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Abstract

Mitochondria have emerged as a central factor in the pathogenesis and progression of heart failure
(HF), as well as other cardiovascular diseases (CVD), but no therapies are available to treat
mitochondrial dysfunction. The National Heart, Lung, and Blood Institute (NHLBI) convened a
group of leading experts in HF, CVD, and mitochondria research in August 2018. These experts
reviewed the current state of science and identified key gaps and opportunities in basic,
translational and clinical research focusing on the potential of mitochondria-based therapeutic
strategies in HF. The workshop provided short- and long-term recommendations for moving the
field toward clinical strategies for the prevention and treatment of HF and CVD using
mitochondria-based approaches.
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Introduction

Cardiovascular disease (CVD) remains the number one killer in developed countries.
Increases in life expectancy and improved treatment strategies for ischemic heart disease and
myocardial infarction have led to a steady rise in HF prevalence. Despite the use of
guideline-directed therapies, the morbidity and mortality of HF remain unacceptably high.
There have been few new therapies for HF with reduced ejection fraction (HFrEF) in the last
20 years, and no compelling new therapies for HF with preserved ejection fraction (HFpEF).
Novel approaches, orthogonal to traditional neurohormonal blockade, are thus greatly
needed. Mitochondrial dysfunction and energy deficiency have been strongly implicated in
the development of HF.1-3 Targeting mitochondrial dysfunction in HF may provide novel
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approaches that are both hemodynamically favorable and complementary to current,
somewhat limited approaches. To date, however, mitochondrial-targeted therapies have not
succeeded in impacting this disease process. Phase I11 trials targeting the mitochondrial
permeability transition pore (mPTP) with cyclosporine, for example, were disappointingly
negative despite encouraging phase I/11 results, as were large trials with antioxidants like
vitamin E.% 5 A better understanding of mitochondria and their role in the pathobiology of
HF, in conjunction with better tools for the delivery of mitochondria-targeted therapies and
the monitoring of mitochondrial function in humans, are needed to translate this innovative
treatment strategy.

Since the previous NHLBI mitochondria-focused workshop in 2007 entitled, “Modeling
Mitochondrial Dysfunction in Cardiovascular Disease,”® major advances have been made
and substantial molecular information critical to our understanding has rapidly accumulated,
bringing this classic discipline back to center stage. It is now recognized that mitochondria,
traditionally viewed as the powerhouse of the cell, sense and respond to changes and stresses
in the cellular environment and that they control critical cellular decision points. The recent
workshop “Unlocking the Secrets of Mitochondria: Path to a Cure in Heart Failure,”” held
by the NHLBI on August 6-7, 2018 discussed major advances in mitochondrial science and
identified key knowledge gaps in translating these advances to mitochondria-based therapies
for HF. Here we report on the challenges and recommendations for five priority areas.

I.  Multiplicity of Mitochondrial Functions in CVD and HF.

The heart demands a substantial amount of energy relative to other organs. Mitochondria
occupy approximately one third of the volume of adult cardiomyocytes.8 Oxidative
metabolism in mitochondria provides the majority of energy consumed by the heart, and
inability to generate and transfer energy has long been considered a key mechanism of
contractile failure.% 10 It is increasingly recognized, however, that mitochondrial function
extends far beyond that of a power plant and includes important biological and regulatory
roles such as redox balance, biosynthesis, reactive oxygen species (ROS) signaling, cell
growth and death, ion homeostasis, protein quality control and inflammation.3: 11-16 A
picture has begun to emerge that the pathogenic role of mitochondria in HF and CVD not
only involves decreased ATP production, but also a general maladaptation in the spectrum of
its functions (Figure 1). These observations have opened the door for a large variety of new
targets for mitochondria-based therapies.1” 18

Research Gaps and Opportunities.—Despite striking observations in preclinical
studies, in large part involving bioengineered mouse models, the relative contribution of
each unique biological function of mitochondria to the development of HF remains unclear.
Moreover, little is known about the integration of mitochondrial bioenergetics with each
role. Identification of novel therapeutic targets relies on further elucidation of mechanisms
that link processes involved in oxidative metabolism (e.g., fuel selection, energy production /
transfer, and ROS generation / scavenging) with the numerous other functions of
mitochondria. For example, decades of research have revealed that impaired myocardial
energetics are accompanied by defects in substrate utilization, Krebs cycle flux and
oxidative phosphorylation.l: 19-24 Effective therapies for improving energy supply of the
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failing heart are lacking.25-28 In addition, whether interventions targeting intermediary
metabolism will be sufficient to overcome mitochondrial dysfunction and improve the
outcome of HF is also an important unresolved question. Furthermore, little attention has
been given to the non-energetic roles of mitochondria in the failing heart, which likely play a

critical role in pathological remodeling through proteomic and epigenomic modifications.
29, 30

Preclinical studies demonstrate that mitochondrial CaZ* is a key regulator of energy
metabolism and also a trigger of mitochondria-induced cell death viz activating the mPTP.31
There is a paucity of information regarding the state of mitochondrial Ca2* dynamics in
human HF, highlighting an important knowledge gap. It remains controversial whether
mitochondria in the failing heart are Ca2* starved or overloaded.4 32. 33 From the
therapeutic perspective, any extreme increase or decrease in mitochondrial Ca2* is likely to
lead to negative outcomes, while more subtle interventions might be beneficial in the setting
of HF or during ischemia-reperfusion injury. To address these gaps, we need to develop
strategies that modulate mitochondrial Ca2* levels within the physiological range. Similarly,
it is also unclear whether altered rates of mitophagy in HF are sufficient to maintain the
balance between biogenesis and degradation and what form of mitophagy may be
dysfunctional. Subtle interventions to alter these processes may be necessary to fine-tune
mitochondrial quality to optimize function in HF. Our incomplete understanding of why the
metabolic gene program is altered in HF and how to safely activate cardiac mitochondrial
biogenesis to reverse defects in oxidative capacity is a significant barrier to therapeutic
targeting of mitochondria at the present time.

Although mitochondrial dysfunction appears integral to HFrEF, the role of mitochondrial
function in HFpEF is poorly defined. The lack of effectiveness of proven HFrEF treatments
to improve outcomes in HFpEF might likely indicate that the mechanisms involved in these
distinct forms of HF differ significantly. Notably, the HFpEF population shares a number of
characteristics with patient populations known to have impaired mitochondrial function, e.g.
older age and obesity. Thus, deciphering mitochondrial mechanisms in HFpEF is highly
warranted.

The knowledge gaps identified at the workshop provide an excellent road map for future
work, especially translational research on mitochondria-focused HF therapy. Research in the
past decade has identified not only multiple pathological mechanisms, but also a significant
number of potential therapeutic targets. Moving these targets into therapy will require the
collaborative efforts of biologists, engineers and clinicians that i) translate disease
mechanisms to druggable targets; ii) devise effective strategies to engage the targets; and iii)
develop monitoring systems to follow the biological outcome (see New Tools and
Translation to Patients sections). We expect that the effort will yield promising leads for
clinical testing. Recognizing the multitude of mitochondrial mechanisms in HF should drive
the focus of future investigations towards a balance of critical regulators of mitochondrial
function, such as Ca2*, ROS, and redox state. We will continue to build on the concept that
mitochondrial dysfunction in HF represents a spectrum shift rather than the loss of a single
function (Figure 1). Future work will strive to restore homeostasis rather than manipulate
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individual functions. New discovery in mitochondrial biology lies in the integration of
mitochondrial bioenergetics with its role in regulating cell fate.

Intra- and Inter-cellular Communication

It has become increasingly clear that mitochondria do not work in isolation. Communication
within a mitochondrion, between mitochondria, and between mitochondria and other cellular
organelles, (e.g., the nucleus and sarco-endoplasmic reticulum), as well as crosstalk of
mitochondria across different cells or tissues, are all increasingly recognized as important
responses to environmental stressors. A number of studies have shown that mitochondrial
metabolites, such as thioester (acyl-CoA) and ROS, can directly modify the mitochondrial
proteome, thus rapidly modulating mitochondrial activity in response to environmental
changes.34 35 Such regulatory circuits present potential opportunities for intervention as they
couple mitochondrial metabolism with its sensitivity to stress.11 Furthermore,
communication between mitochondria and the nucleus via epigenetic modification is another
powerful mode of determining cell fate. Defective oxidative phosphorylation significantly
impacts both acetylation and methylation processes by altering acetyl CoA metabolism and
the methionine cycle, respectively; changes that can be reversed by restoration of NADH
redox state.38 Moreover, alpha-ketoglutarate, a Krebs cycle intermediate, plays a specific
role in cytosine demethylation reactions as a cofactor for the Tet family of dioxygenases in
the nucleus.3” In addition to the possibility that mitochondrial metabolism can alter the
availability of epigenetic enzyme intermediates, emerging evidence indicates that
mitochondrial genotype itself might influence nuclear DNA cytosine methylation patterns,
as demonstrated in mitochondrial nuclear exchange (MNX) experiments.38 MNX mice
display differential DNA methylation patterns and gene expression between strains having
identical NDNA but different mtDNAs.39 Interestingly, this non-Mendelian control over gene
expression was found to influence whole body metabolism and susceptibility to adiposity
upon high fat feeding,*° as well as the susceptibility to cardiac volume overload.*! In
humans, mtDNA mutations have been proposed to contribute to bioenergetic adaptation to
dietary changes and are hypothesized to modulate disease susceptibility.#2-44 This concept
suggests that the natural variation of mtDNA background combined with co-evolution of its
nucleus, significantly impacts the cellular response to stimuli and contributes to individual
variability in predisposition to cardiometabolic disease. Different mtDNA-nDNA
combinations can impact the susceptibility to HF, 1. 45 and it is possible that the underlying
mitochondrial genomic response to meet environmental challenges may, in a retrograde
fashion, regulate nuclear gene responses that further modulate disease susceptibility.

Research Gaps and Opportunities.—The nature of mitochondria-originating signals
predicts a network of changes, which poses a challenge for identification of specific
mechanisms and/or targets. While several emerging signaling mediators, such as
mitochondria-derived metabolites, peptides, mtDNA, and ROS have been identified, little is
known about their specific targets and functions in health and disease. There is no
information on the mitochondrial metabolome in living cells. Direct evidence of how
metabolites produced in mitochondria alter biochemical reactions in the nucleus remains
elusive. In addition, we lack knowledge of site-specific quantitation of occupancy for each
post-translational modification (PTM) of mitochondrial and/or nuclear proteins. The field is
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still perplexed by the association between a robust biological effect and modifications of a
relatively small fraction of proteins. Since a variety of molecules can modify the same amino
acid residue, the additive and even synergistic (or antagonistic) effects among protein
populations bearing different modifications on the same site should be considered in its
totality. Likewise, the role of PTMs of mitochondrial proteins and their effects on protein-
protein interactions is poorly understood.

In order to comprehend more fully how mtDNA influence the susceptibility of patients to
cardiovascular diseases and HF, we need to gain a thorough understanding of mtDNA
polymorphisms and mutations in the general population. Tissue differences in mitochondrial
variants and their impact on the pathogenesis and progression of HF have not been
addressed. Animal studies focusing on the causal relationship between mitochondria-nuclear
genome interactions are currently lacking. Evidence derived from large sample sizes is
needed to determine whether mitochondrial genotype can be used for stratification and
treatment of HF patients.

The workshop recognized that further understanding of how mitochondria control nuclear
functions through epigenetics, damage-sensing pathways or simply by their maternal origin
will substantially advance the field. The global impact of the vast number of changes that
can occur through these mechanisms appears to be a problem to unravel by single pathway
analysis, but can be tackled more readily through a systems approach. With emerging tools
in hand or in development that integrate multi-omic analysis with deep mitochondrial
phenotyping, we have an enormous opportunity for discovery and innovation. Future studies
will resolve the mechanism by which proteomes and metabolomes translate biological
signals into functional outputs (Figure 2). For example, we will define how specific
metabolites are altered by various stresses, which metabolites are secreted from the
mitochondria and to the extracellular space, how the rate of secretion is modulated by
mitochondrial activity, and how these metabolites signal other cells. We will determine the
mechanisms by which PTMs alter mitochondrial phenotype via networks and interactomes.
Future therapeutics will be developed to target mechanisms for retrograde signaling to the
nucleus or retrograde-anterograde crosstalk including novel pathways for modulating
immunological responses, protein folding, endoplasmic reticular stress responses, and
protein degradation processes.

Phenotype and Genotype

The role of mitochondrial phenotype and genotype in determining the response to
environmental stresses and the propensity for the development of HF is poorly understood. It
is increasingly clear that mitochondrial function is heterogeneous across cell and tissue
types, and from person-to-person. Mitochondrial genotype and phenotype are influenced by
intrinsic factors such as genetics, race, age and sex. Such heterogeneity may influence the
response to environmental factors such as diet, and contribute to the pathobiology of
common risk factors for HF such as hypertension, diabetes, obesity, inflammation, and

aging.

Pre-existent natural genetic variation is a likely basis for differential risk among individuals.
In this respect, mtDNA mutations have been proposed as the basis for bioenergetic
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adaptation to changes in diet and climate in prehistoric times, and today are hypothesized to
contribute to cardiometabolic disease susceptibility.42-44 Natural variation of mtDNA
background combined with the co-evolution of the nNDNA may impact the cellular response
to environmental stimuli, and can account for the complexity of an individual’s
predisposition to metabolic disease.*! Thus, different mtDNA — nDNA combinations can
impact susceptibility to HF. The concept of mitochondrial - nuclear genetic interaction, or
“mito-Mendelian” genetics may provide a means of central control for cellular function.
Aging and sex are intrinsic determinants that may affect the mitochondrial phenotype.
Aging, a major risk factor for HF, is associated with degradation of nuclear and
mitochondrial genetic integrity due to telomere shortening, a process that is opposed by
telomerase reverse transcriptase (TERT). Mitochondrial TERT is associated with beneficial
and protective effects including improved metabolism, reduced ROS and increased mtDNA
integrity.46 Sex differences have been noted with regard to mitochondria in the heart,4”: 48
but the functional consequences are not clear. Estrogen and androgen receptors have been
localized to mitochondria in various cell types, and a number of sex differences have been
described with regard to mitochondrial efficiency, ROS production, antioxidant capacity,
substrate preference, and Ca* handling in the heart. Studies have also noted key sex-
dependent differences in the expression and PTM of key mitochondrial proteins.

Mitochondrial dysfunction may play a role in the pathobiology of important risk factors for
HF including hypertension, diabetes, obesity, inflammation, and aging (Figure 2).
Mitochondria are a major source of ROS, such as superoxide and hydrogen peroxide that
lead to target organ damage, dysfunction, hypertrophy, and inflammation. Hypertension is
associated with depletion and inactivation of the key mitochondrial deacetylase, sirtuin 3
(Sirt3), which is involved in the regulation of key metabolic steps. Depletion of Sirt3
promotes development of hypertension and cardiac fibrosis. Diabetes and obesity promote a
shift in mitochondrial phenotype in favor of fatty acid (FA) oxidation and attenuation of
glucose oxidation. Some of the earliest consequences of enhanced FA flux in the diabetic
heart are increased mitochondrial uncoupling and generation of ROS, which result in
decreased ATP synthesis despite the high energy demand. Initially adaptive mitochondrial
responses may become maladaptive with depressed oxidative phosphorylation activity,
reduced protein expression and/or function of electron transport chain (ETC) complexes, and
accumulation of damaged mitochondria. Cardiac magnetic resonance spectroscopy has
shown that stores of high energy creatine phosphate are decreased in association with
oxidative modifications in ETC proteins.#? %0 The mitochondrial phenotype in type 2
diabetes / obesity appears to differ from that in models of HFrEF, suggesting that diabetes
and obesity may interact with other risk factors for HF. Inflammation is a common feature
associated with hypertension, diabetes, obesity, and other risk factors for HF. Although the
levels of inflammatory cytokines are elevated in HF and correlate with its severity and
prognosis, the source(s) of circulating cytokines have not been identified. As with other solid
organs, however, the heart possesses a modest population of resident macrophages and
dendritic cells that provide an immune surveillance function to maintain cellular
homeostasis. The ancestral prokaryotic features of mitochondria retain bacterial signatures,
which when released following mitochondrial stress, may function as damage-associated
molecular patterns (DAMPS) to activate innate immunity that can amplify subsequent
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inflammation.51 Cardiomyocytes and skeletal muscle cells may thus function as non-
professional immune cells which respond to perturbed mitochondrial quality control by
initiating intracellular immune surveillance programs to cause inflammation, thereby
promoting cardiac and skeletal muscle dysfunction.

Research Gaps and Opportunities—Mitochondrial phenotyping and genotyping in
humans and animal models of HF, in combination with large nuclear gene-sequence
databases, are needed to address several questions: How does mitochondrial phenotype
differ across various etiologies of HF? How do underlying nuclear and mitochondrial
genotype, sex, and age affect mitochondrial phenotype and contribute to increased or
decreased susceptibility to HF and/or HF risk factors such as hypertension, diabetes, obesity,
aging, and inflammation? How do changes in mitochondrial bioenergetics mediated by
functional mutations in the mtDNA and/or nuclear DNA modulate cellular pathways and
functions? How do the resulting changes in oxidant signaling and/or metabolite flux (e.g.,
citric acid cycle) shape the host cell response to changes in the cellular micro-environment?
To address these and related questions, it will be important to develop a nuclear -
mitochondrial genomic “fingerprint” in humans for comparing longitudinal data sets within
cohorts. A long-term challenge will be identification of the mechanisms by which different
mtDNA — nDNA genetic variations alter metabolic systems that affect disease susceptibility.
Likewise, it will be important to determine how sex and age affect mitochondrial phenotype
and genotype. What is the role of age-related telomere shortening in increasing the incidence
of HF with age, and does TERT activation represent a potentially useful strategy for
reducing the adverse consequences of cardiovascular aging? How do sex-related differences
in mitochondrial biology and function contribute to HF? Is there a link between
mitochondrial dysfunction and inflammation in the pathophysiology of HF? The answers to
these and related questions will expand our knowledge of disease mechanisms in HF and
identify opportunities for precision medicine in its prevention and treatment.

IV. New Tools

Like in other disciplines, advances in the cutting-edge technologies of genomics,
proteomics, transcriptomics, metabolomics, and epigenomics have been driving ground-
breaking discoveries in the field of mitochondrial biology. Our understanding of
mitochondrial physiology is further enhanced by the availability of compartment specific
sensors and the ability to assess mitochondrial respiration in intact cells. Despite increases in
our knowledge, we lack the ability to discern and deeply phenotype mitochondria with
respect to cardiac diseases. Importantly, enabling tools and technologies for translating basic
discoveries to clinical practice are urgently needed.

Research Gaps and Opportunities.—First, we lack rigorous, quantitative information
on genome, proteome, transcriptome, metabolome, interactome, and epigenome dynamics in
different cells underlying cardiac phenotypes [both model systems and clinical cohorts, e.g.,
Trans-Omics for Precision Medicine (TOPMed)]. Specific examples of critically important
gaps include: (i.) understanding mtDNA sequences in renewable cell lines (e.g.,
lymphoblastoid cell lines) as they relate to whole blood-derived DNA in the same
individuals; how they are related to mitochondrial function and disease phenotypes; (ii.)
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elucidating a comprehensive map of proteome PTMs; (iii.) resolving the mechanism by
which mitochondria communicate and signal to other compartments; and (iv.) obtaining
quantitative structural information defining the interface/crosstalk between protein-protein
interactomes. Second, we lack computational tools and platforms for deep phenotyping,
which include extracting information from datasets and discerning causality versus
correlation. We need new machine learning-based strategies for data analysis that are
capable of embracing the inherent complexities and volume of mitochondrial datasets.
Third, we lack well-organized datasets and we are missing a well-curated mitochondrial
molecular atlas integrating various omics, functional and clinical datasets (e.qg.,
mitochondrial knowledge graph). Existing datasets and tools are helpful but limited, and the
relational organization of diverse datasets is obscure. As they currently stand, they are
inadequate to support clinical translation and application of mitochondrial knowledge.
Fourth, model systems are missing for integrated /7 vivo studies, such as large animal
models, reporter mice, and models for investigating sex differences. These tools are critical
to bridging the test tube and/or computational results to clinical testing. Fifth, we need tools
to assess mitochondrial function in patients with CVD. As tissue sampling for mitochondrial
analysis is at present impractical and largely impossible for HF, the current translational
effort is seriously limited by the lack of surrogate readouts of tissue mitochondrial integrity
or biomarkers of mitochondrial dysfunction. Lastly, only very limited tools/reagents are
available to target mitochondria in the /n vivo setting. Vehicles for delivering mitochondria-
targeted cargo or methods to manipulate mtDNA remain a serious challenge in translational
research.

These challenges set the stage for several exciting opportunities in mitochondrial research,
illuminating the many ways that tools and technology may help to advance cardiovascular
biology and medicine. Key action items were identified in the workshop in order to
ultimately realize these opportunities. For the first time, we possess the tools to conduct deep
clinical phenotyping by obtaining comprehensive, quantitative omics information for
relevant phenotype via NHLBI’s TOPMed program. This will provide unparalleled
characterization of genomic, proteomic, transcriptomic, metabolomic, and epigenetic
information and will facilitate interactomic analysis. Further development of these tools and
their capacities to resolve the different omic dimensions will enable the identification of
statistically-significant and biologically-relevant changes in protein-protein, protein-
metabolite and metabolite-metabolite interactions to reveal molecular-level details
underpinning mitochondrial dysfunction.>2-55 We can create model systems in which we
systematically link mtDNA sequence information to functional phenotypes in order to
understand the impact of genetic variations. Further investigations of mtDNA homoplasmic
and heteroplasmic mutations®® in different cell types will provide an important foundation
for understanding the contributions of the mitochondrial genome to disease. Using powerful
artificial intelligence and machine learning-based computational platforms a large volume of
information can be integrated into a relational molecular atlas through construction of a
mitochondrial knowledge graph (MKG), providing a live demonstration of how omics/
functional/clinical datasets can facilitate our understanding of HF pathogenesis.57: 58

The translation of mitochondria-based therapies will require new and improved methods to
assess and modify mitochondrial function. The development and sharing of animal models
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that report mitochondrial function in an integrated setting will accelerate the translational
effort. The development of biomarkers and imaging modalities that allow non-invasive and
longitudinal assessment of mitochondrial function in patients is critical for moving
discoveries to clinical testing and care. Biomarkers will also be used to identify patient
subsets with different mitochondrial deficits that are most likely to respond to specific forms
of therapy, and to track target engagement with such interventions. In accordance with the
diverse examples provided above, these tools require integration of analytical, biochemical,
molecular, genetic, bioinformatics, and machine learning approaches that measure and
decode mitochondrial properties /n vivo and /n vitro. Innovations will advance research and
therapeutic targeting of mitochondria.

V. Translation to Patients

Mitochondrial dysfunction has been implicated in the pathophysiology of HF of multiple
etiologies and types (e.g., HFrEF vs. HFpEF). There has been significant progress in
understanding the mechanisms of mitochondrial dysfunction and the identification of
potential therapeutic targets. The successful translation of mitochondria-targeted therapy to
patients with HF, however, remains elusive, with few clinical trials to date. Several
promising approaches have been suggested by studies in animal models of HF including
mitochondria-targeted antioxidants, interventions to restore NADH redox balance,
elamipretide, coenzyme-Q, resveratrol, and a variety of small molecules that may act by
preventing mitochondrial sodium overload. While each has had some level of success in
preclinical models, very few have advanced to clinical trials in patients with HF. It is
noteworthy that all of these potential therapies appear to act in ways that differ from
currently used drugs for HF. The antioxidants decrease the effects of excessive ROS,
elamipretide may stabilize cardiolipin, NAD™* precursors and resveratrol may augment
sirtuin activity, while ranolazine, SGLT2 inhibitors and CGP-37157 may act by correcting
sodium / calcium balance in mitochondria.>® Thus, the mechanism of action of
mitochondria-targeted therapies, in general, is likely to be orthogonal to current therapies,
and thereby has the potential to exert complementary beneficial effects.

One of the few mitochondria-targeted therapies to be tested in humans is coenzyme-Q, a
lipid-soluble electron carrier that plays a central role in electron transport and ATP synthesis.
Decreased levels of myocardial and plasma coenzyme-Q have been observed in some studies
of patients with HF, and meta-analyses have suggested a possible clinical benefit.60: 61 Q-
SYMBIO, a randomized trial of coenzyme-Q for 2 years in 420 patients with NYHA class
11 and IV HFrEF showed promising decreases in morbidity and mortality.52 Elamipretide is
a small peptide that targets the mitochondrial inner membrane where association with
cardiolipin occurs, and has been shown to lead to bioenergetic improvements in various
models of mitochondrial dysfunction. In mice, elamipretide administered by osmotic pump
for four weeks caused improvements in several aspects of adverse remodeling and cardiac
function in models of HF caused by angiotensin infusion and pressure overload.3. 64 In dogs
with embolization-induced HF, elamipretide administered by daily subcutaneous injection
for three months led to improvements in myocardial hemodynamics and mitochondrial
function.8 Clinical experience with elamipretide in HF has so far been limited to eight
patients with HFrEF who received a single four-hour infusion.®8 Elamipretide is also being
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tested in patients with diseases of mitochondrial dysfunction, including Barth syndrome, an
ultra-rare genetic condition caused by defective remodeling of mitochondrial cardiolipin that
is characterized by dilated cardiomyopathy and skeletal myopathy.

Alterations in NADH and NADPH redox state have been observed in HF. In addition to the
consequences for cellular redox regulation, NAD™ is a co-substrate for multiple enzymes,
including sirtuin deacetylases, and thereby plays critical roles in PTMs of proteins by lysine
that are important to multiple cellular metabolic processes and energy transduction. In
murine HF models the administration of NAD* or the NAD™* precursors nicotinamide
mononucleotide (NMN) or nicotinamide riboside (NR) slowed the development of HF.
13,67,68 NR has entered clinical trials in systolic HF. Resveratrol is a naturally-occurring
polyphenol with pleotropic effects including antioxidant properties and activation of sirtuins.
Preclinical studies have suggested that resveratrol and synthetic, related flavonoid
derivatives exert beneficial effects in a variety of HF models, and at least one randomized
clinical trial of resveratrol is under way in patients with HF.

A major issue in the translation of mitochondria-targeted therapies to humans is the
difficulty inherent in assessing cardiac mitochondrial function /7 vivo. Positron emission
tomography (PET) and magnetic resonance spectroscopy (MRS) are the currently available
noninvasive approaches for studying cardiac metabolism /7 vivo. The former has been
primarily used to quantify substrate uptake and utilization and the latter for measuring
cardiac high-energy phosphates (HEP) and turnover with 3P MRS. These techniques have
been applied in both animal models of HF and in humans with HF, leading to several
important findings including that: a) cardiac substrate utilization is altered in HF, b) cardiac
HEP pools and the rate of ATP turnover through the creatine kinase reaction are significantly
depressed, c) energetic changes often precede ventricular function and remodeling changes,
and d) depressed cardiac energetics independently predict clinical HF outcomes and
mortality. An alternative or complementary approach to assessing mitochondrial function in
humans is the measurement of bioenergetics/mitochondrial function by respirometry or
extracellular flux analysis in human circulating platelets and leukocytes.89-71 Observations
in a variety of diseases including type 2 diabetes, pulmonary arterial hypertension and
asthma have led to the suggestion that mitochondrial alterations in circulating cells could be
utilized as a biomarker of disease. It remains to be determined how and to what extent
systemic mitochondrial function relates to mitochondrial function in target organs including
the heart, skeletal muscle and vasculature.

Research Gaps and Opportunities.—While preclinical work suggests the potential
benefit of mitochondria-targeted therapies in HF, it remains to be established whether
improving mitochondrial function will result in improved clinical outcomes in patients. As
highlighted in the prior sections, success in translation to patients will be critically
dependent on continued progress in understanding the pathophysiologic role of
mitochondria in HF and the development of effective mitochondria-targeted therapeutic
agents. Clinical translation presents obstacles not faced in preclinical studies. Patients are
heterogeneous with regard to a myriad of factors that can affect mitochondrial genotype and
phenotype, and thus, the susceptibility to both metabolic challenges and risk factors for HF
such as hypertension, diabetes, obesity, aging, and inflammation. In addition to this inherent
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variability from patient-to-patient, HF is a syndrome with numerous etiologies that have
distinct and overlapping pathophysiologic mechanisms. Consequently, there may be
important patient- and etiology-specific differences in mitochondrial phenotype that have a
bearing on the success of a particular mitochondria-targeted intervention. Accordingly, it
will be important that the relationship between HF pathophysiology and mitochondrial
phenotype be clarified and considered in the design of clinical trials of mitochondria-
targeted agents. This pathophysiologic heterogeneity may be particularly important in regard
to patients with HFpEF vs. HFrEF.

Another hurdle is the difficulty in measuring mitochondrial function in humans. PET and
MRS are demanding technologies that are not widely available outside of teaching and
research institutions. 3P and 13C MRS have limited sensitivity and relatively low spatial
resolution, and their demonstrated ability to provide sophisticated measures of cardiac
metabolism in isolated hearts has not been fully translated to /7 vivo studies in humans.
Better, more robust, noninvasive means to measure /n vivo mitochondrial function and
energy metabolism are critically needed to probe the links between impaired mitochondrial
metabolism and HF development in patients, to identify subsets of patients most likely to
respond to a particular therapy, to assess the effect of therapy on mitochondrial function and
to determine the relationship of changes in mitochondrial function to clinical parameters.
Biomarkers and assays indicative of mitochondrial function in circulating cells could
provide useful guidance in patient selection and assessment of therapeutic responses. Further
studies are needed to determine the relations between such biomarkers and mitochondrial
function in target organs such as heart and skeletal muscle. Finally, as opportunities for
clinical trials increase, it will be important to develop a network-based approach that
facilitates the use of standardized protocols, measurements and strategies, including
stratification on key factors such as disease etiology, age, race, and sex.

Summary and Recommendations

The two-day workshop identified five priority areas for research to promote the development
of mitochondria-directed therapies for HF. Several of the priorities addressed the need to
better understand relevant aspects of basic mitochondrial biology including the multiplicity
of functions played by mitochondria, their role in intra- and inter-cellular communication,
and the relationship between mitochondrial genotype and phenotype (Fig. 2). Other priority
areas emphasized the need for improved tools for the study of mitochondrial function in
humans and the development of strategies for the translation of basic observations to the
clinic. Recommendations fell into three main areas.

Recommendation 1:

Foster multi-disciplinary and integrated systems-based approaches to define the mechanistic
role of mitochondria in cardiovascular health and disease, and to discover novel therapeutic
opportunities.

A Studies integrating the multiplicities of mitochondrial function extending beyond
energy provision, such as mitochondria-nuclear communication, PTMs, ROS and
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Ca?* homeostasis, and regulation of inflammatory responses, are critical to
further development of the field and identification of new therapies.

The genotype-phenotype relationship warrants further investigation and should
be included, such as assessment of the influence of age, sex, and race on the
mitochondrial responses to stress.

It is highly recommended that future projects take a team science approach by
bringing together investigators across disciplines, such as biologists,
informaticians, engineers, epidemiologists, and clinicians.

Develop and share with the community novel reagents, tools, and knowledge for
mitochondrial research in humans and in translationally-relevant animal and cellular models,
including imaging modalities, pharmacological agents, biomarkers, multi-omics, and
computational approaches.

A

Recommendation 3:

Develop novel reagents and tools to not only provide multi-omics information on
mitochondria, but also generate knowledge maps that enable rapid translation of
laboratory discoveries.

Technical innovations in modeling, intervening, and monitoring mitochondrial
function /n vitroand /n vivo are particularly encouraged.

Biomarkers that identify specific patient populations who will benefit from
mitochondria-based therapy are of high significance for clinical trials.

Foster translational approaches to mitochondrial therapies for rapid translation of novel
therapies and discoveries into clinical trials.

A

Develop techniques to assess cardiac mitochondrial function in HF patients,
including identification of biomarkers, to identify mitochondrial phenotype,
guide patient selection, and assess the effects of new therapeutic agents on
mitochondrial function.

Perform proof-of-concept studies in relatively homogeneous patient populations
selected with regard to key determinants of mitochondrial phenotype in order to
assess the relationship between mitochondrial function and cardiac performance.

Use a network-based approach to clinical development that standardizes
protocols, measurements, and strategies for patient selection.
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Figure 1. Multiplicity of mitochondrial function.
Mitochondria are known as the powerhouse of the cell. In addition to generating ATP,

intermediate metabolism in the mitochondria produces metabolites for biosynthesis, protein
modification, and signal transduction. Oxidative phosphorylation regulates NAD(H) redox
state and is coupled with the generation of reactive oxygen species (ROS), both can
modulate and/or trigger post-translational modifications. Mitochondrial metabolism is
stimulated by Ca2* - lower Ca?* level impairs mitochondrial activity while calcium overload
can trigger the opening of the mitochondrial permeability transition pore (mPTP). The
release of mitochondrial contents, such as cytochrome C, induces apoptosis, or the loss of
membrane potential (a consequence of prolonged mPTP opening) causes ATP deprivation
and necrosis. Leakage of damage-associated molecular patterns (DAMPS), such as
mitochondrial DNA and peptides, or excessive ROS generation can cause inflammation that
results in further tissue damage. Mitochondrial function is also regulated by biogenesis,
fission, and fusion dynamics, and protein quality control via mitophagy. The transition of
mitochondria from a powerhouse to a death engine involves a shift of the entire spectrum of
functions.
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Figure 2: Targeting Mitochondrial Functions in Heart, Lung, and Blood (HLB) Health and

Disease.

Mitochondria in multiple cell and organ types contribute to the pathogenesis of heart failure
or its risk factors. A better understanding of basic mitochondrial biology including the
multiplicity of functions played by mitochondria, their role in intra- and inter-cellular
communication, and the relationship between mitochondrial genotype and phenotype is a
high priority in developing mitochondria-based therapy. Other priority areas emphasized the
need for improved tools and/or the development of new approaches for the study of
mitochondrial function in humans and the development of strategies for the translation of

basic observations to the clinic.
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