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ABSTRACT

RATIONALE: More than half of patients with heart failure have preserved
ejection fraction (HFpEF), a deadly syndrome where pathophysiology is unclear
and therapeutic options are limited. Cardiac metabolism derangements and the role

of ketone bodies in HFpEF are still under investigation.

OBJECTIVE: To explore, in a mouse model of cardiometabolic HFpEF, the dual
fate of B-hydroxybutyrate (BOH) as both an energy substrate and a signaling

molecule.

METHODS AND RESULTS: In the “2-hit” HFpEF model, we observed a
reduction in both glucose and BOH oxidative pathways. In HFpEF, BOH drove a
significant increase in a novel post translational modification (PTM) called lysine
(K) B-hydroxybutyrylation (Kbhb). Among the Kbhb targets, we identified 2
components of the malate-aspartate shuttle (MAS), namely the mitochondrial
enzymes MDH2 and GOT2. Both MAS and GOT2 activity were increased in
HFpEF. Modeling Kbhb in vitro, we described a role for this post translational
modification in restoring GOT2 activity under hypoxia, arguably contributing to

the modulation of MAS activity in HFpEF.

CONCLUSIONS: In a mouse model of cardiometabolic HFpEF, glucose and
ketone bodies oxidation are defective. BOH promotes Kbhb, a new PTM, arguably

involved in the increase in MAS activity.



BACKGROUND

Heart failure: an introduction

Definition

Heart failure is a systemic disorder of major clinical and epidemiological relevance.
It presents as a clinical syndrome that recognizes different etiologies and
pathophysiological mechanisms. Therefore, it is not easy to define the presence of
heart failure openly and unequivocally. In fact, the definitions in the literature are
manifold and differ depending on the purpose for which they were formulated i.e.,

educational, clinical or research.

To gain an understanding of the nature of this syndrome, pathophysiological
definitions are those most often proposed. Referring to the causal mechanism, heart
failure has been defined as a pathological condition in which an abnormality in
myocardial function is responsible for an inability of the heart to pump sufficient

blood to the metabolic needs of the tissues during ordinary activity® 2.

Similarly, heart failure has also been defined as an abnormality of cardiac structure
or function that causes an inability of the heart to supply sufficient oxygen for the

metabolic needs of tissues.

These definitions focus on the heart's inability to perform its primary function,
which is to provide adequate tissue perfusion. However, they do not provide a
description of the patient and, therefore, remain an intangible abstraction. To have
a clinical framework and facilitate the identification of the syndrome in medical
practice, heart failure is most often defined on the basis of the cluster of signs and
symptoms that characterize it. Current European guidelines define heart failure as
a clinical syndrome characterized by cardinal symptoms (dyspnea, declivous
edema, asthenia) that may be accompanied by typical signs (jugular turgor,
pulmonary crepitations, peripheral edema)’. These clinical manifestations must be

caused by a structural and/or functional abnormality of the heart resulting in



elevated intracavitary filling pressures and/or inadequate cardiac output at rest or

during exercise?.

It is clarified that patients with non-cardiovascular disease (such as anemia,
pulmonary, renal, thyroid, or liver disease) may have signs and symptoms that are
very similar to those of patients with heart failure but cannot be diagnosed with
heart failure in the absence of cardiac dysfunction. Such conditions may coexist
with heart failure or cause a worsening of the syndrome itself.

Although this definition is generally sufficient in clinical practice it may be

imprecise and subject to different interpretations in research.

To address these drawbacks by providing an unambiguous and effective reference
in every setting, a universal definition of heart failure has recently been proposed,
supported by leading scientific societies around the world. In a landmark position
paper®, heart failure was defined as a clinical syndrome with current or prior
symptoms and/or signs (listed in details*) caused by a structural and/or functional
cardiac abnormality (as determined by EF <50%, abnormal cardiac chamber
enlargement, E/E’ >15, moderate/severe ventricular hypertrophy or
moderate/severe valvular obstructive or regurgitant lesion) and corroborated by at
least one of the following: 1. Elevated natriuretic peptide levels 2. Objective
evidence of cardiogenic pulmonary or systemic congestion by diagnostic modalities
such as imaging or hemodynamic measurement at rest or with provocative testing*.
This definition encompasses not only the clinical aspects of the syndrome, but
unambiguously defines its pathophysiological substrate so that the definition of a
cardiac structural abnormality is not left to the individual judgment of the
examining physician or researcher. Furthermore, the presence of congestion
requires a finding that is also unbiased, by imaging or blood tests, to confirm what

is derived from clinical evidence.

Epidemiology

Heart failure is a disease with high incidence and prevalence in the general
population. Currently, the incidence of heart failure in Europe is about 3/1000
subjects per year when considering all age groups and rises to about 5/1000 subjects

per year in adults> ®. The estimated prevalence of heart failure in developed



countries is generally between 1 and 2% of the adult population’. Although the
relative incidence of heart failure is lower in women than in men, women account
for at least half of the absolute cases due to their longer life expectancy. In fact, the
prevalence of heart failure increases with age, generally doubling each decade of
life from 40 to 80. It is less than 1% in those under 40 years of age but exceeds 10%
in those over 70 years of age®!?. Consistent with this evidence, more than half of

patients hospitalized for heart failure are over 75 years old!!.

Although the incidence by age and prevalence of heart failure are decreasing, the
total number of heart failure patients is increasing dramatically, due to the increase
in the global population and the aging of the population itself'?. Currently, nearly
40 million people are affected by heart failure worldwide!?.

Improvements in patient clinical management have delayed the development of
heart failure in patients with cardiovascular risk factors or overt structural heart

disease and prolonged the lives of patients with symptomatic heart failure.

Classification

Considering that most of the treatments prescribed for heart failure have evidence
of efficacy only in patients with reduced ejection fraction (FE<40%), this category
is recognized by all international guidelines and grouped under the acronym
HFrEF: Heart Failure with Reduced Ejection Fraction. Similarly, patients with
preserved ejection fraction (FE >50%) are referred to as HFpEF: Heart Failure with
preserved Ejection Fraction.

For patients with intermediate values of the ejection fraction, the definition is more
controversial. Current European guidelines define patients with an ejection fraction
between 41 and 49% as having heart failure with mildly reduced ejection fraction
(HFmrEF: Heart Failure with mildly reduced Ejection Fraction)®.

Previously, the acronym HFmrEF was used as an acronym for the definition Heart
Failure with middle-range Ejection Fraction. The shift from middle-range to mildly
reduced was intended to reframe these patients: their condition is not simply
"intermediate" but is considered a mild form of heart failure with reduced ejection
fraction. Therefore, it is likely that the therapeutic strategies used in patients with
reduced ejection fraction may also have some effect in patients with ejection

fraction between 41 and 49%.



Heart failure has also been classified into 4 stages based on the clinical course of
patients according to the American College of Cardiology (ACC)/American Heart
Association (AHA) guidelines'.

This classification is intended to highlight the progression from risk factor to end-
stage disease as a process in which different interventions must be taken. From a
clinical point of view, symptoms are classified primarily according to the severity
of dyspnea. This is summarized in the New York Heart Association (NYHA)
classification, a four-stage classification used to describe the severity of the clinical

condition?’.

Heart failure with preserved ejection fraction

HFpEF vs HFrEF

Heart failure classification based on ejection fraction remain pivotal in terms of
therapeutic strategies to be adopted and basic and clinical research perspectives.
Although ejection fraction is not the most accurate parameter to describe global left
ventricular pump function, it provides a parameter that is easy to measure and
widely used in recent decades in both the development of animal models of heart

failure and in clinical trials.

From a pathophysiological perspective, reduced ejection fraction generally
corresponds to reduced ventricular contractility and reduced cardiac output both at
rest and during exercise. This accounts for inadequate tissue perfusion and
congestion in both the pulmonary and the systemic circulation.

When the ejection fraction is preserved, signs and symptoms of heart failure have
a different explanation. Here, cardiac output at rest is often normal. However, left
ventricular hypertrophy may result in a worsening of ventricular compliance and
thus a reduction in left ventricular end-diastolic volume with reduced cardiac output
under stress. In addition, the inability to increase cardiac output during exercise
may depend on a reduction in basal levels of adenosine triphosphate (ATP) and an
inability of the cardiomyocyte to increase ATP synthesis and thus contractility
during exercise. HFpEF, in fact, is an ATP-deficient condition with resting

myocardial ATP levels being reduced to 20-40% of normal'6-!8,



This inability to produce ATP may depend on altered cardiomyocyte mitochondrial

function, particularly in cases where HFpEF is associated with metabolic syndrome.

Since many of the HFpEF functional alterations (such as an insufficient increase in
cardiac output or congestion of the pulmonary circulation) are only occurring under
exercise, the diagnosis is complex as it can require morpho-functional assessments
(e.g., echocardiogram) under stress or invasive measurement of hemodynamic

parameters'?.

When considering the natural history of the two different classes of heart failure,
they generally proceed in parallel as the transition from HFpEF to HFrEF is

infrequent®’.

Furthermore, the comorbidities most frequently associated with HFpEF (obesity,
hypertension, and atrial fibrillation) correspond only partially to those related to
HFrEF, which is more often associated with ischemic heart disease, chronic

obstructive pulmonary disease, or dilated cardiomyopathy

These pathophysiological differences between HFrEF and HFpEF have an
important clinical correlate, as they affect treatment response.

Several clinical trials designed to demonstrate a reduction in cardiovascular death
or heart failure hospitalization using pillars of HFrEF treatment, such as RAS
blockers, strikingly failed or nearly missed their primary endpoint when used in
HFpEF?'?’, Intriguingly, a significant improvement in HFpEF outcome came from
drugs primarily designed to treat diabetes and metabolic syndrome, such as
Sodium-Glucose Transport Protein 2 (SGLT2) Inhibitors?® 2° and Glucagon-like
peptide 1 (GLP-1) receptor agonists®.

Understanding that the therapeutic arsenal available for HFrEF is almost
completely ineffective in HFpEF has pushed the research in this class of heart

failure, making HFpEF a major challenge for cardiovascular medicine.



Epidemiology and phenotyping

HFpEF is indeed a syndrome with high prevalence in the population, especially in
Western countries. Approximately 5% of patients over the age of 60 years are
currently affected by HFpEF® and its prevalence is rapidly increasing®' due to the
aging of the population and the increasing prevalence of major risk factors for

HFpEF, such as obesity, diabetes mellitus, and hypertension3234,

The impact of HFpEF on health and healthcare systems is remarkable. More than
half of all HF hospitalizations involve patients with HFpEF*, with a combined all-
cause death and 2-year HF hospitalization rate of 35% and a 2-year mortality rate

of 14%7°.

Most epidemiological and clinical intervention studies consider all patients with
HFpEF as having the same syndrome. However, this is a generalization that
overlooks a key aspect of the disease.

HFpEF is a disorder that encompasses numerous clinical syndromes. Although it is
recognized that patients with HFpEF have different clinical presentations, a clear
identification of the different phenotypes has not yet been achieved. Many attempts
have been made so far, but especially with machine learning approaches, the
phenotypes were significantly different’3°. The main purpose of phenotyping in
HFpEF should be to bring together patients with the same disease, not just the same
symptoms. To achieve correct pathophysiological phenotyping, risk factors should
play a central role. To date, many risk factors that contribute to the development of
different phenotypes of HFpEF have been recognized. None of the canonical risk
factors for HFpEF (such as age, obesity, hypertension, etc) is sufficient by itself to
determine the HFpEF phenotype. On the contrary, a combination of these factors is

likely to be the driving force behind the development of HFpEF.

Among the main phenotypes of HFpEF we certainly recognize the elderly-
hypertensive phenotype and the cardiometabolic phenotype. In the former, the
combination of long-standing hypertension and aging leads to significant
impairment of left ventricular compliance and an increase in left ventricular filling
pressure*®. This results in atrial remodeling with the development of atrial

fibrillation and induces the development of pulmonary hypertension. Atrial



fibrillation impairs an already deficient diastolic filling of the left ventricle,
promoting reduced cardiac output under stress. Pulmonary hypertension contributes
to impaired alveolar-capillary interface function, promoting the development of

exertional hypoxemia and thus worsening dyspnea and impaired exercise tolerance.

The cardiometabolic phenotype, on the other hand, is related to risk factors that are
becoming more and more frequent in the population of western countries, such as
overweight/obesity and metabolic syndrome, and is therefore attracting increasing

scientific interest.

Cardiometabolic HFpEF

The cardiometabolic phenotype of HFpEF is closely related to the presence of
metabolic syndrome*!, a condition marked by the coexistence of visceral adiposity,
dyslipidemia, type II diabetes, and hypertension. About 80% of patients with

HFpEF are overweight or obese*> 4

, and visceral adipose tissue plays a major role
in the development of HFpEF*, especially in women*. Metabolic comorbidities
such as diabetes mellitus and dyslipidemia are more common in patients with

HFpEF than in the general population*®4%.

Cardiometabolic HFpEF is among the most prevalent HFpEF phenotypes, affects
younger patients than the other subtypes, and is related to worse quality of life and
a higher risk of cardiovascular death®. As it is mechanistically related to the
presence of lipid accumulation (both systemic and tissue) and inflammation,
cardiometabolic HFpEF can be considered one of the organ damage of metabolic
syndrome, similarly to metabolic associated fatty liver disease (MAFLD) and
nonalcoholic  steatohepatitis (NASH)°.  Cardiometabolic = HFpEF  and
MAFLD/NASH not only recognize the same risk factors and similar
pathophysiology, but are also often associated from an epidemiological

standpoint’'.

Cardiac lipid overload is crucial in the development of cardiometabolic HFpEF.
The so-called Western diet, rich in saturated fats and refined carbohydrates,
produces a high caloric influx into adipose tissue, resulting in a spill-over of lipids

into the bloodstream. These lipid species, in the form of free fatty acids or esterified



lipids, reach target tissues and build up. The heart in adulthood recognizes free fatty
acids as a preferred energy substrate. Fatty acid influx, which occurs through the
fatty acid translocase (FAT/CD36), plasma membrane fatty acid binding proteins
(FABPpm) and tissue specific fatty acid transport proteins (FATP), increases as a
function of plasma fatty acid concentration, even outweighing the need for
substrates to be oxidized*. If the plasma concentration of fatty acids is excessive,
this can lead to cardiac fat accumulation, a condition described as myocardial
steatosis that has been found both in animal models of HFpEF and in clinical
settings. Indeed, lipid accumulation in heart specimens has been described in mouse
models of HFpEF??, and lipid accumulation has been shown to correlate with the

development of severe diastolic dysfunction®?,

In a clinical setting, cardiac magnetic resonance imaging investigations have
demonstrated the presence of myocardial steatosis in patients with HFpEF**,
especially in women®® and a correlation between increased myocardial fat and
cardiac remodeling (namely, left ventricular hypertrophy, increased atrial volume
and diastolic dysfunction-increased E/E' ratio)>. In addition, increased TGs content
in the myocardium also correlates with lower maximal oxygen consumption (VO2

max) and thus worse exercise capacity in patients with HFpEF,

How lipids drive myocardial toxicity is still unclear. One of the hypotheses
formulated suggests that some lipid species with intermediate esterification, such
as diacylglycerols and ceramides, alter the fluidity and thus the homeostasis of the
mitochondrial membranes, causing both altered energy metabolism and oxidative
inflammatory damage®’. Other hypotheses suggest a role for loss of metabolic

flexibility in HFpEF generation.

In fact, the normal heart is characterized by a marked ability to select the most
suitable energy substrate source depending on existing conditions, switching from
one predominant substrate class to another, and is therefore often described as an

"omnivore">®

. Under aerobic conditions, fatty acids are the main fuel for the heart,
and mitochondrial fatty acids B oxidation provides 60-90% of the acetyl-CoA
required for cardiac contraction and relaxation®®. When changes in substrate
availability or oxygen availability occur, however, a shift to other substrates is

necessary. Fatty acid oxidation, in fact, allows the generation of the largest number



of ATP molecules per mole but is also the oxidative process that requires the most
oxygen to occur. Under hypoxic conditions, fatty acids are disadvantageous and the
heart needs to oxidize mainly carbohydrates. The switch of the heart from fatty

acids to glucose is an energetically favorable adaptation, as documented in vivo®.

In the presence of continuous lipid overload, the heart cannot easily switch to
glucose utilization. This depends on several mechanisms, the simplest of which is
the competition between fatty acids and glucose that occurs through the Randle
cycle, a metabolic process in which acetyl-CoA derived from fatty acid oxidation
decreases glucose oxidation, while pyruvate-derived acetyl-CoA inhibits fatty acid
oxidation®'. More complex mechanisms involve post-translational modifications,
such as acetylation. In the presence of obesity and overweight, the presence of

162-64

increased fatty acid oxidation correlates with increased acetyl-CoA poo and

higher levels of acetylation®: 66,
Acetylation hinders metabolic flexibility, as it promotes insulin resistance® (and
thus reduces glucose oxidation capacity) and enhances the activity of enzymes

involved in fatty acid oxidation®”- 8.

In summary, in cardiometabolic HFpEF the presence of lipid overload promotes the
development of adverse cardiac remodeling. This is seen through changes in both
cardiac structure (myocardial hypertrophy, diastolic dysfunction) and cardiac
metabolism. It also promotes, through post-translational changes, metabolic
inflexibility, making the heart unable to adapt to stressful conditions, such as a

reduction in available oxygen flow.

What exactly is the nature of the metabolic remodeling that occurs in HFpEF and

what signaling pathways are involved in these changes is still largely unknown.

Metabolic remodeling in HF

In adult hearts, ATP production is based mainly on the oxidation of free fatty acids
(40 to 70%). A substantial proportion of energy (about 20 to 30%) comes from the
oxidation of glucose and ketone bodies. Under normal conditions, the remaining
substrates (such as lactate, amino acids, etc.) assume a secondary and often

negligible role. A key feature of healthy heart tissue is the ability to switch between

10



energy substrates based on nutrient changes, exploiting the so-called metabolic
flexibility®. Loss of metabolic flexibility is a critical step toward the development

of HFrEF%%- 70,

HFrEF

Fatty acid p-oxidation

When myocardial dysfunction arises and HFrEF develops, fatty acid oxidation is
progressively reduced as cardiac function worsens’® 7!,

In animal models, where HFrEF results from hypertensive stress, fatty acid
oxidation is significantly reduced’® 73. This reduction in fatty acid oxidation
proceed hand in hand with the global impairment of mitochondrial oxidative
function’™. In a clinical setting, the use of nuclear imaging techniques has allowed
to quantify the reduction in fatty acid oxidation observed in patients with ischemic
heart disease’’. By measurement of metabolite concentration in the coronary

circulation, a reduction in fatty acid oxidation was described in patients with

idiopathic dilated cardiomyopathy”>.

Mechanistically, the reduction in fatty acid oxidation depends at least in part on a
decrease in the transcription of a number of enzymes involved in the fatty acids

oxidative pathway’® 77,

Reduced gene expression of fatty acid oxidative enzymes (medium and long-chain
acyl-CoA dehydrogenase - LCAD, MCAD) has been observed in patients with
heart failure and during the progression of heart failure in animal models’®. Also,
significant changes in the downstream signaling of the peroxisome proliferator-
activated receptors (PPARa - abundant in the heart - , PPAR/S, and PPARY) have
been observed in HFrEF” 8. In particular, a key role has been recognized in HFrEF
for the inducible PPARy-1a coactivator (PGC-1a), which is involved in the

modulation of the transcriptional activity of the PPAR superfamily®® 8!,

Fatty acids are the endogenous ligand of PPARa and can activate the
PPARw/PGCla pathway for transcriptional regulation. PPARa/PGCla

transcriptional activity has also been shown to regulate pyruvate dehydrogenase

11



kinase 4 (PDK4), which can reduce glucose oxidation through inactivation of the
pyruvate dehydrogenase (PDH) activity®> #, but not the glycolysis.

In patients with HFTEF, a reduction in PPARa expression at the cardiac level was
observed®. Furthermore, it has been described how a subset of genes downstream
of PGC-1a are also down-regulated in HFrEF hearts, which correlates with reduced

left ventricular ejection fraction®.

Moving into the analysis of fatty acid oxidation in patients with obesity or diabetes
and HFrEF, findings may be conflicting. In the presence of increased visceral
adiposity and consequently hyper influx of fatty acids to the heart, fatty acid

oxidation at the cardiac level increases®0-8®

. Excessive reliance on fatty acid
oxidation has been shown to be closely related to worsened cardiac efficiency in
both mouse models of obesity®” and obese patients®. In addition, insulin resistance
(which is related to the development of metabolic syndrome) inhibits glucose
utilization and, consequently, increases fatty acid utilization. Insulin resistance is

itself associated with the progression of heart failure®® *°,

In conclusion, fatty acid oxidation is the main energy source of the healthy heart.
In the presence of HFrEF, fatty acid oxidation is reduced. This is particularly
evident in HFrEF models that do not include overweight or obesity. The
coexistence of obesity and overweight (which promotes fatty acid oxidation) and
HFrEF may provide conflicting data on the proportion of fatty acid oxidation in the

heart, depending on the stage of heart failure and severity of systolic dysfunction.

Glucose

In HFrEF, the decrease in fatty acid oxidation is mirrored by an increase in
glycolysis, with significant alterations in glucose oxidation. A major increase in
glycolysis was observed in mice in which HFrEF was induced by hypertensive

stress (abdominal aortic constriction - ACC - or transverse aortic constriction,

T AC)91'93.

The development of cardiac dysfunction in HFrEF is also related with a reduction
in glucose oxidation, as demonstrated in different animal models’* *°. The majority

of studies that have examined glucose oxidation rates in the heart, both in animal

12



models of HFrEF and in clinical settings, have shown that there is an overall
reduction in glucose oxidation in the heart and a reduced contribution of glucose
oxidation to total ATP production®® 4% It is not surprising that in HFrEF an
increase in glycolysis and a decrease in glucose oxidation are observed
simultaneously, as in the heart these two pathways are differentially regulated®’.
Confirming the mismatch between increased glycolysis and decreased glucose
oxidation, an increase in lactate and pyruvate was observed in a study of cardiac
samples from patients with advanced HFrEF, pointing to a disruption in the entry

of pyruvate into the tricarboxylic acid (TCA) cycle®®.

The reduction in glucose oxidation that occurs in the failing heart is due, in part, to
a general impairment of mitochondrial oxidative capacity, as well as altered activity

of PDH, the rate-limiting enzyme of glucose oxidation®- %4 %,

Indeed, it has been shown that mRNA expression of PDH, Monocarboxylate
transporter 1 (MCT1), and pyruvate/alanine aminotransferase is decreased in
HFrEF, suggesting altered pyruvate metabolism®. Furthermore, using
hyperpolarized 13C magnetic resonance spectroscopy, the activity of the PDH
complex has been shown to be impaired in a rat model of heart failure induced by
myocardial infarction!®. Importantly, the impairment of the PDH complex was

progressive and proportional to the degree of cardiac dysfunction.

Furthermore, impaired pyruvate oxidation is associated with the development of

100

left ventricular hypertrophy'®, underscoring the relationship between the

maintenance of glucose oxidation and normal cardiac function.

Due to the development of insulin resistance, insulin-induced stimulation of

101,102 contributing to

glucose oxidation is attenuated in obesity and diabetes
metabolic inflexibility of the myocardium. Altered insulin signaling and the
development of an insulin-resistant myocardium precede cardiac dysfunction in
HFrEF and lead to its progression’ 3% 19, Overall, insulin resistance participates,

at least in part, in the reduction of glucose oxidation in heart failure.
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Ketone bodies

Ketone bodies are three small water-soluble molecules, mainly synthesized in the
liver from fatty acids and peripherally used as energy sources. The two main ketone
bodies are acetoacetate and B-hydroxybutyrate (BOH), while acetone is the least
abundant ketone body. During fed state, in healthy subjects the concentration of
circulating ketone bodies is low. During fasting or prolonged exercise, the
concentration increases to 1-8 mM, as their biological role is to provide an

alternative energy source under low-glycemic conditions'%41%,

Liver synthesis of ketone bodies is directly dependent on the amount of circulating
fatty acids. Therefore, regulation of lipolysis is a major determinant of ketogenesis.
During fasting, reduced blood glucose levels result in reduced insulin and increased
glucagon levels. Insulin is the main suppressor of ketogenesis: its inhibitory role on
hormone-sensitive lipase prevents the breakdown of triglycerides into glycerol and

fatty acids, limiting the availability of fatty acids.

Glucagon, on the other hand, promotes ketogenesis'’’. When the inhibitory role of
insulin fades, increased lipolysis promotes the release of fatty acids for hepatic
ketogenesis.

Since high levels of fatty acids themselves constitute a stimulus to ketogenesis, any
stimulus that increases lipolysis results in increased levels of ketone bodies. For
example, catecholamine-induced lipolysis in heart failure can contribute to
increased levels of fatty acids and ketone bodies!® %, In addition, high levels of
cortisol and growth hormone in heart failure patients stimulate lipolysis and the
release of fatty acids for the production of ketone bodies'!”. Interestingly, natriuretic
peptides have also recently been found to stimulate lipolysis and increase levels of

ketone bodies'!!.

The core steps of ketogenesis take place in hepatocyte mitochondria. After
synthesis, circulating ketone bodies can be used as an energy substrate in almost all
organs. The exception is the liver itself, where the key ketolytic enzyme 3-oxoacid
CoA-transferase 1 (OXCTI1, also known as succinyl-CoA:3-ketoacid-CoA
transferase - SCOT) is not present!'2. Among extra-hepatic tissues, the heart has the
highest expression of OXCT1!!3: 114 and thus the heart is the organ with the highest

baseline capacity for ketone oxidation.
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Of the three circulating ketone bodies, only acetoacetate and BOH can be
internalized within the cell to produce energy. Acetone is not re-converted to acetyl-
CoA and is excreted through urine or exhaled. Acetoacetate and BOH enter the
cytosol of extrahepatic cells through MCT1. Once in the cytoplasm, they diffuse
down gradient to the mitochondria, where the oxidation process (ketosis) can begin.
The mitochondrial enzyme B-hydroxybutyrate dehydrogenase (BDHI1) catalyzes
the oxidation of BOH to acetoacetate. The ratio of BOH to acetoacetate is
determined by the redox state in the mitochondria and is representative of the
mitochondrial NADH/NAD" ratio!'3. BDHI is critical in the regulation of ketolysis,
and modulation of BDHI1 activity is therefore crucial for the metabolism and
oxidation of ketone bodies. Increased expression of PPAR-y, for example, has been
correlated with increased BDH1 in both a mouse model of obesity-induced cardiac
dysfunction and in diabetic mice!'®. In addition, BDHI has acetylation sites
regulated by sirtuin 3 (SIRT3)!'7, and in mice with KO of SIRT3, a significant
increase in BDH1 expression was observed resulting in increased oxidation of BOH
and heart®’.

Acetoacetate is converted to acetoacetyl-CoA by the enzyme SCOT. Acetoacetyl-

CoA is then cleaved into two acetyl-CoA molecules that can enter the TCA cycle!!*

118

In view of their structure, ketone bodies are very energy-efficient, producing more
ATP per mole of oxygen consumed than glucose and fatty acids!!'*-'>!; however, the
release of ATP per mole of ketone bodies is significantly less than that achieved by
fatty acid oxidation. Given their role as an alternative energy substrate, the entry of
ketone bodies into the cell is rapid and their transport within the mitochondria
occurs by gradient, without any limiting transporters. On this basis, ketone bodies
have been proposed as a "superfuel" for the heart in heart failure. Under normal
conditions, ketone bodies supply 5 to 15 percent of ATP to the heart'?>. However,
the heart becomes, along with the brain, the main peripheral user of ketone bodies

when the availability of other substrates is limited'?.

A determinant of ketone oxidation rates in the heart is circulating ketone levels.
Several studies have indicated that blood ketone levels are elevated in patients with

HFrEF to an extent proportional to the severity of cardiac dysfunction'!% 123,

15



In a mouse model of pressure overload-induced cardiac hypertrophy, proteomics
data demonstrated a 2-3-fold increase in BDH1 expression'?*. Furthermore, the
myocardial metabolite profile of heart failure mice was comparable to the profile
of mice on a 4-week ketogenic diet. Analysis of heart specimens of patients with
advanced HFrEF demonstrated increased levels of BOH and increased expression
of BDHI and SCOT in heart failure patients, indicating increased oxidation of

ketone bodies!?>.

Increased oxidation of ketone bodies appears to be an adaptive response in HFrEF.
In a study with mice with hypertensive HFrEF, heart failure mice with SCOT-
specific cardiac knockout showed abnormalities in mitochondrial ultrastructure and
accelerated pathological cardiac remodeling'?®. In the same HFrEF model,
overexpression of cardiac BDH1 mitigated oxidative stress and attenuated cardiac

remodeling!?’.

Ketones participate in the substrate competition that has already been described
between glucose and fatty acids. Indeed, ketone bodies are able to suppress the
oxidation of glucose and vice versa'?®, as both compete for available oxygen and as
sources of acetyl CoA for the TCA cycle. In an ex vivo model, it was observed that,
in the presence of insulin, acetoacetate significantly reduced glucose oxidation!'%.
This may be explained by the ability of ketones to increase the mitochondrial acetyl-
CoA/CoA ratio and consequently inhibit activity and flux through PDH'3%-132, Data
from positron emission tomography (PET) performed in healthy subjects, showed
that ketone bodies are able to decrease myocardial glucose uptake and increase

myocardial blood flow!33.

HFpEF

To date, knowledge about cardiac metabolism in HFpEF is very limited. The
currently available data regarding cardiometabolic HFpEF seem to describe a

metabolic scenario quite distinct from HFrEF.

Obesity is a hallmark of this syndrome, and therefore an overload of fatty acids to

the heart, and an imbalance between cardiac fatty acid uptake and fatty acid

16



oxidation is observed®” 3¢ 134 As mentioned, obesity and overweight have been
shown to induce increased fatty acid oxidation in the heart. There are insufficient
data on what happens to fatty acid oxidation when there is a transition from obesity
without overt heart disease to cardiometabolic HFpEF. It is reasonable to assume
that, at an early stage, fatty acid oxidation increase persists. Whether at a later stage
this trend is still present or instead, a reduction in fatty acid oxidation occurs, as in

HFrEF, is still largely unknown.

Regarding glucose metabolism, some evidence supports the presence of marked
insulin resistance resulting in reduced glucose uptake'3> 3¢, This would appear to

be related to reduced glucose uptake and reduced glucose oxidation®® > 137,

A decrease in PDH activity and diastolic function was observed in a streptozotocin-
induced diabetic cardiomyopathy model'3®. Interestingly, dichloroacetate (DCA), a
PDK inhibitor that increases PDH activity, reversed insulin resistance, increasing

PDH flux and improving cardiac function'3®

. In the same context, heart-specific
PDHAI1(-/-) knockout mice showed altered insulin signaling, associated with

diastolic dysfunction'*.

Systemic insulin resistance is a feature of the metabolic syndrome and thus
correlates with the presence of obesity. The changes observed in diabetic
cardiomyopathy could therefore be present in cardiometabolic HFpEF but limited

data are available at the moment.

Ketones in HFpEF

As described above, studies in animal models and humans have revealed a
reprogramming of myocardial fuel utilization in HFrEF, with a shift away from the

main metabolic fuel pathway, namely fatty acid oxidation.

Increasing ketone concentration and ketone oxidation in the heart could improve
HFpEF. In mouse models of hypertension and myocardial ischemia,
cardiomyocyte-specific BDH1 deletion resulted in worsened cardiac hypertrophy,

ventricular remodeling, and contractile dysfunction'?*. In contrast, overexpression
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of the enzyme protected against the development of myocardial fibrosis and cardiac

dysfunction'?’.

Although the circulating levels and content of BOH in the cardiac tissue of HFpEF
patients appear to be similar or even higher than those reported in HFrEF67 140 141,
ketone bodies oxidation does not appear to be increased but, on the contrary, might

be inhibited due to downregulation of BDH1¢7.

The role of ketones in HFpEF may not be restricted to their use as an alternative

energy substrate.

For example, increasing BOH levels by fasting or exercise has been shown to
inhibit NLRP3 (Nod-like receptor family protein 3)-mediated inflammation. In fact,
BOH inhibited inflammasome assembly resulting in a reduction of inflammasome-
mediated interleukin (IL)-1p and IL-18 production in human monocytes!*?. This
inhibition of ketone body-mediated inflammation is independent of oxidative
pathways and suggests how under conditions of energy deprivation, such as
prolonged fasting or heart failure, BOH can reduce innate immune responses,
saving more ATP for the heart'*?. Furthermore, in the clinical setting, the ketogenic

143 In

diet has been shown to reduce levels of circulating inflammatory cytokines
addition, in a mouse model of HFpEF, ketosis induced by SGLT2is or ketone ester

suppressed NLRP3 inflammasome activity and improved diastolic dysfunction®’.

In addition to their anti-inflammatory role, ketones may also have a signaling role.

BOH, the most abundant of the ketone bodies, has recently been identified as a
substrate for a post-translational modification of protein lysine (K), called B-
hydroxybutyrylation (Kbhb)!'#*. It has been described how Kbhb plays an important
role in both epigenetic regulation and modulation of the function of numerous
proteins in cells. Histone Kbhb levels are significantly induced under fasting
conditions, with a dose-dependent correlation between BOH and Kbhb levels'#.
Histone Kbhb-induced epigenetic regulation influences cellular metabolism,
including the PPAR signaling pathways, and oxidative phosphorylation in the
liver'*. Although a complete understanding of the effects of BOH on gene

expression has not been achieved, the most recent evidence points to an
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antiproliferative effect in high replicative tissues'®. Importantly, knowledge about

the role of Kbhb in cardiac homeostasis and disease is still limited.

Kbhb modification is not limited to histones. The transcription factor p53 is
modified by Kbhb!43; p53-Kbhb results in reduced expression of the transcriptional
target genes of p53, p21, and p53 upregulated modulator of apoptosis (PUMA), as

well as reduced cell growth arrest and apoptosis!'4®

. Other nonhistone proteins are
affected by Kbhb. A paper examining the role of BOH in an aging model of HFpEF
described an increase in the activity of the TCA cycle enzyme citrate synthase®’.
The authors reported that the increase in BOH in an aging model of HFpEF, led to
an increase in citrate synthase activity. The authors reported that the higher BOH
levels were accompanied by an increase in citrate synthase-Kbhb and a subsequent
increase in its enzymatic activity, suggesting that the BOH-induced improvement
in mitochondrial function was dependent on citrate synthase-Kbhb®’. However,
how Kbhb affects mitochondrial function and overall cardiac metabolism in HFpEF
is still largely unknown. The key regulators of mitochondrial Kbhb have not been
fully elucidated, but it appears that the mitochondrial de-acetylase SIRT3 also
exerts a de-Kbhb effect!¥’. It is not known whether SIRT3 acts as a de-B-

hydroxybutyrylation enzyme in the heart.

In summary, Kbhb is a novel post-translational modification involved in
transcriptional modulation of cellular metabolism and, potentially, fine-tuning of
mitochondrial protein activity. The most recent evidence suggests an involvement
of Kbhb in heart disease of metabolic origin, including HFpEF, but it is not known
whether Kbhb is adaptive or maladaptive.

Exploring cardiac metabolism in HFpEF

Rewiring of cardiac metabolism is then a key element of HFrEF. Preliminary
findings in the literature suggest that substantial changes in energy substrate
utilization also occur in the hearts of patients with HFpEF. There is currently a
significant gap of knowledge between the current understanding of cardiac
metabolism in HFTEF and the limited evidence available in HFpEF. To fill this gap,

data from animal models have a major role to play.
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Animal models vs clinical approach

The use of animal models allows direct measurement of gene expression and
concentration of enzymes and transporters involved in all pathways of cardiac
metabolism. Mass spectrometry techniques can allow quantification of key
metabolites of the TCA cycle and oxidation pathways of different substrates in the
heart. The use of stable isotope tracing allows the anabolic or catabolic fate of
exogenously administered substrates to be defined. One can also directly measure
the mitochondrial oxidation capacity of different substrates from isolated cardiac

mitochondria.

An additional advantage of using animal models is the possibility to develop a
HFpEF phenotype by modifying only specific risk factors. The development of
HFpEF may depend on numerous risk factors (obesity, hypertension, aging, etc...).
Each combination of risk factors results in a syndrome with different
characteristics. Potentially, different changes in metabolism can be found for each
phenotype. To understand how different triggers affect energy substrate utilization
in the heart with HFpEF, it is necessary for the phenotype investigated to be as
straightforward and reproducible as possible. This is only feasible using an animal

model, with the same genetic background and exposure to risk factors.

Furthermore, understanding how a single change in a metabolic pathway affects the
overall picture is only possible through an intervention aimed at a specific target.
Intervening in animal models by silencing or over-expression of enzymes,
transporters, or other key proteins in cardiac metabolism is a fundamental tool to

understand the role of that target in the syndrome.

The uptake and utilization of energetic substrates can also be investigated in a
clinical setting (by use of nuclear imaging techniques, stable isotope tracing,
endomyocardial biopsies, measurement of metabolite concentrations in the
coronary bloodstream, etc...). The main advantage of this approach is that it does
not explore a model, which always has limitations in terms of matching the reality
of the disease under investigation. The disadvantages are the feasibility of research
techniques and the heterogeneity of patients, which in turn implies a large sample

size.
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In addition, in a clinical setting, metabolic pathways cannot be directly
manipulated, for example, by intervening in enzymes involved in the oxidation of
different substrates or signaling pathways. This limits the understanding of the
exact role of the changes detected and prevents the possibility to establish whether
a particular difference from the control subjects represents an adaptive or
maladaptive response.

In summary, the use of animal models currently remains a key stepstone in the
exploration of cardiac metabolism in heart failure. It is irreplaceable to the end of
gaining a more focused exploration of metabolic alterations in a clinical setting
and/or in mechanistically confirming the role of a specific alteration found in

patients.

Post-translational modifications in cardiac metabolism

A specific aspect of the exploration of cardiac metabolism is the investigation of
post-translational modifications of critical proteins in the metabolic machinery. The
metabolic flexibility that distinguishes the healthy heart is based on the ability to
rapidly adapt pathways according to environmental changes. If, for example, fatty
acid availability increases, the oxidative capacity of fatty acids in the heart must
increase accordingly. To achieve this goal, a cardiomyocyte can respond by
increasing the concentration of transporters and enzymes involved in the pathway.
This requires increasing transcription and subsequently translation of the proteins
needed. However, this response takes time. A more rapid response may come from
post-translational modifications, that is, conditions under which specific molecules
bind to proteins, changing their structure and function. Well described post-
translational modifications are, for example, phosphorylation or acetylation. Such
post-translational modifications occur rapidly and are usually reversible. They

constitute the first response in the modulation of a metabolic pathway.

One example is the inhibition of glucose oxidation by phosphorylation of the rate-
limiting enzyme of this pathway, namely PDH. A particularly interesting aspect of
this regulatory mechanism is that it is often the energy substrates themselves (or
their derivatives) that are installed on other molecules as post-translational
modifiers. Acetylation, for example, is closely related to acetyl-CoA availability,

which depends on fatty acid abundance'*®. Succinylation or malonylation are other
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examples of post-translational modifications in which key intermediates of central
carbon metabolism are involved in the regulation of metabolism itself'*°.

One post-translational modification already mentioned about which very little is
known in the heart is lysine (K) B-hydroxybutyrylation (Kbhb). BOH is a substrate
that has a great potential as alternative fuel in heart failure. Nevertheless, its role
both as an energy substrate and as a promoter of post-translational changes in the

heart during HFpEF is almost completely unknown.

HFpEF animal models

Animal models are of paramount importance when investigating cardiac
metabolism in HFpEF. However, choosing the appropriate model of HFpEF to use

as a platform is not easy.

The first difficulty is to identify a model that not only recapitulates cardiac morpho-

functional alterations but also develops a true systemic syndrome.

Indeed, the first thing to evaluate in a model of HFpEF (or HFrEF) is that the model
exhibits the key features of the clinical syndrome observed in heart failure.
Clinically, heart failure is identified by the development of symptomatic dyspnea
or fatigue, which is then confirmed by signs of volume overload, elevated filling
pressures, impaired exercise capacity, and impaired tissue perfusion from reduced
cardiac output. Assimilating the finding of isolated diastolic dysfunction, in the
absence of volume overload or reduced exercise capacity, to diastolic heart failure

or HFpEF is an error too frequently found in the published literature.

Assessing whether an animal model accurately reproduces the clinical syndrome of
HFpEF is undeniably complicated. The inability of animals to express the cardinal
symptoms of heart failure makes modeling heart failure in animals a major

challenge.
Although symptoms cannot be described by an animal, lung congestion and

exercise capacity can be measured objectively and should be among the first

phenotypic aspects to be assessed.
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Congestion can be assessed directly by lung weight (wet weight or wet weight/dry

weight ratio) or invasive hemodynamics.

In addition, circulating BNP (B-type natriuretic peptide) can be measured in serum
or plasma of mice and has been associated with pathological cardiac remodeling
and dysfunction in this setting!*.

Similarly, we recommend careful assessment of exercise capacity in each animal

model of HFpEF.

Once the heart failure phenotype is confirmed through congestion and exercise
intolerance (preferably both), it is necessary for the model to recapitulate alterations
in cardiac contractile performance.

In generating models of HFpEF, robust validation of preserved left ventricular

ejection fraction is critical, as this is a defining feature of the syndrome.

Although left ventricular ejection fraction is preserved in HFpEF, it is important to
note that cardiac contractile performance is not perfectly normal. The ability of the
heart to increase its output under physiological or pathological stress is markedly
impaired in HFpEF due to deficiencies in cardiac reserve, which depends on altered

inotropic, chronotropic, and diastolic release capacity'®" 152,

It is critical that the left ventricular ejection fraction in the model remains normal,
even after long exposure to the identified risk factor: models marked by transition
to HFrEF and termed temporary HFpEF are not considered reliable because

transition from HFrEF to HFpEF is rare in the general population®.

Different phenotypes, different models

As mentioned, HFpEF is a syndrome that can manifest with different phenotypes.
Therefore, the first element to consider is which phenotype is reproduced in the
model that is chosen. A single model of HFpEF that reproduces all phenotypes does
not exist and is not even desirable, as it would not allow to distinguish the
contribution of individual hits to the syndrome. Rather than expecting a single
animal model to reproduce all aspects of the different clinical manifestations of
HFpEF syndrome, it is important that there be multiple models, each capturing the

different features of individual phenotypes. This allows not only for the alignment

23



of preclinical research with the heterogeneity of the clinical syndrome, but also for
the identification of different treatments suitable for personalizing therapeutic

approaches in HFpEF.

Elderly HFpEF

Normal aging, in itself, leads to many of the alterations observed in HFpEF.
Exercise capacity progressively decreases by =10% for each decade of life, and this
deterioration accelerates further beyond 70 years of age!>. Similarly to HFpEF,
exercise intolerance in older adults results largely from reductions in cardiac

154-156 In

reserve, but also from impairments in peripheral oxygen extraction
addition, progressive age-related arterial stiffening contributes to the development
of the cardiac hypertrophy, adverse myocardial remodeling, and subclinical systolic

and diastolic dysfunction observed in the elderly!>* 153,

Several animal models recapitulate the cardiac and systemic changes observed in
elderly HFpEF.

The aged C57BL/6 mouse (generally >24 months) is by far the most widely used
rodent model in cardiac aging studies. Extensive cardiovascular phenotyping of the
aged C57BL/6 mouse has consistently shown that these animals exhibit many of
the hallmark features of HFpEF, including exercise intolerance, congestion,
preserved LVEF, impaired systolic strain, decreased cardiac reserve, diastolic
dysfunction, pathologic LV remodeling, and arterial stiffness'>’-!%°, Importantly,
HFpEF phenotype in this model develop in the absence of overt hypertension,
pulmonary vascular disease, glucose intolerance, or obesity, making this model
particularly suitable for studying age-specific mechanisms that do not necessarily
overlap with other phenogroups of HFpEF. However, there is no agreement on
whether the aged C57BL/6 mouse truly represents a model of HFpEF or whether it

is simply representative of what physiological cardiovascular aging is.

Like the aged C57BL/6 mouse, the aged Fisher 344 (F344) rat recapitulates many
of the phenotypes observed in human aging and HFpEF. These changes develop
progressively with age and begin to manifest around 24-30 months of age,

becoming more apparent at 36 months of age. At these latter times, animals show
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signs of exercise intolerance, pathological cardiac hypertrophy and diastolic
dysfunction'6%-164,

However, studies on this model have shown that F344 rats are prone to develop
systolic dysfunction as well, which has diminished enthusiasm for the use of this

modell61-163_

Overall, these models may be useful in identifying the contribution of aging to
HFpEF. However, it is difficult to distinguish the effect of physiological aging from
the actual HFpEF syndrome (which does not develop in all elderly subjects). In
addition, although the shorter average lifespan of rodents (approximately 2-3 years)
has made them a powerful tool for studying the mechanisms of cardiovascular aging
and age-related HFpEF, the considerable time required to acquire clinically relevant
phenotypes in these animals still poses a major challenge in their use in preclinical

research.

The role of hypertension: cardiorenal HFpEF

Hypertension remains the most common comorbidity in patients with HFpEF#3 165,

presenting alone or associated with other comorbidities!®®. Overall, the
pathophysiology of HFpEF in hypertensive patients is complex and multifactorial.
The classic paradigm predicts that poorly controlled hypertension causes left
ventricular hypertrophy, left atrial remodeling, diastolic dysfunction, and finally
heart failure®.

HFpEF associated with chronic hypertension is often accompanied by renal
dysfunction which has led to define the combination of these two organ damages

as cardiorenal HFpEF!67: 168,

The effects of increased afterload on cardiac remodeling and function have been
studied extensively over the years, and several animal models of hypertension-
associated HFpEF ranging from malignant hypertension to mild-to-moderate
hypertension have been reported. The latter is the most clinically relevant condition,
as it is the most commonly observed phenotype in patients with HFpEF. It is often
accompanied by left ventricular hypertrophy and concentric remodeling, as well as
diastolic dysfunction, both of which should be rigorously evaluated in models of
this phenotype. Furthermore, in an attempt to faithfully reproduce the clinical

syndrome of HFpEF, left ventricle ejection fraction must remain preserved. In
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many models of malignant hypertension, left ventricle ejection fraction tend to
decrease after long exposure to the extreme increase of the afterload and this is why

these models should be excluded.

Chronic stimulation with angiotensin II (in a dose-dependent manner) in mice leads

to cardiac hypertrophy and pathological myocardial remodeling, both in the

169-171 172, 173

presence and absence of hypertension. This phenomenon is paralleled
by the development of diastolic dysfunction, including worsening of the left
ventricular isovolumetric relaxation time and increased left ventricular end-
diastolic pressure!’® 171173, 174 However, with chronic angiotensin II stimulation,
both preserved and reduced'’® left ventricular ejection fraction have been
documented and as such this stimulus can induce both HFpEF and HFrEF,
depending on the dose and duration of the treatment. This is a considerable
disadvantage of the model, as it does not allow a clear distinction between HFrEF

and HFpEF.

Cardiorenal HFpEF can also develop in rats by deoxycorticosterone acetate
treatment combined with unilateral nephrectomy and administration of water with
increased salt content!”> 7. This model develops hypertension with exercise
intolerance but not pulmonary congestion!””- 178, In another model, called SAUNA,
the combination of salty drinking water, unilateral nephrectomy, and chronic
aldosterone results in inducing HFpEF in both rats and mice!” '8, Both exercise
intolerance and pulmonary congestion are achieved in this model.

Other proposed models of hypertension-associated HFpEF described in the
literature include Dahl's salt-sensitive rat, the spontaneously hypertensive rat, the
mouse model of pressure overload induced by transverse aortic constriction'®!, or
transverse aortic constriction in the cat!®2. The first two models develop severe or
malignant hypertension, and all four demonstrate progression to eccentric/dilated
left ventricular hypertrophy and ultimately a reduction in left ventricular ejection
fraction!®3.

As mentioned, such progression from HFpEF to HFrEF is rarely observed in
patients with HFpEF?’, which would suggest that these patterns differ from the

clinical syndrome and are therefore unreliable.

26



Models of cardiometabolic HFpEF

The world is experiencing a global increase in obesity and associated metabolic
stress. The World Health Organization reports that in 2016 more than 1.9 billion
adults worldwide were overweight and, of these, over 650 million were obese (13%
of the world’s adult population) Moreover, 80% of HFpEF patients in the USA are

overweight or obese*? with an average BMI exceeding 35 kg/m? 4 184,

Overall, the phenotype of obese HFpEF patients with hypertension is progressively
increasing and has made this subgroup of patients probably the most prevalent in
the general population. Animal models that are able to recapitulate this phenotype,
defined cardiometabolic HFpEF, are therefore of particular interest. One of the
models that has emerged is the obese diabetic rat ZSF1 (hybrid F1 Zucker
spontaneously hypertensive fat). The animal phenotype is quite consistent with that
of HFpEF in the obese patient!831%°, By 10-20 weeks, obese ZSF1 rats show
concentric left ventricular hypertrophy with preserved ejection fraction, diastolic
dysfunction, and increased filling pressures. Pulmonary congestion and exercise

intolerance are also observed!8¢ 189,

The myocardium of these animals also shows the features of adverse remodeling
commonly observed in patients with HFpEF, including cardiomyocyte
hypertrophy, interstitial fibrosis, and microvascular fibrotic changes'®®. Equally
important is the remarkable recapitulation of extracardiac HFpEF phenotypes
observed in this model. Consistent with cardiometabolic stress, insulin resistance
and obesity are present, but also modest hypertension, increased vascular stiffness,
renal dysfunction, and adverse skeletal muscle remodeling associated with altered
perfusion and function!% 190 191,

However, this model has the limitation of being an exclusively genetic model. This
is, first of all, a fundamental difference from patients with HFpEF, in whom obesity
is predominantly determined by diet. The mechanisms that distinguish diet-derived
obesity from genetic obesity are multifaceted, and the contribution of genetic
background in obesity can have an extremely relevant effect on metabolism!2,
Using a model in which obesity is genetically determined to obtain information on
the cardiac metabolism of patients with diet-induced obesity may therefore be a
relevant bias. Furthermore, the onset of the different hits (e.g., hypertension, insulin

resistance) in the ZSF1 rat occurs simultaneously, making it impossible to
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distinguish the contribution of individual factors to the syndrome. Finally, the
progression is unstoppable, so it is not possible to assess the effects of, for example,
dietary changes or discontinuation of the hypertensive stimulus.

A nongenetic model, based on a multi-hit approach, impressively recapitulated the
phenotype of cardiometabolic HFpEF in mouse!®3. In this model, animals are
exposed to two factors: a high lipid diet that triggers obesity and metabolic
syndrome and L-NAME (L-NG-Nitro arginine methyl ester), a nitric oxide
synthase inhibitor that causes a modest increase in blood pressure (=40 mmHg).
The rationale for this model comes from the convergence of the 2 main
comorbidities found in patients with HFpEF: mechanical load (hypertension) and
metabolic/inflammatory stress (obesity, metabolic syndrome, diabetes). None of
the 2 hits is sufficient, alone, to drive the syndrome. It is the convergence of the 2
factors that generates a phenotype consistent with the cardiometabolic HFpEF.
These animals manifest diastolic dysfunction, preserved left ventricular ejection
fraction, impaired left ventricular strain, exercise intolerance, elevated left
ventricular filling pressures, microvascular dysfunction, modest cardiomyocyte
hypertrophy, capillary rarefaction, susceptibility to atrial fibrillation, and modest

myocardial fibrosis'®?. Importantly, these animals do not develop HFrEF over time.

In addition to the consequences of the inflammatory state, cardiomyocytes exhibit
significant steatosis (lipid accumulation) resulting in lipotoxicity, resulting from the
myocardium's altered utilization of lipids as an energy source®. These events occur
in concert with alterations in mitochondrial fatty acid oxidation and altered
myocardial energy!'**.

In this model, circulating lipids also act as inflammatory molecules and promote
recruitment of immune cells to the myocardium, contributing to altered

cardiomyocyte metabolism™.
In a few years, the “2-hit” murine model of HFpEF has been successfully adopted

by a large number of investigators worldwide!*>'7, becoming a powerful platform

to systematically define and manipulate mechanisms underlying HFpEF.
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AIM OF THE STUDY

Millions of people around the world suffer from HFpEF, a grievous disorder
characterized by substantial morbidity, premature mortality, and high health care
cost. The search for treatments specifically designed to treat HFpEF has stalled for
more than 2 decades, without significant progress. Meanwhile, the syndrome
continues to expand in prevalence, affecting an increasing percentage of the
population.

To find new therapeutic strategies, it is critical to gain a deeper understanding of
the pathophysiology of HFpEF, especially for what concerns cardiac metabolism
in this syndrome. To this purpose, an animal model of the syndrome is needed as it
is an irreplaceable platform to be used for mechanistic assessments. HFpEF is an
heterogeneous syndrome. It may be driven by a combination of multiple risk factors
(hypertension, ageing, obesity, metabolic syndrome, etc...). Arguably, one of the
most common phenotype of HFpEF arises from the combination of obesity and
hypertension. Considering the skyrocketing progression in prevalence of obesity
and the burden of hypertension in the general population of Western countries,
expanding the knowledge on the so-called cardiometabolic HFpEF appears to be of
paramount importance.

The "2-hit" mouse model of cardiometabolic HFpEF has contributed to the
understanding of the molecular mechanisms underlying this syndrome, unveiling
the critical role of metabolic stress in HFpEF cardiomyocytes. However, many
fundamental questions in the pathophysiology of cardiometabolic HFpEF remain
unresolved.

The present research project has the aim to provide a deeper understanding of
cardiac metabolism in cardiometabolic HFpEF. In particular, a largely unexplored
area of HFpEF biology will be explored: the mechanistic role of ketones in cardiac
metabolism in HFpEF. Ketone bodies will be evaluated as alternative fuels in
HFpEF. Moreover, their effect as protein modifiers through lysine J-
hydroxybutyrylation, thereby regulating metabolic signaling in cardiomyocytes,
will be explored.

In summary, cardiac metabolism and in particular ketone body metabolism in
HFpEF represents an important gap of knowledge. The aim of this project is to fill
this gap by understanding the role of ketone metabolism and ketone-driven post-

translational modifications in cardiomyocyte homeostasis in HFpEF.
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METHODS

Experimental animals

C57BL/6 N mice were purchased from Charles River Laboratories. Only male adult
(8-10-week-old) mice were used in the experiments as our recent work
demonstrated that female mice are less susceptible to HFD+L-NAME treatment'*®,
Mice were maintained on a 12-hour light/dark cycle from 6 am to 6 pm and had
unrestricted access to food and water. To establish the HFpEF phenotype, 10-week-
old C57BL/6N mice were subjected to a combination of high-fat diet (HFD;
#D12492, Research Diet Inc.) and N[w]-nitro-l-arginine methyl ester (L-NAME;
Sigma-Aldrich) supplied in drinking water for 15 weeks as previously described'®>.
Chow-fed mice were used as control animals. Pregnant Sprague-Dawley rats were

purchased (Charles River Laboratories) and were used for the sole purpose of

harvesting primary cardiomyocytes from 1-2-day old rat pups.

Isolation of Cardiac Mitochondria

Immediately following euthanasia, hearts were excised and homogenized in ice-
cold isolation buffer (10 mmol/L. MOPS [3-(N-morpholino) propanesulfonic acid],
1.0 mmol/L ethylenediaminetetraacetic acid (EDTA), 210 mmol/L mannitol, and
70 mmol/L sucrose, pH 7.4) using a Dounce Homogenizer. The homogenate was
centrifuged at 2000 rpm (5 minutes, 4°C), and the supernatant was filtered through
cheesecloth. The mitochondrial pellet was obtained by centrifugation of the
supernatant at 10 000 rpm for 10 minutes (4 °C)!*°. Mitochondria were resuspended
in homogenization buffer to the final concentration needed for the subsequent
experiments. Protein determinations were made using the bicinchoninic acid

method (BCA - Pierce) with bovine serum albumin (BSA) as standard.

Analysis of Mitochondrial Respiratory Function

Oxygen consumption rate (OCR) was measured using a fluorescence- based oxygen
sensor (NeoFox, Ocean Optic) connected to a phase measurement system from the

same company. The sensor was calibrated according to the manufacturer’s
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instructions as previously described*”. Mitochondria were diluted to 0.25 mg/mL
in 10 mmol/L MOPS, 210 mmol/L mannitol, 70 mmol/L sucrose, and 5.0 mmol/L
K2HPO4 at pH 7.4 containing respiratory substrates (25 uM palmitoylcarnitine or
0.1 mmol/L pyruvate or 10 mmol/L glutamate, 1 mmol/L malate, 10 mmol/L (-
Hydroxybutyrate) as indicated. State 3 respiration was initiated by addition of ADP
at a final concentration of 0.25 mmol/L, and state 4 was measured after ADP

exhaustion.

Evaluation of PDH Activity

Mitochondria were diluted to 0.05 mg/mL in buffer containing 25 mmol/L MOPS
and 0.05% Triton X-100 at pH 7.4. Solubilization of mitochondria with 0.05%
Triton X-100 inhibits complex I of the respiratory chain preventing consumption of
NADH. PDH activity was measured spectrophotometrically as the rate of
NAD+reduction to NADH (340nm) upon addition of 2.5 mmol/L pyruvate, 0.1
mmol/L CoASH, 0.2 mmol/L thiamin pyrophosphate, 1.0 mmol/L NAD+, and 5.0
mmol/L MgCI2 at pH 7.4!%°.

Evaluation of MDH?2 Activity

Mitochondria were diluted to 0.05 mg/mL in a Triton X-100 buffer containing (final
concentration): MgCI2 5 mmol/L, Citrate synthase 1 unit/ml, Acetyl-CoA 0.3 mM,
NAD+ 10 mM, Malate 25 mM. MDH2 activity was measured
spectrophotometrically as the rate of NAD" reduction to NADH (340nm).

Evaluation of BDH|1 activity

BDHI1 activity was determined in isolated mitochondria homogenates using an
adapted method?’!. Mitochondrial homogenates were preincubated in assay buffer
(50mM Tris-HCI (pH 8.0), 2.0 mM NAD+, 0.3 pg of rotenone, 0.4mg of BSA) for
10 min at 30°C. The reaction was initiated by the 50ul addition of 0.2M -
hydroxybutyrate. The rate of NAD+ reduction was calculated from the increase in
340nm for 2 minutes. Enzyme activity is expressed as nmol of NAD+

reduced/min/mg of protein.

31



GOT2 activity

GOT?2 activity was measured using a commercial AST activity assay (Merck,
MAKO55) according to manufacturer’s instruction. In brief, in this kit, the transfer
of an amino group from aspartate to a-keto-glutarate results in the generation of
glutamate, resulting in the production of a colorimetric (450 nm) product
proportional to the AST enzymatic activity present. For mice, 10.5 ug of
mitochondrial protein were diluted in the recommended master reaction mix and
absorbance at 450 nm was measured at 37° every 5 minutes. For cells, the same
amount of protein lysates was used. For each sample, measurement was performed
in technical duplicates. The slope of the curve withing the linear range of increase

were recorded for each sample, at the same time point, and used for comparisons.

MAS activity

Cardiac mitochondria were prepared as above. The MAS assay was adapted from
Wang et al?*” and Cao et al*®, with some modifications. In brief, after BCA
quantification, 150 pug of mitochondria were resuspended in 100 ul of a buffer
containing the following reagents (final concentrations): Mannitol 300 mM,
K2HPO4 10 mM, Tris pH 7.4 10 mM, KCI1 10 mM, MgCI2 5 mM, Aspartate 2 mM,
ADP 2 mM, NADH 140 uM, AST 2 U/ml, MDH 3 U/L. After resuspension, the
solution was loaded in technical duplicates in a 96-well plate. Baseline oxidation of
NADH was monitored at 340 nm at a constant temperature of 37°C for 4 min. MAS
activity was initiated with the addition of 4 mM malate and 4 mM glutamate (final
concentrations), and the oxidation of NADH was monitored at 340 nm at a constant
temperature of 37°C. The difference between the rate of change of absorbance with
and without added substrates was normalized to added mitochondrial protein to

determine the shuttle capacity.

Cell culture and transfection

HEK293T and ACI16 cells, a proliferating human cardiac myocyte line derived

204

from fusion of primary adult ventricular myocytes with SV40 fibroblasts~", were

purchased from Millipore. NRVMs were isolated from 1 to 2-day-old Sprague-
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Dawley rats!®>. HEK293T were cultured in Dulbecco’s modified eagle medium
(DMEM) complete media (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich, USA) and penicillin/streptomycin (100 U/mL, 100
U/mL, PAA) at 37°C in 5% CO2. AC16 cardiomyocytes were cultured in
DMEM/F12 complete media (Gibco, USA) supplemented with 12.5% FBS (Sigma-
Aldrich, USA), penicillin/streptomycin (100 U/mL, 100 U/mL, PAA) and
Amphotericin B (0.25 pg/mL, Invitrogen) at 37°C in 5% CO2. NRVMs were
cultured in DMEM medium/M199 (3:1) containing 3% FBS and antibiotics before
performing the experiments. HEK293T, AC16 and NRVMs were treated with
Sodium 3-hydroxybutyrate (Sigma) diluted in Phosphate-buffered saline (PBS) at
final concentrations of 2 to 10 mM or Aminooxyacetic Acid (AOA, Cayman
Chemicals) at final concentration of 400 uM for 24 hours when appropriate. In
silico BOH treatment was modified from Wagner et al?>®. In brief, after protein
extraction by lysis of AC16 cells in ice-cold modified RIPA buffer (150 mmol/L
NaCl, 50 mmol/L Tris HCI pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 5 mmol/L. EGTA, 2 mmol/L EDTA), total protein lysates were
separated in 2 small tubes. Half of the proteins were denatured with a 5 minutes 95°
heat treatment; the other half was stored in ice. Denatured and normal proteins were
then treated in different tubes with increasing concentration of BOH. Total reaction
volumes of 45 pl were incubated for 6 h at 37 °C at 400 rpm in an Eppendorf
Thermomixer. After BCA protein quantification, samples were analyzed by SDS-
PAGE.

For hypoxia experiments, cells were incubated at 1% hypoxia for 24 hours prior
GOT?2 assay. PBS-treated cells were used as controls. Plasmid transfections were
performed using SIRT3 (13814), SIRTS (13816), GCNSL1 (164625) purchased
from Addgene. Custom vector for GOT2 WT and K396R were designed and
constructed by VectorBuilder. Transfection was performed for 24 hours using
plasmids at 1 ug/uL and Lipofectamine (Life Technologies) 4% diluted in a Opti-
MEM™ Reduced Serum Medium (Thermo Fisher) solution. For gene silencing,
predesigned siRNAs for GCN5SL1 (BLOC1S1, SASI Hs02 00331970), SIRT3
(EHU093591) and SIRTS (SASI Hs02 00358645) were purchased from Sigma.
Cells treated with MISSION® siRNA Universal Negative Control (Sigma) were
used as scramble (Scr) controls. Silencing was performed for 6 hours using siRNAs
at 50 to 100 nM concentration and siLentFect lipid reagent (Biorad) 2% diluted in
Opti-MEM™,
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Immunoprecipitation

Protein extracts from HEK293T cells, transfected with flag-tagged GOT2 plasmids,
were prepared by lysis in ice-cold modified RIPA buffer (150 mmol/L NaCl, 50
mmol/L Tris HCI pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate, 5 mmol/L
EGTA, 2 mmol/L EDTA) containing protease and phosphatase inhibitors. Protein
determinations were made using the BCA method (Pierce) with BSA as standard.
Immunoprecipitation was carried out using 500 pg labelled protein diluted in 200
pL of modified RIPA buffer, incubated with Flag antibody (1:50, 4uL) overnight,
4 °C. Afterwards, 25 pul Dynabeads protein G (Thermo Fisher) were added for a 2
hours incubation time at room temperature. Beads were magnetically separated and
washed four times with immunoprecipitation buffer and then eluted using a 2x
Laemmli buffer (5 minutes, 95 °C). Immunoprecipitation for normal rabbit IgG
antibody (Cell Signaling, 2729S) and total protein fraction (input) were used as
controls. Samples were analyzed by SDS-PAGE.

RNA Isolation and Quantitative PCR

Total RNA was extracted from murine hearts, HEK293T and AC16 cells using the
Quick-RNA™ MicroPrep kit (Zymo Research). A total of 500 ng RNA was used
for reverse transcription using iScript reagent (Bio-Rad). qPCR reactions were
performed in duplicate with SYBR master mix (Bio-Rad). The 2—AACT relative
quantification method, using GAPDH for normalization, was used to estimate the
amount of target mRNA in samples, and fold ratios were calculated relative to
mRNA expression levels from control samples. The following PCR primer

sequences were used (forward, reverse):

GAPDH-human (TCAACGACCACTTTGTCAAGCTCA,
GCTGGTGGTCCAGGGGTCTTACT)

GAPDH-mouse (CGCTAACATCAAATGGGGTG,
TTGCTGACAATCTTGAGGGAG)

PDK4-mouse (GTCGAGCATCAAGAAAACCGTCC,
GCGGTCAGTAATCCTCAGAGGA)

GCNSLI1-human (AAGAGGAGGCGAGAGGCTAT,

GGACCTGTAGGGTCTTCACC)
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Immunoblot Analysis

Protein extracts from frozen mouse hearts, AC16, HEK293T, and NRVMs were
prepared by lysis in ice-cold modified RIPA buffer (150 mmol/L NaCl, 50 mmol/L
Tris HC1 pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5
mmol/L EGTA, 2 mmol/L EDTA) containing protease and phosphatase inhibitors.
Protein determinations were made using the BCA method (Pierce) with BSA as
standard. Proteins were separated by SDS-PAGE on 4% to 20% gradient gels (Bio-
Rad) and transferred to a nitrocellulose membrane. An Odyssey scanner (LI-COR
version 3.0) was used as detection system. Protein expression was quantified using
LI-COR ImageStudioLite software.

Proteins were detected with the following primary antibodies:

GAPDH (Merk Millipore, CB1001), PDHA1 (Thermo Fisher, PA5-21536),
Phospho-PDH (Sigma, 31866), BDHI1 (Proteintech, 15417-1-AP), OXCTI
(Proteintech, 12175-1-AP), ACATI1 (Abcam abl168342), GOT2 (Abcam,
ab171739), MDH2 (Fisher Scientific, 16824654), Anti-f-hydroxybutyryllysine
(PTM Bio, PTM-1201RM), SIRT3 (Cell signaling, 5490S), SIRTS (Cell signaling,
87828), Flag (Sigma, F1804)

Mass spectrometry

For proteomic analysis, snap-frozen left ventricle samples were homogenized and
subjected to tryptic digest [28472372]. Tissue samples were homogenized on a cryo
PREP system, followed by lysis in 150 uL Urea lysis buffer ((8 M urea; 75 mM
NaCl, 50 mM Tris HCl pH 8.0, 1 mM EDTA, 2 pg/mL aprotinin (Sigma), 10 pg/mL
leupeptin (Roche), 1 mM PMSF (Sigma), 10 mM NaF, 5 mM sodium butyrate, 5
mM iodoacetamide (Sigma), Phosphatase Inhibitor Cocktail 2 (1:100, Sigma),
Phosphatase Inhibitor Cocktail 3 (1:100, Sigma). After a 20 min rest on ice, the
samples were centrifuged at 14 000g for 10 min and 4°C to remove debris. Protein
disulfide bonds of the combined lysates were reduced for 45 min with 5 mM

dithiothreitol (Thermo Scientific) and alkylated for 45 min with 10 mM
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iodoacetamide. Samples were then diluted with 50 mM Tris HCI, pH 8.0, to reduce
the urea concentration to 2 M. Lysates were digested overnight at room temperature
with trypsin/LysC mixture on a shaker. The protein digests were desalted on a
SepPak as described below and a BCA was done to determine the peptide
concentration. The samples were lyophilized and stored at -80°C until further

processing.

Immunoaffinity purification (IAP) using anti-Kbhb-Ab beads

For the mass spectrometry analysis of Kbhb peptides, an immunoaffinity
purification (IAP) using anti-Kbhb-Ab beads (Anti-f-hydroxybutyryllysine
Antibody Conjugated Agarose Beads, PTM 1204, PTM Biolabs) was performed.
In brief, Anti-B-hydroxybutyryllysine beads were washed 3 times with ice-cold
PBS to clean them and then diluted in a 40 pL solution of IP buffer (100 mM NaCl,
I mM EDTA, 20 mM Tris-HCI, 0.5% IGEPAL CA-630, pH 8.0). Dry peptides
were then dissolved in IP buffer in a 10 mg/ml solution and sonicated. 1 mg peptide
per sample was taken for the enrichment. Sonicated peptides and Anti-f-
hydroxybutyryllysine beads were incubated overnight at 4°C with gentle shaking.
The flow-throughs of the enrichment were collected for global proteome analysis.
Beads were then washed as per manufacturer’s protocol. The enriched peptides
were eluted off the beads using 100 pul of elution buffer (0.1% Trifluoroacetic acid
- TFA). The eluates were then spun down and desalted on stage-tips before LC-MS
(Liquid Chromatography - Mass Spectrometry) measurement.

Desalting of Flow throughs for further analysis

For the global proteome analysis, flow-throughs of Kbhb-enrichments were
desalted on Sep-Pak tC18 cartridges (Waters). The cartridges were conditioned
with 3 ml acetonitrile (ACN) and 3 ml 50% ACN/0.1% FA (formic acid) followed
by an equilibration using 4 x 3 ml of 0.1% TFA. Flow-throughs were loaded on the
material and washed using 3 x 3 ml of 0.1% TFA and 1 x 3 ml of 1% FA before
elution with 2 x 1.5 ml of 50% ACN/0.1% FA. The Peptide concentrations of the
eluates were determined using the Pierce™ BCA Protein Assay (Thermo Scientific)

and the samples were dried in a speedvac.
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TMT-labelling

To enable multiplexing, the desalted samples underwent an isobaric labelling
approach. The samples were labeled with 6 TMT (tandem mass tags) plexes per
model organism from TMT 11plex reagent (Thermo Fisher Scientific). A total of
500 ug peptide/sample was assigned to each channel.

The peptides were reconstituted in 50 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 8.5 to a peptide concentration of Spg/ul, 800 ug
TMT reagent was added to each corresponding sample and the reaction was
incubated at room temperature with shaking (at 1,000 rpm) for 1 hour.

As a quality control the labelling reaction was quenched in a small aliquot (~1 pg)
of each sample followed by stage tip desalting and loading the samples on a QE
HF-X LC-MS system (DDA mode at 45,000 MS2 resolution, 1h gradient). The
labeling efficiency was confirmed to be >98% and the relative abundance deviation
of <25% of average TMT intensities across all channels was confirmed. After this
quality control, all labelling reactions were quenched by the addition of 10 ul 5%
hydroxylamine at room temperature for 15 minutes with shaking and the samples
were pooled (separated by murine model) and dried in a speedvac. The samples
were then reconstituted in 1 ml of 3% ACN/0.1% FA, the pH was adjusted to 3 with
98% FA and cleaned on SepPak cartridges as described before.

Offline high pH reverse phase fractionation

Pooled plexes were subjected to offline high pH reverse phase fractionation on a
1290 Infinity II LC system to generate a better protein coverage. 4.5 mM
ammonium formate (pH 10) in 2% (vol/vol) ACN was used as mobile phase A and
4.5 mM ammonium formate (pH 10) in 90% (vol/vol) acetonitrile as mobile phase
B. After equilibration of the system, the samples were separated over a 96 min
gradient with mobile phase B concentration ranging from 0 to 60%.

The samples were initially separated into 96 fractions of which the first two were
discarded. Fractions 3-9 and 94-96 were combined into one fraction each and for
the remaining samples, that contained most peptides, every 28th fraction was
combined. 5 pg peptides were taken from each of the 30 resulting fractions for
global proteome analysis, dried on a speedvac and stored at -20°C until

measurement.
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LC-MS analysis

For global proteome analysis, dried peptides were reconstituted in 10 uL MS
sample buffer (3% ACN/0.1% FA) and 2 pL. were injected into the LC-MS/MS
system consisting of an Easy-nLCTM 1200 coupled to an Orbitrap ExplorisTM 480
mass spectrometer (Thermo Fisher Scientific). Samples were separated on a 20 cm
reverse-phase column packed in house with 3 pm C18-Reprosil beads (inner
diameter 75pm) with a gradient of sample buffer and buffer B (90% ACN/0.1%
FA). Buffer B was increased from 4% to 30% in the first 88 min, followed by an
increase to 60% B in 10 min and a plateau of 90% B for 5 min. MS data was
acquired in data dependent acquisition mode (DDA) with a top 20 method. MS1
spectra were acquired at a resolution of 60000 in the scan range from 375 to 1500
m/z, automated gain control (AGC) target was set to 300% and maximum injection
time to 50 ms. MS/MS spectra were acquired at a resolution of 45000, AGC target
of 100% and maximum injection time of 86 ms. lons were isolated with a 0.4 m/z
isolation window and normalized collision energy (NCE) was set to 35. For
measurement of Kbhb-enriched peptides, a high field asymmetric ion mobility
spectrometry approach was applied to increase protein coverage, due to the low

amount of material expected after the enrichment.

Proteomic data analysis

For database search, MaxQuant version 1.6.10.43 was used. For global proteome
analysis TMT 11-plex reporter ion quantitation was enabled with a PIF setting of
0.5. For PTM analysis Kbhb was added as a variable modification. Downstream
analysis was done with Perseus, Protigy and R. For quantitation, a minimum of 3
valid intensities in either Control or HFpEF group was required. The remaining
missing values were imputed using Gaussian distribution with downshift (width =
3, shift = 1.8). Corrected reporter ion intensities were scaled using median-median
absolute deviation (median-MAD) normalization. For significance calling 2-
sample moderated, 2-tailed Student’s t testing was applied. P values were adjusted

using the Benjamini-Hochberg method.

Statistical analysis

Data are presented as median + interquartile range. For normally distributed data,

the Student t test (unpaired 2-tailed) was used for 2-group analysis. Ordinary 1-way
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ANOVA with Tukey multiple comparisons was used for multiple-group analysis,
and 2-way ANOVA with Sidak multiple comparisons test was used for analysis of
experiments with 2 independent variables. For non-normally distributed data, the
Mann-Whitney test was used for 2-group analysis, and the Kruskal-Wallis test with
Dunn multiple comparisons test was used for multiple-group analysis. A P<0.05
was considered statistically significant. No additional corrections for multiple
testing were made across experiments. No statistical analyses were used to
predetermine sample sizes; estimates were made based on our previous experience,
experimental approach, and availability and feasibility required to obtain
statistically significant results. Experimental animals were randomly assigned to
each experimental/control group. All experiments were performed with at least
three biological replicates. When representative images are shown, the selected
images are those that most accurately represent the average data obtained in all the

samples. Statistical analyses were conducted using GraphPad Prism software 9.0.
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RESULTS

Glucose oxidation is defective in HFpEF

Consistent with our previous report!'®?, after 15 weeks of exposure to HFD plus L-
NAME, mice developed the hallmark features of metabolic syndrome (obesity,
glucose intolerance, hypertension) and HFpEF (left ventricular hypertrophy,
diastolic dysfunction, exercise intolerance and lung congestion), whereas left

ventricular ejection fraction remained preserved.

In previous reports, in HFpEF mice showed significant changes in mitochondrial
structure (mitochondria in HFpEF myocardium were misaligned and segmented
and mitochondrial cristac appeared swollen). Morphological changes were

paralleled by altered function'*.

To better elucidate fuel preferences in HFpEF hearts, we tested mitochondrial OCR
in response to different substrates in freshly isolated mitochondria. Despite absence
of significant changes in succinate and glutamate-initiated respiration, we
confirmed that pyruvate-initiated respiration was reduced in mitochondria isolated
from HFpEF mouse hearts, as compared with control groups (Figure 1). A non-

significant increase in State 3 was observed in palmitate OCR
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Figure 1 Oxygen consumption rates (OCRs) of different energy substrates in HFpEF vs control mice
mitochondria

To further investigate glucose oxidation in HFpEF hearts, we evaluated the activity
of the glucose oxidation rate limiting enzyme, namely PDH. PDH is a critical
component of a complex of three enzymes that converts pyruvate into acetyl-CoA.
This complex, therefore links glycolysis to the citric acid cycle. PDH activity is
inhibited when its own specific PDK increases specific serine residues
phosphorylation (Figure 2). PDK4 is the main PDH kinase in the heart?.

Glucose

Figure 2 Central role of PDH in glucose oxidation pathway
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In line with our previous findings'**, we observed that PDK4 was significantly
upregulated in HFpEF mice (Figure 34). This was coupled with increased PDH
phosphorylation and a reduction in PDH activity (Figure 3B and 3C). These data
are consistent with the lower pyruvate-initiated oxidation measured by OCR.
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Figure 3 PDK4 relative expression (4), PDH phosphorilation (B), PDH activity (C)

Impaired ketone bodies oxidation in HFpEF model

Another substrate of great interest in heart failure are ketone bodies. In HFTEF, an
increase in ketone bodies oxidation is reported'?>'?7 and therefore ketone bodies
have been suggested as an alternative fuel also in HFpEF??’. BOH is the most
abundant ketone body in mammals and therefore we measured the oxidation of this
substrate in freshly isolated mitochondria. Intriguingly, OCR in response to BOH
was reduced in HFpEF hearts compared with chow (Figure 4).

B-Hydroxybutyrate (BOH)
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Figure 4 BOH oxygen consumption rate in HFpEF vs control mice mitochondria

The ketone bodies oxidation pathway starts from the oxidation of BOH into

acetoacetate catalyzed by BDH1. Acetoacetate is then converted into acetoacetyl-
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CoA by OXCTI. The final step is operated by acetyl-CoA acetyltransferase 1

(ACAT1), and consist in the transformation of acetoacetyl-CoA into 2 molecules

of acetyl-CoA (Figure 5).
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Figure 5 Ketone bodies metabolism
To elucidate the regulation of the whole pathway of ketone bodies oxidation in
HFpEF, we measured the levels of all the involved enzymes. BDH1 and ACATI1
protein levels were significantly lower in HFpEF hearts compared with chow, while
OXCTI1 was not significantly reduced (Figure 6A, B, and C).
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Moreover, BDHI1 enzyme activity was significantly hampered (Figure 7).
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Figure 7 BDHI activity

These findings expand and confirm previous reports suggesting a reduction in

ketone bodies oxidation in another mouse model of HFpEF¢’.

p-Hydroxybutyrate as a signaling molecule in HFpEF

BOH is not only a fuel but is also a substrate for a post-translational modification
called lysine (K) B-hydroxybutyrylation (Kbhb)!44,

Considering the reduction in BOH oxidation rate, we aimed to investigate the
alternative fate of this molecule and in particular, it’s potential role as substrate for
Kbhb in HFpEF hearts.

Interestingly, an increase in Kbhb was observed in protein lysates from HFpEF

hearts when compared to Chow (Figure 8).
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Figure 8 Kbhb levels in HFpEF vs control mice (left ventricles total proteins)

44



A mass-spectrometry analysis on left ventricles specimens confirmed the overall
increase in Kbhb in HFpEF hearts and showed 44 targets with significant changes
in Kbhb between HFpEF and Chow. The subcellular distribution of the
differentially Kbhb proteins revealed that 84.4% of Kbhb targets are located in
mitochondria. In most of the peptides, Kbhb was significantly upregulated in

HFpEF (Figure 9).
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Figure 9 Heat map of Kbhb targets: fold change (HFpEF over controls) and locations
The results were supported by the Gene Ontology analyses of proteins exhibiting
significant differences in Kbhb. The analyses uncovered that Kbhb proteins are
involved in key pathways of cardiomyocyte metabolism (fatty acid oxidation, TCA

cycle) and morphology (cardiac muscle hypertrophy) (Figure 10).
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Figure 10 Gene Ontology of Kbhb targets (HFpEF over controls)

P-hydroxybutyrylation and malate-aspartate shuttle (MAS)

Among the several Kbhb proteins, considering the rank of their relative Kbhb fold
change and their functional affinity, we focused on the evaluation of malate

dehydrogenase 2 (MDH2) and glutamate oxaloacetate transaminase 2 (GOT?2)
(Figure 11).
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Figure 11 Volcano plot of Kbhb targets: fold change and False Discovery Rate of GOT2 and MDH?2

These 2 proteins are the mitochondrial components of the malate-aspartate shuttle

(MAS), a critical pathway in cardiomyocyte metabolism (Figure 12).
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Figure 12 The malate-aspartate shuttle
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During glycolysis, NAD" is reduced to NADH in the cytosol. The reducing
cytosolic equivalents generated in this process must be transferred across the inner
mitochondrial membrane. In this way, reducing equivalents can reach the
mitochondrial matrix and NAD" is regenerated. This transfer, however, requires
specific shuttles because the inner mitochondrial membrane is impermeable to
NADH. In mammals, reducing equivalents transfer rely on the a-glycerophosphate
shuttle and the MAS. MAS is the main shuttle in the heart?*® 2% and is operated by
two pairs of enzymes, namely mitochondrial and cytoplasmic glutamate
oxaloacetate transaminases (GOT) and malate dehydrogenases (MDH) (Figure
12).

In consideration of the importance of the MAS in heart metabolism, we investigated
its role in HFpEF. Surprisingly, MAS activity was increased in HFpEF left ventricle
mitochondria (Figure 13).
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Figure 13 MAS activity in HFpEF vs control mice

We measured the activity of Kbhb MAS enzymes and, while MDH2 activity was
unchanged, a significant increase in GOT2 activity was observed (Figure 14 A and

B).
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Figure 14 MDH?2 and GOT?2 activity in HFpEF vs control mice

This change did not depend on increased concentration of GOT2, as levels of this

enzyme were comparable between HFpEF and Chow left ventricles (Figure 15).
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Figure 15 GOT?2 levels in HFpEF vs control mice

Moreover, a global proteome evaluation didn’t show higher levels of any of the

other components of the MAS (Figure 16).
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Figure 4 Volcano plot of global proteome (HFpEF vs control mice)

Modelling p-hydroxybutyrylation in cardiomyocytes

We then hypothesized that MAS and GOT?2 increased activity in HFpEF depends
on GOT2 Kbhb. To test this hypothesis, we aimed at modelling Kbhb in cell culture.
Treatment with BOH at different concentrations induced a consensual increase in
Kbhb in immortalized human cardiomyocytes (AC16 cells, Figure 17) and primary
cell culture of Neonatal Rat Ventricular Myocytes (NRVMs) (Figure 18).
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Figure 18 Kbhb levels in NRVMs after BOH treatment

Whether Kbhb is an enzymatic or non-enzymatic post-translational modification is
unclear. Sirtuins, which are established de-acetylases, have been suggested as
potential Kbhb removing enzymes. Indeed, a role for SIRT3 has been proposed as
de-Kbhb enzyme for histones!'¥’. If SIRT3 acts as a de-Kbhb enzyme for proteins
other than histones or whether SIRT3 acts as de-Kbhb enzyme also in

cardiomyocytes is unknown.
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To answer to these questions, we first tested the effect of BOH in silico, on isolated
protein lysates. A 6 hours incubation of AC16 protein lysates with BOH produced
a significant increase in Kbhb (Figure 19). Intriguingly, if the proteins were
exposed to a S5-minute heat denaturation cycle, treatment with increasing
concentration of BOH didn’t result in a consensual increase in Kbhb (Figure 19).

This experiment remarks the involvement of enzymatic reactions in Kbhb.
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Figure 19 Kbhb levels in isolated protein incubated with BOH

Installing and removing Kbhb enzymes

We then started to test for potential enzymes involved in this process. Since Kbhb
was mainly a mitochondrial post-translational modification in HFpEF hearts, to
explore the role of Kbhb installing enzymes we focused on mitochondrial
acetylases. A qPCR-confirmed silencing of general control of amino acid synthesis

5 like 1 (GCNSLT) enzyme reduced the overall Kbhb signal in AC16 (Figure 20).
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Figure 20 Kbhb levels in AC16 cells after BOH treatment, with and without GCN5SLI silencing

We moved then to potential de-Kbhb enzymes. SIRT3 confirmed its role as de-
Kbhb, with a reduction of Kbhb signal after SIRT3 transfection (Figure 21) and
higher Kbhb after SIRT3 silencing (Figure 22).
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Figure 21 Kbhb levels in AC16 cells after BOH treatment and SIRT3 transfection
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Figure 22 Kbhb levels in AC16 cells after BOH treatment and SIRT3 silencing

Considering the role of SIRTS in several mitochondrial post-translational
modifications, especially those involved in metabolic pathways?!’, we tested for a
potential role of this enzyme also in Kbhb modulation.

Interestingly, overexpression of SIRTS resulted in a reduction in Kbhb levels in

cardiomyocytes (Figure 23)
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Figure 23 Kbhb levels in AC16 cells after BOH treatment and SIRTS transfection
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BOH induced Kbhb of GOT2 increases enzyme activity

To further clarify the role of Kbhb on GOT2 activity, we evaluated all the Kbhb

residues on the protein. Among the Kbhb sites, the K396 was the only with a

significant increase between HFpEF and Chow. We therefore generated a flag-
tagged GOT2 plasmid were the K396 was mutated to arginine (R). HEK293T cells
were transfected with the GOT2 K396R mutant as well as with a wild-type (WT)

isoform of the enzyme and subsequently treated with BOH. Immunoprecipitation

of protein lysates for flag Ab and immunoblotting for Kbhb confirmed the increased

Kbhb of WT GOT2 in BOH treated cells. Kbhb in the K396R mutant was also

increased in BOH treated cells, but the difference with PBS-treated cells was not

significant (Figure 24).
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Figure 24 Kbhb levels in WT vs K396T isoform of GOT2 enzyme after BOH treatment

As expected, in WT and K396R transfected HEK293T cells, overall GOT2 activity

was increased compared with not-transfected cells, while treatment with the amino
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acid transaminase inhibitor aminooxyacetate (AOA) lowered enzyme activity

(Figure 25).
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Figure 25 GOT activity after AOA treatment

Treatment with BOH in normal cell culture resulted in a nonsignificant increase in
GOT?2 activity in control HEK293T cells as well as in WT transfected cells. We
registered no changes in GOT2 activity between PBS and BOH treated cells

transfected with GOT2 K396R (Figure 26).
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Figure 26 GOT2 activity in control cells GOT2 WT and K396T transfected cells, with and without BOH

To test if Kbhb effect on GOT2 could be related to other coexisting conditions
characterizing HFpEF hearts, we explored a potential role of hypoxia in GOT2

activity modulation.

Microvascular dysfunction and subsequent cardiomyocytes hypoxia have a role in
HFpEF pathogenesis?'!. Consistently, hypoxia-inducible factors - HIFs (and in
particular HIF 1-alpha — HIFla) have been proposed as key factors in HFpEF,
especially when the syndrome is related to obesity and metabolic syndrome?!2.
Under hypoxic conditions, HIFla promotes the switch toward an increase in
glycolysis in cardiac metabolism?!® 214,

At the same time, HIF1a inhibits GOT1 and GOT2 activity?'> and arguably MAS
activity, potentially affecting the shuttling of glycolysis derived NADH.

As expected, under hypoxic conditions, we observed a reduction of GOT2 activity

in not transfected cells, as well as in WT and K396R transfected ones (Figure 27).
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Figure 27 GOT levels in control cells, WT GOT2 and K396R GOT?2 transfected cells with and without
hypoxia

Interestingly, BOH treatment under hypoxia drove an increase in GOT2 activity

only in WT transfected cells, while GOT2 activity in K396R cells was unaffected

(Figure 28).
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without BOH
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DISCUSSION

HFpEF is a systemic disorder affecting an ever-growing proportion of the general
population. Only a few treatments have been approved in this syndrome and there
is an urgent need for more therapeutic strategies. In most of HFpEF patients, the
clinical syndrome is driven by the co-existence of obesity, hypertension and
systemic derangements related to the development of metabolic syndrome. A better
understanding of this specific HFpEF phenotype, known as cardiometabolic
HFpEF, is a needed stepstone to reach the goal of a significant improvement in
patient quality of life and life expectancy. Using a validated mouse model of
cardiometabolic HFpEF, we explored cardiac metabolism changes and the dual of

ketone bodies, as both energy substrates and signaling molecules, in this syndrome.

Our main findings are: 1. In cardiometabolic HFpEF, BOH oxidative pathway is
compromised and BOH oxidation is blunted 2. BOH drives a post translational
modification called Kbhb, affecting multiple metabolic pathways 3. Kbhb is an
enzymatic post translational modification modulated by several enzymes 4. In
HFpEF, MAS activity and GOT?2 activity are increased 5. Under hypoxic condition,
Kbhb enhance GOT2 enzyme activity.

Heart failure is a complex syndrome, with an heterogeneous pathogenesis and
pathophysiology. In HFrEF, the reduction in cardiac output is manifest and drives
both an insufficient perfusion of peripheral organs and a symptomatic congestion
of systemic and pulmonary circulation. The whole-body response to these
derangements is well known and include neuro-hormonal changes, cardiac and

vascular remodeling and multi-organ dysfunction?'®.

Grounded on this vast
pathophysiological knowledge, counter-acting therapeutic strategies have been
developed over the years?!’, each aiming at different targets: Renin-Angiotensin-
Aldosterone-System (RAAS) blockers, including angiotensin-converting enzyme
(ACE) inhibitors, angiotensin receptor blockers (ARB) and Mineralocorticoid
receptor antagonists (MR As) significantly prevent the detrimental consequences of
pressure and volume overload. Beta-blockers modulate the maladaptive

sympathetic response. Angiotensin receptor neprilysin inhibitor (ARNI) enhances

the beneficial effect of natriuretic peptides in modulating diuresis, improving
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vasodilatation and reducing filling pressures. More recently, SGLT2i have proven
to be beneficial in HFrEF but the mechanisms behind this serendipitous discovery
are multiple and are still under investigation?!®,

On the other hand, the mechanisms underlying HFpEF are more elusive. The ability
of the left ventricle to pump an adequate amount of blood seems to be unaffected
in baseline imaging evaluations. Nevertheless, patients develop a full clinical
syndrome, resembling the one observed in those with an obvious reduction of the
ejection fraction. Furthermore, a significant reduction in exercise capacity, quality
of life and life expectancy is observed in HFpEF as well as in HFrEF?!% 220,
Translating the HFrEF designed therapeutic strategies to HFpEF patients, didn’t
significantly improved patients’ outcomes?'->”. SGLT2i have proven to be effective
also in HFpEF?® 2, proposing a role for whole-body metabolic drugs in heart failure
treatment. Another class of primarily anti-diabetic drugs, GLP1 agonists, drove a
significant improvement in symptoms and functional limitation of obese HFpEF
patients®.

Collectively, these evidences suggest that exploiting HFpEF pathophysiology is
imperative for the development of disease-modifying drugs. HFrEF-designed drugs
are ineffective in HFpEF, while metabolic drugs are beneficial, especially in
patients with overweight/obesity.

To expand our knowledge of HFpEF molecular pathophysiology, reliable animal
models are fundamental. A recently developed animal model of HFpEF accurately
recapitulate the clinical and molecular features of the cardiometabolic HFpEF '3,
In this “2-hits” model, a combination of high fat diet and drug-induced mild
hypertension results in both cardiac derangements (diastolic dysfunction with
preserved left ventricular ejection fraction, impaired left ventricular strain, elevated
left ventricular filling pressures, microvascular dysfunction) and symptoms
surrogates (exercise intolerance, lung congestion)!*>. We used this model to explore
one of the many unknown features of HFpEF, namely what are the changes in
cardiac metabolism in this syndrome.

Our first finding is that glucose oxidation is significantly decreased in
cardiometabolic HFpEF. This is consistent with our previous studies on HFpEF
mice, but involving animals treated for a shorter period of time (5 weeks vs 15
weeks)!?4. On the other hand, the observed reduction in fatty acid oxidation'** is
not visible in our evaluation of mitochondrial oxygen consumption rates. These

finding shades a new light on the critical balance between glucose oxidation and
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fatty acid oxidation in HFpEF. Instead of further affect fatty acid oxidation, a longer
exposure to high fat diet, even in the context of heart failure, resulted in a relative
increase in the contribution of fatty acids oxidation to mitochondrial metabolism.
A reduction in fatty acid oxidation is observed in HFrEF’> 73, On the other hand, an
increase in fatty acid oxidation is expected in cardiac metabolism in obesity and
diabetes®®> and a protective effect has been proposed for increased fatty acid

oxidation in high fat diet induced cardiomyopathy??!

. Collectively, fatty acid
oxidation in cardiometabolic HFpEF seems to be differentially modulated
compared to HFrEF, with an absence of fatty acid oxidation impairment after long
time exposure to high fat diet.

We then moved to explore the role of ketone bodies, a class of energy substrates of
growing interest in heart failure research. In HFrEF a significant increase in ketone

124,126,127 4n4 in a

bodies oxidation has been described both in preclinical models
clinical setting!?. This is considered an adaptive response, since in mouse models
of both hypertension and myocardial ischemia, cardiomyocyte-specific deletion of
BDHI resulted in worsening of cardiac function'?® while BDH1 overexpression
protected against the development of myocardial fibrosis and cardiac
dysfunction'?’. In addition, in hypertensive and ischemic cardiomyopathy, BOH
infusion/supplementation has proven to be protective in both mouse models!'?* 222
and HFrEF patients?.

Our findings depict a completely different scenario in HFpEF. Measuring BOH
OCR we found a significant reduction in ketone body oxidation. Moreover, BDH1
protein levels were significantly lower and BDHI1 activity was blunted in HFpEF.
Therefore, ketone bodies don’t appear to play a role as rescue fuel in the context of
cardiometabolic HFpEF. A reduction of BDH1 was already described in HFpEF®,
but here for the first time BOH OCR was tested and found defective. Moreover, the
whole ketone bodies oxidation pathway has been described, collectively depicting
a blunted oxidative capacity for ketone bodies in HFpEF.

Our next step was exploring a different biological significance for ketone bodies in
HFpEF hearts. Ketone bodies, and BOH in particular, promote a post translational
modification defined Kbhb'*, Kbhb has been first described in histones and
considered as a component of the cell response to starvation'**. Recent findings
highlight how Kbhb is not limited to histones'#> 46, Importantly, the knowledge

about the role of Kbhb in cardiac homeostasis and disease is still limited. A work

examining the role of BOH in an aging model of HFpEF, described an increase in
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the activity of the TCA cycle enzyme citrate synthase (CS)%”. The authors reported
that the increase in BOH levels was accompanied by an increase in CS Kbhb and,
at the same time, an increase in its enzymatic activity, suggesting that the BOH-
induced improvement in mitochondrial function was dependent on CS Kbhb®’.
However, how Kbhb impacts on mitochondrial function and overall cardiac
metabolism in HFpEF is still largely unknown.

Using a Kbhb-specific antibody, for the first we investigated the presence of this
post translational modification in the proteome of HFpEF left ventricles. In HFpEF,
Kbhb is significantly over represented with a number of proteins affected. The
subcellular distribution of Kbhb proteins revealed that most of Kbhb targets are
located in the mitochondria, suggesting a role for Kbhb in cell metabolism.
Moreover, the gene ontology revealed a potential role for Kbhb in the regulation of
key mitochondrial metabolic pathways, such as TCA cycle and fatty acid oxidation.
This finding proposes Kbhb as a new player in the landscape of post translational
regulation of metabolic function in the heart. Other post translational modifications
have already been described as having this role. Acetylation is implicated in the
regulation of cardiac metabolism in both HFrEF and HFpEF!%* 224225 The role of
acetylation depends on the molecular function of acetyl-CoA, the substrate for
acetylation itself. Acetyl-CoA is the end-product of intermediate metabolism and is
therefore a sentinel of cellular metabolic state??S, Therefore, changes in energy
substrate availability and nutritional status have significant effects on the level of
acetylation of enzymes involved in substrate utilization!*® 227, Similarly, ketone
bodies levels represent a signal of an unusual energy state. Their concentration
usually increase during starvation as their biological significance is to provide an

194 However, since

alternative source of fuel during low blood glucose conditions
elevated levels of free fatty acids constitute a stimulus to ketogenesis, a significant
increase in the circulating levels of fatty acids is sufficient to drive ketone bodies
synthesis. Arguably, the increase in fatty acids pool observed after a prolonged high
fat diet is implicated in the increase in cardiac Kbhb observed in cardiometabolic
HFpEF.

Among the top Kbhb targets, the highest fold change increase was registered for
MDH2, a TCA cycle enzyme. MDH2 is also a key component of the MAS, a shuttle
of paramount importance in cardiomyocyte metabolism. Intriguingly, among the 44

peptides with a significant change of Kbhb in HFpEF hearts, there was another
component of the MAS, namely GOT2. The co-existence of 2 targets belonging to
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the MAS in the Kbhb targets moved us to investigate the role of this metabolic
pathway in cardiometabolic HFpEF and a potential involvement of Kbhb in MAS
modulation.

The MAS is the main shuttle allowing the transfer of the glycolysis derived NADH
into the mitochondrial matrix in cardiomyocytes. Despite the relevance of this
pathway in cardiac metabolism, data about MAS activity in heart failure are scant.
In a model of pressure overload induced HFrEF, MAS activity was blunted and
reduced activity of the shuttle was attributed to hyperacetylation of mitochondrial
MAS proteins?**. In our work, for the first time MAS activity has been evaluated in
a mouse model of HFpEF. Surprisingly, our findings suggest an higher activity of
the shuttle in cardiometabolic HFpEF. An higher MAS activity may be an adaptive
response to NAD" deficiency and to the reduction in glucose oxidative
phosphorylation. Cardiometabolic HFpEF is a NAD™ deficient condition'** and one
of the MAS purposes is to reconstitute the cytosolic NAD" pool. Moreover, our
data suggest a reduction in glucose oxidation, suggesting glycolysis as a potential
rescue metabolic pathway for NADH generation. Whether MAS activity increase
is related to an higher glycolytic rate in HFpEF is still speculative and need further
investigation.

To better understand what determined MAS activity increase, we measured MDH2
and GOT2 activities. While MDH2 activity was unchanged, we detected a 2-fold
increase in GOT2 activity in HFpEF hearts. GOT2 protein levels, however, were
not significantly altered between control and HFpEF mice. We therefore
hypothesized a role for GOT2 Kbhb in GOT2 activity modulation. To test this
hypothesis, we modeled Kbhb in cell culture.

Treating several cell lines, i.e. human immortalized cardiomyocytes (AC16 cells)
and primary cell line of neonatal rat ventricular cardiomyocytes (NRVMs) with
increasing concentration of BOH for 24 hours resulted in a concomitant increase in
whole-protein Kbhb (Figure 17 and 18). Protein Kbhb was also visible when
protein lysates, instead of living cells, were incubated in silico for 6 hours with
increasing concentrations of BOH. However, if thermal denaturation was applied
before the incubation, the increase in Kbhb was no more visible (Figure 19). The
denaturation/in silico protocol we adopted was originally designed to evaluate the
enzymatic vs non-enzymatic nature of acetylation®®. In silico incubation of
denatured protein lysates with increasing concentration of acetyl-CoA resulted in a

significant increase of acetylation, suggesting a non-enzymatic component in this
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post translational modification?®. In our work, incubation of protein lysates with
BOH provided opposite results, proposing a pivotal role for one or more enzymes
in Kbhb.

To elucidate which enzymes could be involved in Kbhb, we started from the
evaluation of proteins involved in acetylation and de-acetylation. De-acetylating

147 but little is known

enzyme had been already proposed as de-Kbhb for histones
about installing enzymes and, in particular, the effect of these enzymes on proteins
other than histones.

Among acetylating enzymes, and mitochondrial ones in particular, of interest is
GCNSL1. This enzyme is implicated in acetylation of proteins involved in
metabolic pathways??®. Moreover, a role for GCNSLI1 in the inhibition of cardiac
glucose oxidation in aged mice with diet-induced obesity has been proposed®?. In
AC16 cells, GCNS5LI1 silencing reduced Kbhb in cells treated with BOH, compared
with controls. This finding supports a role for GCN5SLI1 in Kbhb, and not only in
acetylation, stimulating a wider range of effects to be considered when evaluating
the consequences of GCN5L1 modulation, at least in cardiac metabolism.

We then moved to the evaluation of potential Kbhb removing enzymes. We
evaluated SIRT3 and SIRTS and in both cases, overexpression of the enzymes
reduced Kbhb while silencing resulted in a higher signal. Sirtuins, and SIRT3 in

particular, have been previously described as critical components of the complex

enzymatic machinery involved in acetylation regulation in several cardiovascular

230-232 F67, 194

diseases , including HFpE . However, SIRT3 has been evaluated only as
de-acetylating enzyme. In our work, we uncovered a new role for SIRT3, which
may be implicated in regulation of cardiac metabolism via Kbhb modulation.

Once achieved a solid platform for Kbhb modulation in cell lines, we moved back
to the evaluation of the effect of Kbhb on GOT2. At first, we evaluated if BOH
treatment was specifically affecting GOT2 also in vitro. Data from mass
spectrometry in mice pointed out that the site with higher Kbhb increase between
HFpEF mice and chow was lysine 396 (K396). We therefore generated a vector
containing a custom flag-tagged GOT2 protein where K396 was muted into
arginine (K396R). We then transfected HEK293T cells with both the flag-tagged
wild type isoform of the enzyme (WT) and the mutant isoform (K396R). After
transfection and BOH treatment, we immunoprecipitated the protein lysates for flag
and we blotted for Kbhb. As expected, Kbhb signal significantly increased in WT

transfected and BOH treated cells (Figure 24). Kbhb in the K396R mutant was also
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increased in BOH treated cells, but the difference with PBS-treated cells was not
significant (Figure 24).

Moving to the evaluation of the enzyme activity, we measured GOT2 activity in
normal cell lines, after treatment with BOH for 24 hours. In basal conditions, BOH
treatment didn’t result in a significant change in enzyme activity. To test the
reliability of the assay, we treated AC16 with AOA, an established amino acid

transaminase inhibitor?*3

and we observed a significant reduction in GOT2 activity.
A reduction was observed also after a 24 hours incubation in 1% hypoxia. This is
not surprising, since it was already described a role for HIF1a in GOT1 and GOT2
activity inhibition?'>. Testing the effect of BOH on GOT2 activity after hypoxia,
we found that in this condition BOH increased the enzyme activity. To test if this
effect was dependent on GOT2 Kbhb, we compared the enzyme activity under
hypoxia and BOH treatment in cells transfected with the WT GOT2 and the K396R
mutant. The experiment, confirmed an increase of GOT2 activity only in WT
transfected cells while in K396R a trend toward reduced activity was observed.

This finding shades a new light on the complex interplay between MAS and
glycolysis in hypoxic conditions. During hypoxia, glycolytic rate increases to
optimize glucose utilization. This shift from glucose oxidation to glycolysis is
mediated by HIFs?'> 24 However, the inhibitory effect of HIFla on GOT2

215 potentially hamper the MAS dependent shuttling of glycolysis derived

activity
NADH into mitochondria (Figure 29).

Glucose

NADH

Figure 29 MAS - hypoxia interplay mediated by HIFs

Kbhb may play a role in this context: enhancing GOT2 activity, contributes revert

the inhibitory effect of HIF, allowing more NADH to be used for ATP production.
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In conclusion, HFpEF is a deadly syndrome where a limited understanding of
underlying pathophysiological mechanisms contributes to the insufficient
therapeutic arsenal currently available. Increasing evidence underpin the
importance of obesity and metabolic syndrome to HFpEF pathogenesis, defining
the so-called cardiometabolic HFpEF phenotype. Recently, a reliable mouse model
of cardiometabolic HFpEF was established as a reliable platform to find the missing
pieces in HFpEF jigsaw. Of particular interest in HFpEF pathogenesis is the role
for cardiac metabolism derangements. Whether the same lost in metabolic
flexibility described in HFrEF, also develops in HFpEF is still unclear. Moreover,
if energy metabolites act as signaling molecules in the landscape of post
translational modification is still under investigation. Unclear, in the end, is the role
of ketone bodies: a rescue fuel proposed as a therapeutic option in HFrEF but with
a largely unknown biology in HFpEF.

Using the “2-hit” cardiometabolic HFpEF model, we confirmed that glucose
oxidation is hampered in cardiometabolic HFpEF. We analyzed the BOH catabolic
pathway, revealing a reduction in the oxidation of this substrate in the heart.
Moving to the analysis of the signaling role of this metabolite, for the first time we
described an extensive increase in Kbhb among several mitochondrial protein in
HFpEF hearts. Among these targets, we found MDH2 and GOT2, key proteins
involved in the MAS. Surprisingly, an increase in MAS activity was observed in
HFpEF. Modeling Kbhb in vitro, we uncovered a role for this post translational
modification in restoring GOT2 under hypoxia, arguably contributing to the MAS
activity modulation in HFpEF.
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