysiological response of mitochon-
drial populations should differ accordingly to its location
within the myocyte. Cardiac hypertrophy is more likely to
negatively impact IFM compared with SSM as it increases
the distance for oxygen and metabolites to diffuse and thus
the oxygen tension in the middle of the cell [116, 117].
In a genetic rat strain of type 2 diabetes, SSM subpopu-
lation is structurally and functionally more affected than
IFM while in type 1 diabetes is the opposite [118, 119]. In
response to ischemia, cardiac SSM are more susceptible to
be damaged and to suffer apoptosis caused by Ca** over-
load-mediated cytochrome C release [120]. The response
to oxidative stress also differs among mitochondrial sub-
populations. The vulnerability of respiratory chain com-
plexes to post-translational modifications induced by oxi-
dative stress revealed a predisposition of SSM respiratory
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chain complexes to carbonylation, whereas IFM respira-
tory chain complexes were more susceptible to nitration
[121].

Mitochondrial biogenesis and autophagy

Mitochondrial biogenesis can be defined as the growth in
size (fusion) or in number (fission) of pre-existing mito-
chondria mediated by proteins involved in mitochondrial
dynamics [122, 123]. Mitochondrial biogenesis is influenced
by several physiological or pathological stimuli including
caloric restriction, exercise, oxidative stress, cell division,
renewal, and differentiation [123]. The involvement of mito-
chondrial biogenesis in compensated hypertrophy and DD is
controversial since changes in the expression of biogenesis
proteins, like PGC-1a, ERRa, and Tfam, are inconsistent
[108, 124]. For instance, in humans and dogs with overload-
induced hypertrophy or in a pig model of HFpEF, impaired
mitochondrial ultrastructure and decreased biogenesis were
associated with deficient mitochondrial oxidative func-
tion and a faster progression to HF [33, 125-127]. Also,
in humans and rodents with HFpEF, the overexpression of
proteins involved in biogenesis, mitochondrial fragmenta-
tion, and cristae destruction was suggested to be related to
mitochondrial damage and mitophagy activation [128], and
thus represent a mechanism triggered by mitochondrial loss
and injury [129, 130].

Since the discovery of mitochondrial dynamics in 1914
[131], its biological importance has been repeatedly dem-
onstrated even for the heart, where the dysregulation of
the mitochondrial dynamics is known to correlate with the
pathogenesis of cardiac diseases [132]. Mitochondrial fis-
sion and fusion have opposing roles during in vivo cardiac
mitochondrial quality control [113]. Mitochondrial fusion
allows the exchange of material (metabolites, protein, and
DNA) between healthy mitochondria [133] while fission
facilitate the control of mitochondrial quality by mitophagy,
which removes damaged mitochondria through engulfment
in lysosomal vesicles [134, 135]. Mitophagy/autophagy is
catabolic processes that promote cell survival by destroy-
ing defective mitochondria/cells. In mammals, 3 proteins
are involved in mitochondrial fusion, mitofusin (Mfn) -1
and -2 fuse the outer mitochondrial membrane, while optic
atrophy (OPA)-1 fuses the inner mitochondrial membrane.
Mitochondrial fission is regulated by proteins such as
dynamin-related protein-1 (DRP1), mitochondrial fission
factor (MFF) [62], and fission 1 homologue protein (Fis1)
[63] and increases the number and capacity of mitochondria
during cell division [136]. These proteins have been found
to have other critical functions. Fusion proteins support the
inter-organellar exchange of proteins, substrates, and mito-
chondrial DNA to enhance the stability as well as improves
mitochondria Ca?*-ER/SR tethering.
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Cardiomyocytes with specific deletions of proteins
involved in mitochondrial fission develop HF, exhibiting
an accumulation of defective mitochondria and increased
mitophagy of the entire mitochondria instead of mitophagy
restricted to organelles containing the dysfunctional mito-
chondrial components. In response to pressure overload,
myocardial mitophagy increases possibly as an attempt
to prevent mitochondrial damage and maintain ATP pro-
duction [137]. In type 2 DM, the results concerning myo-
cardial autophagy are incongruent [138-140]. Recently,
S-nitrosylation has been suggested to inhibit lysosomal
enzymes and thus to impair autophagic flux [141], which
agrees with the autophagosome accumulation [142] and
elucidates the beneficial effects of mTOR inhibition in
diabetic mice [143]. At least in type 2 DM, mitochondrial
dynamics seem to be time-dependent, explaining the incon-
sistency of the published results [144].

A balance between fusion and fission is required to sus-
tain a normal mitophagy flux. When in excess, mitophagy
causes unnecessary mitochondrial clearance, reducing the
number of mitochondria in the heart while its default leads
to accumulation of dysfunctional mitochondria. In the latter,
as mitochondria cannot be adequately degraded, they con-
tinue to cause and disseminate damage, eventually promot-
ing autophagy of the cardiomyocyte [137]. Mitochondrial
dynamics (fission and fusion) work together with autophagy
as quality control pathways to counteract the processes
leading to mitochondrial dysfunction [145]. The balance of
mitochondrial dynamics allows for the reorganization and
sequestration of damaged mitochondrial components and is
the key for healthy crosstalk between the different mitochon-
drial quality control pathways [133, 145].

Mitochondrial coupling, oxidative phosphorylation,
and reactive oxygen species

Mitochondrial energy production involves the coupling
between electron transfer and oxygen uptake through the
electron transport chain (ETC) complexes and the phos-
phorylation of ADP [146]. At the mitochondrial matrix, the
Krebs cycle regenerates the electron carriers (NADH and
FADH,) that will reduce mitochondrial complex I and II at
the inner mitochondrial membrane. Subsequently, a series of
redox reactions are channelled through five complexes and
two carriers (cytochrome C and ubiquinone) of increasing
reduction potential toward oxygen (O,), the final electron
acceptor [39]. There are two electron transport pathways in
the ETC: Complex I/III/IV, with NADH as the substrate and
complex II/III/IV, with succinic acid as the substrate. The
energy released from electron flow is used to couple a pro-
ton gradient across the membrane into the inter-membrane
space, generating a chemical (ApH) and electrical potential
(A¥Ym) across the inner mitochondrial membrane. Together,

ApH and A¥m constitute the proton motive that is an essen-
tial component of oxidative phosphorylation to regenerate
ATP at F1/FO-ATP synthase (complex V) [147]. In the
intermembrane space, the mitochondrial CK transforms
creatine (shuttled from the cytosol) into phosphocreatine,
which functions as a spatial and temporal buffer of energetic
phosphates [39]. The dysfunction of oxidative phosphoryla-
tion, evidenced by the decrease of mitochondrial respiration
rate and consequent decrease of ATP content, is consistently
observed in HF [148] but incongruent in cardiac hypertrophy
[149]. In experimental animal studies, cardiac hypertrophy
and DD was followed by an overall decrease in cardiac mito-
chondrial metabolism and ATP synthesis [21]. It has been
recently demonstrated in an HFpEF animal model an aug-
ment of functional uncoupling of the respiratory chain and
ATP synthesis [33], decreasing the ADP/O ratio and affect-
ing the oxidative phosphorylation efficiency [150, 151].

During oxidative phosphorylation a small amount of
proton leakage occur since some protons can return to the
mitochondrial matrix independently of the ATPase activity,
decreasing the net yield of oxidative phosphorylation [152].
Proton leak can be categorized into basal proton leak and
inducible proton leak. In the former, proton leakage relies
on the lipid bilayer constitution of the inner mitochondrial
membrane and is not regulated. The latter can be precisely
regulated by uncoupling proteins (UCP) and adenine nucleo-
tide translocase (ANT) [153].

The UCPs can be regulated positively by ROS and FA
or negatively by a purine nucleotides binding (ATP, ADP,
GTP, and GDP) [153]. Changes in the UCP’s expressions
have been found in several types of HF [74, 154] and LV
hypertrophy [68, 70]. In an experimental model of chronic
pressure overload, LV expression of UCP2 was dependent
on HF-progression, being initially decreased and overex-
pressed later. Interestingly, in the end-stage of HF, a con-
comitant increase of TNF-a and a decrease of PCr content
were also observed. Given these results, the authors sug-
gested that TNF-a could be involved in the upregulation of
UCP2, which, in turn, would be responsible for PCr decrease
and, therefore, implied in the lower cardiac energy efficiency
observed in HF [74].

Proton leakage occurs mainly at complex I and com-
plex IIT and could significantly compromise the magnitude
of AWYm. The equilibrium of AWm is essential to keep a
normal mitochondrial function. An excessively high mito-
chondrial A¥m is potentially harmful to mitochondria and
consequently to the cell, since an excessive amount of ROS
is produced and could directly cause various pathologies.
On the other hand, at inappropriately low values of AWm,
there is an inability to produce enough ATP, and the low
mitochondrial ROS production could lead to the so-called
‘reductive stress’, which could be as detrimental to homeo-
stasis as oxidative stress [147].
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There are two main hypotheses to explain the mechanis-
tic link between mitochondrial respiration and ROS levels:
(1) ‘uncoupling to survive’ or ‘mild uncoupling’ and (2)
redox-optimized ROS balance. The main difference between
both is the proposed intermediary between respiration and
ROS: mitochondrial membrane potential [A¥m] and redox
environment, respectively. In the former, it is postulated that
mild uncoupling is a physiological feedback mechanism to
prevent ROS by slightly dropping A¥m and increasing
UCPs expression, thereby improving electrons transfers
in the ETC and reducing the likelihood of electrons being
directly transferred to O, (Fig. 6a) [153, 155-157]. However,
this premise has been only verified in isolated mitochon-
dria, while, in vivo, cardiomyocytes from guinea pig ‘mild
uncoupling’ elicited an increase rather than a decrease in
ROS [152, 156, 158].

In fact, mild uncoupling was only confirmed in supra-
physiologic redox potentials [158]. Furthermore, the reduc-
tion of ROS production by uncoupling occurs during state

Fig.6 Two main hypotheses to
explain the relationship between
mitochondrial respiration and
ROS production: a uncoupling
to survive or mild uncoupling; b
redox-optimized ROS balance
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energy
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4 of mitochondrial respiration, but cardiac mitochondria
are never in state 4. Thus, pathological ROS production
in cardiomyocytes is likely to be more closely linked to
decreased or collapsed membrane potential and/or deple-
tion of the NADPH pool [159], whereby ROS production
overwhelms endogenous scavenging through mitochon-
drial membrane-dependent mechanisms.[137]. In a normal
state, mitochondria maximize energy output while keep-
ing hydrogen peroxide (H,0,) overflow to a minimum by
operating in an intermediate redox state [159]. According
to redox-optimized ROS balance, the equilibrium of ROS is
lost when the redox couples involved in electron transport
(NADH/NAD +) or ROS scavenging (NADPH/NADP +,
GSH/GSSG) are unbalanced toward the extremes of reduc-
tion or oxidation, respectively [158]. When the electrons
flow slowly through the respiratory chain and redox environ-
ment is much reduced, the probability of generating the free
radical superoxide increases irrespective of high antioxi-
dant availability, but when the redox environment is rather
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oxidized, the compromised scavenging capacity becomes
rate-limiting, thus ROS overflow occurs (Fig. 6b).

As we move away from the ideal redox potential, a con-
siderable amount of ROS outbreaks come up, as repeatedly
shown in HFpEF [106, 160—-163]. In several scenarios mito-
chondrial ROS can contribute to the deterioration of cardiac
function, impairing ECC, causing arrhythmias, activating
pro-hypertrophic signalling, and inducing apoptotic and/or
necrotic cell death through activation of the permeability
transition pore (PTP) [33, 159]

Chronic p-adrenergic stimulation induces mitochon-
drial ROS production, a process that can be amplified by
the formation of aminochromes, catecholamine metabolites
known to impair mitochondrial redox balance [137]. In
experimental HFpEF animal models secondary to chronic
pressure overload or angiotensin II administration, the
increases of mitochondrial ROS can damage mitochondria
and induce its dysfunction. Furthermore, cardiac dysfunc-
tion has been described as a consequence of ROS-induce
mitochondrial dysfunction (decreased membrane potential,
increased protein oxidation, and deletions in mitochondrial
DNA (mtDNA)) and ROS-induce activation of the MAPK
pathways [128, 164]. Effectively, increased ROS can lead to
extensive oxidative damages in a variety of molecules, such
as proteins, DNA, and lipids (including the ones presents
in mitochondria) and modulate several signalling pathways
involved in ventricular hypertrophy progression, contractile
dysfunction, Ca** dysregulation, and myocardium stiffness
[80, 106, 146]. As an example, ROS-increases PP-2a activ-
ity, decreasing PLB phosphorylation and reducing SERCA-
2a activity, thus reducing Ca" reuptake to RS (Fig. 7) [165].
By modifying microRNA that leads to inhibition of SER-
CA2a transcription, diastole can also be impaired directly
by ROS [166].

Reactive oxygen species, nitric oxide and reactivenitrogen
species

In the presence of ROS, nitric oxide (NO) and nitric oxide
synthase (NOS) are oxidized, decreasing NO bioavailability
[167] and consequently its beneficial effects including the
control of mitochondrial pore opening [168]. The potent vas-
odilator NO is regulated by haemoglobin and myoglobin as
well as by O, gradients in the myocardium—when O, con-
centrations are high, NO production decreases and when O,
concentrations decrease, NO increases in order to properly
adjust blood flow to the tissue metabolic needs [168]. In the
presence of low O, concentrations, NO binds reversibly to
O, binding site on cytochrome c oxidase, adjusting the mito-
chondrial O, consumption to its tissue content. In HF, the
dysregulation of this mechanism is associated with impaired
myocardial O, consumption (MVO2) and the progression
of compensated to decompensated HF [169]. High amounts

of NO or its derivatives, such as reactive nitrogen species
(RNS), regulate oxidative phosphorylation by inhibiting
mitochondrial respiration by two distinct mechanisms: (1)
NO inhibition of cytochrome ¢ oxidase, in an acute, potent
and reversible manner through competition with O, or (2)
irreversible and generalized inhibition by RNS [170]. The
latter occurs by RNS-induced post-translational modifica-
tions in these proteins, such as nitrosylation or oxidation
of thiol groups and removal of iron from ion-sulfur centres
[171]. As a consequence, the production of ATP decreases,
while ROS and RNS increase, causing significant changes in
myocardial intracellular signalling pathways and contribut-
ing to cell death [168]. In aortic constriction-induced hyper-
trophy, a concomitant increase in NO sensitivity in complex
IV of the respiratory chain and an augment of inducible
nitric oxide synthase (iNOS) has been described [172].
Additionally, post-translational modifications induced by
ROS and RNS can cause alterations in Krebs cycle enzymes
(e.g., aconitase) or inhibit enzymes such as CK [168].

In eukaryotes cells the central regulator of cellular metab-
olism is AMP-activated protein kinase (AMPK), which is
activated when intracellular ATP levels lower [173]. AMPK
plays critical roles in regulating growth and reprogramming
metabolism and has recently been connected to cellular
processes including mitochondrial biogenesis. Together
with NO, AMPK can modulate mitochondrial biogenesis
via cGMP or by enhancing the stimulation of transcription
factors, such as PGC-1a, NRF-1, or mtTFA, resulting in
increased expression of respiratory chain complexes [168].
In HFpEF, the reduction NO bioavailability can imbalance
the equilibrium between ROS and NO, impair the cGMP-
PKG pathway, and contribute to the hypertrophic remodel-
ling [160, 174]. As in HFpEF, PKG activity phosphorylate
titin increasing its compliance, the NO depletion can con-
tribute to increased cardiomyocyte passive tension (Fig. 7)
[175, 176]. In contrast, the replacement of NO availability
with BH4 (a cofactor of NO synthesis) or activating NO-
cGMP-PKG pathway improved DD and reduced the sen-
sitivity of the myofilaments to Ca®* [107, 177, 178]. In
addition to uncoupled NOS, endothelial dysfunction fur-
ther decreases NO bioavailability [179]. Overproduction of
ROS/RNS from endothelial cells and decreased NO bioavail-
ability in the myocardium have recently been shown to be
important determinants of myocardial disease progression in
both hypertensive and HFpEF patients [160, 179].

Reactive oxygen species, inflammation and their impacton
the extracellular matrix

Endothelial dysfunction and oxidative stress seems to be
important mediators of inflammation, which are present in
both HF subtypes [180]. In aortic valve disease, the rise
of inflammatory mediators in endothelial cells increases
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Fig.7 The impact of mitochondrial dysfunction and ROS produc-
tion on diastolic function. The myocardial energetic dysfunction
underlying the change of oxidative substrate leads to mitochondrial
dysfunction. Mitochondrial dysfunction culminates in increased ROS,
which, by decreasing NO and NOS bioavailability, reduce PKG and
phosphorylation of titin. Together with titin hypophosphorylation,
ROS act directly on titin, promote matrix remodelling, and release of
proinflammatory cytokines. All these events culminate in increasing
myocardial stiffness. Increased ROS—mediated protein phosphatase 2
(PP2) activity inhibits phospholamban phosphorylation and decreases
SERCA-2a activity, thereby impairing relaxation. ROS also acts on
ryanodine receptors promoting calcium leak. Mitochondrial proteins

oxidative stress and triggers the activation of the osteogenic
and fibrogenic pathways, promoting valve calcification, and
thus increasing LV afterload [181]. In the 1990s, inflamma-
tion and fibrosis were shown to promote LV hypertrophy.
More recently, oxidative stress was proposed as an activator
of transforming growth factor-f3 (TGF-p) increasing collagen
synthesis and inhibiting its degradation (Fig. 7) [182, 183].
Collagen is a crucial element of the extracellular matrix
(ECM), essential to maintain myocardial structure, to assist
mechanotransduction and, together with other proteins such
as elastin, contribute to the elastic properties of the heart
[109].

In HFpEF, ECM alterations result from changes in col-
lagen metabolism, mainly in type I and type III collagen,

@ Springer

ROS-Induce
protein
modifications

Mitochondrial
dysfunction

a Relaxation

4PLB 0 2l
o ’ A abnormalities |
ﬂ[ATP] a5
<)

released from the intermembrane space, such as Smac, cytochrome C,
and apoptosis-inducing factor, lead to DNA fragmentation and trig-
ger apoptotic events. Mitochondrial dysfunction causes an energetic
deficit in the cell, affecting directly active relaxation. ADP, adenosine
diphosphate; ATP, adenosine triphosphate; cGMP, cyclic guanosine
monophosphate; GqPR, Gg-protein coupled receptor; MMPs, matrix
metalloproteinases; NO, nitric oxide; NOS, nitric oxide synthase;
PLB, phospholamban; PP2, protein phosphatase 2a; ROS, reactive
oxygen species; PKG, protein kinase G; RyR, ryanodine receptors;
sGC, soluble guanylate cyclase; SR, sarcoplasmic reticulum; TIMP,
tissue inhibitors of matrix metalloproteinases; and TGF-f, transform-
ing growth factor-beta

which are the most abundant in cardiac tissue (>90%).
These changes include alterations in its deposition, degree
of cross-bridging, and relative amount, resulting in the
development of myocardial interstitial fibrosis and subse-
quent ECM stiffening [184]. The activation of myofibro-
blasts that produces fibrosis is mostly due to the activation
of renin—angiotensin—aldosterone system (RAAS) [185],
a central neurohumoral axis in HFpEF [186]. Collagen
metabolism results from the balance between metallopro-
teinases activity (MMPs) and their tissue inhibitors, TIMPs,
and other proteins. In hypertensive patients with HFpEF, a
downregulation of MMPs and an overexpression of TIMPs
[187] have been described, resulting in a decrease in ECM
degradation that contributes to increased fibrosis and thus,
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ventricular stiffening (Fig. 7) [110]. In HFpEF patients, the
presence of cells with an inflammatory profile leads to the
release of factors, such as TGF-f, responsible for inducing
collagen production and promoting fibroblasts to myofibro-
blasts differentiation. By inducing an augment of cytokines
and chemokines TGF-f stimulates the recruitment and fur-
ther activation of inflammatory cells, perpetuating a pro-
inflammatory cycle and the progression of cardiac pathol-
ogy. Compensatory hypertrophy has been shown augmented
MCP-1, TGF-B, interleukins (IL-6, IL-18 e IL-17R), TNF-a,
anaphylatoxin C5a, or ST-2, which have been described to be
involved in DD progression. Some markers of fibrosis and
systemic inflammation such as galectin-3 and growth differ-
entiating factor 15 (GDF15) have arised as promising indi-
cators of HFpEF progression [110]. Vascular cell adhesion
molecule (VCAM, ICAM-1, and E-selectin), cells express-
ing inflammatory markers (CD3, CD11a, and CD45) with
evidence of increased macrophage recruitment and increased
activity of NOX2 within the recruited macrophages, were
described to be upregulated in the myocardium from HFpEF
patients [19].

Therapeutic options

Despite the uncounted efforts to discover an efficient drug
for HFpEF patients so far, there is no adequate therapeu-
tic option. Several clinical trials have failed to demonstrate
recovery of these patients. The undiscovered mechanism
underlying the ventricular remodelling and reverse remod-
elling in HFpEF accounts significantly to this failure. Thus,
the current treatment is largely directed toward improving
HFpEF associated conditions (e.g., hypertension, DM; obe-
sity) and symptoms (e.g., oedema). However, some promis-
ing new drugs are currently being tested.

Traditional therapeutic approaches

The classical drugs to treat HF persist in the guidelines and
are currently widely used in HFpEF, aiming at reducing
symptoms, improving functional capacity, enhancing the
quality of life and delaying the progression of the disease.
Drugs that act on loop diuretics or inhibit neurohormonal
activation and f-blockers have proven to interrupt the cycle
of systolic dysfunction and improve survival of HF patients
[188], while in HFpEF patients with pulmonary hyperten-
sion, f-adrenergic agonist seems to be beneficial by eliciting
a robust vasodilator effect [189, 190].

In HFpEEF clinical trials most of the drugs above men-
tioned showed incongruent results (supplement 1). Some-
what surprisingly, the drugs that proved to be efficient in
HFrEF have not shown similar benefits in patients with

HFpEF. Furthermore, the disparity between observational
and clinical studies probably reflects the differences in
patients’ characteristics enrolled in the studies. Together,
the experimental and clinical studies suggest the need to
abolish ‘one size fits all approach’ in searching a treatment
for HFpEF and direct the pharmacological treatment accord-
ing to the subgroup of HFpEF patients [191].

lonic-channel modulation

In HFpEF the excessive cardiomyocyte Ca?* accumula-
tion leads to elevated diastolic Ca®* and increases rest-
ing tension, slower Ca>* reuptake kinetics with impaired
relaxation and impairs Ca®* transients [192]. Cardiomyo-
cyte Ca®* accumulation is particularly pronounced when
SERCA expression is reduced or its function impaired by
post-translational induced by glycative or oxidative stress,
affecting Ca* sequestration rate [191]. A class of drugs
that promise to improve/normalize Ca** reuptake have been
tested in HFpEF but the results were not promising (Sup-
plementary Table 1).

When in excess mitochondrial Ca®>* accumulation
can impair mitochondrial function, leading to reduced
ATP production and increased release ROS [193]. As
in HF, mitochondrial Ca’>" accumulation disturbs ion
homeostasis and unbalances mitochondria redox state.
Thus, improving mitochondria metabolism seems a valu-
able therapeutic option. An attractive approach would
be targeting mitochondrial ion transporters. Indeed, the
mechanisms of action of some peptides, such as preclini-
cal CGP-37157, rely on mitochondrial Ca?* regulation.
By selectively inhibit mitochondrial NCLX, CGP-37157
maintain Ca®* inside the mitochondria while ranolazine
and empagliflozin reduce intracellular Na* uptake,
thus decreasing intracellular and mitochondrial Ca**
[194-196]. Several ongoing clinical trials and further
preclinical work should decipher whether the drugs that
target mitochondria are beneficial and safe to use in
HFpEF patients (Supplements 1).

ROS and mitochondria

Other ions, such as iron, have been recently found to be
reduced in HFpEF, and its deficiency could contribute
to the disease development, probably through increased
oxidative stress and reduced mitochondrial function, but
evidence is scarce. It is postulated that the excess of iron
content in mitochondria is connected to cytosolic iron
depletion. Maintenance of mitochondrial iron homeo-
stasis and the redistribution of iron using available iron
chelators such as deferiprone and idebenone could result
in the inhibition of free radical formation and partially
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reverse LVRR in HFpEF as reported in cardiomyopathy
of patients with Friedrich ataxia [197, 198].

Despite the undeniable imbalance of ROS in HFpEF
and its deleterious impact on health, on clinical trials,
ROS scavenging repeatedly fails to improve HF, which
is consistent with the ROS hormesis concept [128]. This
concept suggests that in HF, antioxidants per se are not
a plausible mechanism of action for long-term improve-
ment. Several studies have noted that administration
of high doses of ROS scavengers can even abolish the
beneficial effects of exercise [137]. However, the lack
of tissue permeability, poor intra-cellular targeting, or
ineffective therapeutic doses may underlie the lack of
positive results to date [199, 200].

Novel scavenging compounds that directly targeted
mitochondria, such as Elamipretide, showed promising
clinical or pre-clinical results by improving myocardial
high energy phosphates; reducing mitochondrial oxida-
tive stress and damage; ameliorating skeletal muscle
function, exercise capacity, cardiac hypertrophy, and
systolic and diastolic function; and reducing myocardial
fibrosis and cardiovascular mortality [197]. This new
class of aromatic-cationic and cell-permeable tetrapep-
tides that stabilize cardiolipin and improve coupling of
the ETC is currently under investigation (supplement 1)
[21,137,201-203].

In a higher oxidative environment, NO availability
decreases, reducing its beneficial effects. Some approaches
to increase NO through the sGC system and its down-
stream signalling pathways using phosphodiesterase-5
inhibitors and Vericiguat have been tested. Targeting the
nitrate-nitrite-NO pathway with inhaled nitrites failed first
to improve quality of life or aerobic capacity, while orally
administered inorganic nitrate shown encouraging results
(Supplement 1) [204].

Modulation of oxidative substrate

Another promising strategy for HFpEF treatment is based
on the oxidative substrate modulation. In HFpEF the use
of inhibitors of FA f-oxidation or the stimulators of glu-
cose oxidation has been demonstrated to improve haemo-
dynamic parameters (supplement 1) [205]. Furthermore,
trimetazidine has been included in the 2016 European
guidelines for the HF treatment because it improves func-
tional capacity, delays or reverses LV remodelling and
dysfunction, and reduces BNP levels [206]. Improving
the coupling of glycolysis and glucose oxidation may be
a promising target for the treatment of diseases charac-
terized by abnormal cell growth, such as hypertrophic
remodelling [60, 75][207].

Inversely, PDK4 induces a shift on oxidative substrate
favouring FA catabolism, and in LV pressure overload,
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its activation promotes the uncoupling of glucose uptake/
oxidation and induces G6P accumulation and ER stress.
Together these mechanisms contributed to LV hypertro-
phy and DD development and [59, 76] exacerbated the
cardiomyopathy secondary to calcineurin stress-acti-
vated pathway [208]. However, PDK inhibition partially
restored right ventricle function and attenuated hyper-
trophy by restoring right ventricle repolarization [207].

Another class of natural compounds that acts as bio-
energetic enhancers, resveratrol, a polyphenol found in
red wine showed to be able to reduce cardiac dysfunction
and improve mitochondrial biogenesis in hypertension-
mediated HF by increasing AMPK. In humans that had
diastolic HF, grape seed extract decreased systolic and
diastolic blood pressures [21]. Ubiquinol and D-ribose
proved to have physiological benefits by promoting car-
diac energy metabolism and increasing mitochondrial
ATP regeneration. Ubiquinol improves ETC electron
flow, increasing proton gradient and thus ADP phos-
phorylation, while D-ribose provides a source for the
synthesis of adenosine monophosphate (AMP) to ensure
there is enough ADP to form ATP. Until now, several
approaches to modulate or improve cardiac metabolism
in HF have been tested, partial adenosine Al-agonists,
carnitine palmitoyltransferase-1 inhibitors, FA-oxidation
inhibitor, mitochondrial enhancer, and intravenous iron
are being evaluated in patients with HFpEF or diastolic
dysfunction (supplement 1) [209-211].

Dietary modulation to treat HFpEF

Nutritional or behaviour interventions to restrict calorie
intake or losing weight improve exercise tolerance and
aerobic capacity in obese HFpEF patients [212]. How-
ever, the role of dietary components in HFpEF (or other
diseases) remains largely unknown.

Sugar consumption is linked to obesity, diabetes,
and impaired cardiorespiratory fitness in patients with
HFpEF. Experimental models and preclinical studies
confirmed the toxic effects of a high-sugar or Western-
like diet that induce cardiac dysfunction, affecting mainly
diastole [213]. Modulation/restriction of carbohydrate
intake normalizes postprandial hyperglycemic index and
insulinemic peaks and has been shown to improve all
manifestations of the MetS as well as to reduce cardio-
vascular risk [214]. Similarly, in experimental or pre-
clinical studies, increasing dietary unsaturated FA (UFA)
and reducing sugars consumption had preserved myocar-
dial function mainly diastole, independently of weight
gain or calorie intake [215]. Conversely, UFAs exerts
its beneficial effects by potentially abolished NLRP3
inflammasome activation and inhibiting the subsequent
synthesis of pro-inflammatory cytokines [216].
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Controversially, in obese HFpEF patients the con-
sumption and/or supplementation of unsaturated FA
(UFA, monounsaturated fatty acids (MUFAs) and poly-
unsaturated fatty acids (PUFAs)) was associated with
better aerobic capacity and positively correlated with
improved diastolic function and with larger percentage
of fat-free mass [215]. Furthermore, this kind of diet has
been associated with lower major cardiovascular event
and overall mortality rates in subjects with high cardio-
vascular risk, independent of the overall dietary caloric
intake or body-weight [217]. These data highlight the
ability of diet to modulate cardiac function in experimen-
tal animal settings, showing that the quality of nutrients
rather than the amount of calories affects cardiac func-
tion, with a high-UFA, low-sugar content opposing the
detrimental effects of saturated fat and sugars.

Thus, switching back to a ‘healthy’ diet and increas-
ing physical activity offer a promising behaviour inter-
vention that is currently under investigation (supple-
ment 1) [213, 218]. As this kind of diet is difficult to
accomplish and requires strict adherence to a high-fat
and low-carbohydrate food, synthetic ketone ester drink
(AG®) have been developed. This drink has proven to
be more effective in achieving ketogenesis that any other
diet by reaching five-fold higher circulating D-pOHB

levels, improving physical performance and even cog-
nitive function [18, 219]. However, whether exogenous
ketones have the same effect of nutritional endogenous
ketosis is still a matter of debate.

Conclusion

Throughout this paper, we provided an overview of the patho-
logical mechanism and promising therapeutic options for
HFpEF (Fig. 8). HFpEF remains an intriguing condition to
clinicians and researchers as it aggregates more than a single
pathology, representing a multifactorial and complex disease.
Therefore, several mechanisms are expected to be implicated in
this pathology but, so far, it has been impossible to establish an
integrated view of HFpEF. This syndrome has long been rec-
ognized as a metabolic disease; however, the interest on meta-
bolic disturbances associated with HFpEF has only recently
gained interest. Nevertheless, due to the intricate nature of met-
abolic mechanisms, the current knowledge represents just the
tip of the iceberg and has even encourage the recent proposal
of a new HFpEF categorization in three distinct subclasses
according to its specific phenotype: (1) young patients with
moderate DD and normal BNP levels, (2) obese and diabetic
patients with sleep apnoea that shown severe impairment of LV
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relaxation, and (3) older patients with chronic kidney disease,
myocardial dysfunction, and pulmonary hypertension [220].
The deconstruction of this complex syndrome will surely be of
great value in the near future, improving HFpEF diagnosis and
therapeutics and uncovering the submerged part of the iceberg.
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