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Abstract

Background: The human heart primarily metabolizes fatty acids and this decreases as alternative
fuel use rises in heart failure with reduced ejection fraction (HFrEF). Patients with severe obesity
and diabetes are thought to have increased myocardial fatty acid metabolism, but whether this is
found in those who also have HF with preserved EF (HFpEF) is unknown.

Methods: Plasma and endomyocardial biopsies were randomly selected from a two-center
derived biobank of HFpEF (n=38), HFrEF (n=30) and non-failing donor control (n=20) tissue.
Quantitative targeted metabolomics measured organic acids, amino acids, and acylcarnitines in
myocardium (72 metabolites) and plasma (69 metabolites). The results were integrated with
reported RNAseq data. Metabolomics were analyzed using agnostic clustering tools, Kruskal-
Wallis test with Dunn’s test, and machine learning.

Results: Agnostic clustering of myocardial but not plasma metabolites separated disease groups.
Despite more obesity and diabetes in HFpEF vs. HFrEF (BMI 39.8 kg/m? vs. 26.1 kg/m?, diabetes
70% vs. 30%, both p<0.0001), medium and long-chain acylcarnitines (mostly metabolites of

fatty acid oxidation) were markedly lower in myocardium from both HF groups vs. control. In
contrast, plasma levels were no different or higher than control. Gene expression linked to fatty
acid metabolism was generally lower in HFpEF vs. control. Myocardial pyruvate was higher in
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HFpEF while the tricarboxylic acid cycle (TCA) intermediates succinate and fumarate were lower,
as were several genes controlling glucose metabolism. Non-branched-chain and branched-chain
amino acids (BCAA) were highest in HFpEF myocardium, yet downstream BCAA metabolites
and genes controlling BCAA metabolism were lower. Ketone levels were higher in myocardium
and plasma of HFrEF but not HFpEF patients. HFpEF metabolomics-derived subgroups showed
few differences in BCAA metabolites but little else.

Conclusions: Despite marked obesity and diabetes, HFpEF myocardium exhibited lower fatty
acid metabolites compare HFrEF. Ketones and metabolites of the TCA cycle and BCAA were also
lower in HFpEF, suggesting insufficient utilization of alternative fuels. These differences were not
detectable in plasma and challenge conventional views of myocardial fuel utilization in HFpEF
with marked diabetes and obesity and suggest substantial fuel inflexibility in this syndrome.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) affects up to half the estimated

65 million heart failure patients worldwide, 1 with over 3 million people with HFpEF in

the United States alone. 2 Clinical, hemodynamic, epidemiological, and blood-component
features of this syndrome have been well described. However, much less is known about
the pathobiology transpiring in the tissues of major organs involved. Furthermore, what

is known stems largely from patients with HFpEF having severe hypertension, ventricular
hypertrophy, and diastolic dysfunction. 3-8 While these co-morbidities remain relevant, they
have become overshadowed by severe obesity, diabetes (DM) and metabolic syndrome. ’
The impact of this shift at the biological level remains little studied, although two recent
studies found a significant impact of obesity on myocardial transcriptomics (notably on ATP
synthesis pathways), 8 as well as on reducing calcium-activated myofilament function. °

To date, most treatments tested for HFpEF have not been beneficial. The very recent
exception are inhibitors of sodium glucose co-transporter 2 (SGLT2), 10- 11 drugs first
developed for diabetes. The normal adult heart exhibits substantial metabolic substrate
flexibility, primarily utilizing fatty acids (FA) but also capable of consuming glucose,
ketones, lactate, and amino acids to generate ATP. 12 In HF with reduced EF (HFrEF),
myocardial fuel utilization shifts away from FA to ketones and lactate, whereas glucose
use may or may not increase. 12 13 Direct myocardial data in humans with obesity/DM
are lacking, but animal models have shown higher FA uptake and oxidation related in

part to insulin resistance that lowers glucose metabolism.14 Whether this is also found in
HFpEF patients with similarly severe obesity/DM is unknown. Metabolomics of peripheral
blood has reported higher medium and long-chain FA (MLFA) in HFpEF, 1516, as is also
found in HFrEF 15 17 but as revealed by HFrEF, this does not guarantee elevation of
myocardial levels. To address critical knowledge gaps, this study performed metabolomics
of myocardial tissue and blood metabolomics obtained from patients with HFpEF, HFrEF,
and non-failing controls.
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Data availability

The majority of the data presented in this paper are provided in the Figures and Tables.
The methods used for the metabolomic analysis are available in detail from the University
of Pennsylvania Metabolomics Core. The raw metabolomics data coupled to de-identified
metadata and the R script used to perform the analyses will be provided upon reasonable
request.

HFpEF Study Population

Patients with HFpEF referred to the Johns Hopkins University HFpEF Clinic from
7/2016-10/2019 were screened for inclusion in this single center, cross-sectional study.
Each patient provided informed consent and underwent research endomyocardial biopsy
under a protocol approved by the Johns Hopkins Institutional Review Board. HFpEF
diagnosis was based on consensus criterial®20 (clinical signs and symptoms of heart
failure with left ventricular ejection fraction [LVEF] = 50%, and either 1) structural

heart disease or diastolic dysfunction on echocardiography 2! with elevated N-terminal
pro—B-type natriuretic peptide [NTproBNP] = 125 pg/mL; or 2) hemodynamic evidence

of elevated left sided filling pressures (left ventricular end diastolic pressure or pulmonary
artery wedge pressure [PAWP] = 15 mmHg at baseline; or = 25 mmHg with exercise).
Exclusion criteria are as previously described: history of LVEF <40%, severe valvular
disease, infiltrative or restrictive cardiomyopathy (including cardiac amyloidosis on clinical
histology), congenital heart disease, constrictive pericarditis, hypertrophic cardiomyopathy,
or prior heart transplantation. 8 HFpEF patients were further pre-categorized into those with
predominantly systolic hypertension and LV hypertrophy (HFpEF-Ht/Hp; n=15), those with
more prominent obesity/DM (HFpEF-Met, n=13), and a group that mixed both features
(Mixed; n=17) as previously described. °

Myocardial tissue and plasma procurement and processing

Endomyocardial tissue from the right ventricular septum was obtained by a standard clinical
bioptome procedure (Jawz Bioptome, Argon Medical, Frisco, TX) in patients with HFpEF
(n=45) as described. 8 Participants with histologically confirmed cardiac amyloidosis
(Congo Red) were excluded. Biopsies were rapidly immersed in liquid nitrogen and stored
in liquid nitrogen until analyzed. Plasma obtained simultaneously was placed on ice and
stored at —80°C until analyzed.

Right ventricular (RV) septum control tissue (n= 20) was obtained from unused hearts of
organ donors with brain death determination and explanted hearts of patients with HFrEF
undergoing cardiac transplantation (n=30). & 22 In both cases, hearts were removed under
cardioplegic perfusion arrest, and rapidly placed in ice cold cardioplegia until dissected,
aliquoted, and frozen within 2—4 hours of explant. These were provided in a collaboration
with the University of Pennsylvania under an institutional review board-approved protocol.
Plasma samples in these participants were obtained, processed, and frozen at the time of
cardiac explant.
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Targeted Metabolomics

The University of Pennsylvania Metabolomics Core performed the assay. Frozen human
heart tissue was homogenized in 50% acidified acetonitrile and 100uL of human plasma
was extracted with ice cold methanol. Targeted Liquid Chromatography/Mass Spectrometry
metabolomics was performed using validated, optimized protocols as reported. 23 24 The
protocols arrest cellular metabolism using cold conditions and solvents to optimize the
stability of metabolites. Classes of metabolites (acyl-carnitines, amino acids, organic acids)
were separated using a unique High Performance Liquid Chromatography method to
optimize resolution and sensitivity. Multiple reaction monitoring of calibration solutions
and study subject samples were performed on an Agilent 1290 Infinity UHPLC/6495 triple
quadrupole mass spectrometer for quantitation. 23 24 Raw data were processed using Mass
Hunter quantitative analysis software (Agilent). Calibration curves (R% = 0.99 or greater)
were fitted with a linear or a quadratic curve with a 1/X or 1/X2 weighting. Raw data were
normalized to the starting tissue weight or plasma volume as appropriate.

Metabolomics Data Analysis

The raw metabolomic data were filtered, removing metabolites with = 50% of values
above or below the limit of quantitation in any disease group (control, HFpEF, HFrEF).
This impacted 25 of 97 tissue metabolites (7 amino acids and 18 acylcarnitines) and

28 of 97 plasma metabolites (7 amino acids and 21 acylcarnitines). Tissue in which

> 45% of metabolites fell above or below the quantitation limit in heart tissue were
removed from analysis (7 participants, all HFpEF), leaving 38 patients with HFpEF for
the final analysis. Random forest imputation was used to derive values above or below
the limit of quantitation using the R package missForest. 2> The imputed data were
log-transformed for normalization prior to agnostic clustering. Agnostic clustering used
Principal Component Analysis (PCA) with the R package ggbip/ot, and top contributors
to each Principal Component were identified. Hierarchical clustering was performed
based on correlation of metabolites and displayed heatmaps using R package pheatmap.
Tissue and plasma metabolites between the three disease groups were compared, using
only raw concentration data for disease group comparisons (i.e. prior to imputation and
log transformation), with a three-way Kruskal-Wallis test with Dunn test for pairwise
comparisons. Benjamini-Hochberg method was used to adjust for multiple comparisons.
Non-imputed, non-normalized concentration data were scaled for display in polar plots
or boxplots generated using the R package ggp/ot2. Non-negative matrix factorization (R
package NMF) was used to generate subgroups of HFpEF based on the myocardial tissue
metabolome, 26 using scaled, imputed data. Two methods were used to determine the
optimal number (A) of clusters; 1) Elbow Method using the sum of squared distance to
choose the ideal number of groups; and 2) running the NMF algorithm 250 times for
each kbetween 2 and 5 to determine which kyielded the best model performance. 2
Metabolites were identified that best identified each cluster. Clinical characteristics, tissue
metabolites, and plasma metabolites were compared between NMF groups 1 and 2 using
Wilcoxon test for continuous variables or Fisher’s exact test for categorical variables, and
Benjamini-Hochberg method to adjust for multiple comparisons in the metabolite analysis.
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Adjustment for differences in demographics and clinical comorbidities

Multivariable linear regression was performed to determine the relationship between each
metabolite (myocardial and plasma) vs. disease group, adjusting for age, body mass index
(BMLI), diabetes, and self-identified race (African-American or non-African American).
These clinical characteristics were chosen due to their significant differences between

the disease groups. P values were adjusted for multiple comparisons using the Benjamini-
Hochberg method.

Gene expression data

Volcano and box plots for gene expression specific to a given metabolic pathway were
generated from previously reported transcriptomic data (RNAseq) from a very similar group
of control (n=24), HFpEF (n=41), and HFrEF (n=30). & Eleven of the current study HFpEF
patients were also in this prior group. Unbiased analysis of differential gene expression

has been previously published and so is not reported here. 8 The R package DESeq228
determined differential gene expression between control and HFpEF as described. & Data are
shown by adjusted P values (P-adj; Benjamini-Hochberg method) and log-2-transformed
fold change. Genes were from published data or publicly available databases (Kyoto
Encyclopedia of Genes and Genomes [KEGG] or Gene Ontology: Biological Processes
[GO:BP)).

Clinical Data Analyses

Results

Demographic, clinical, laboratory, hemodynamic, and echocardiographic data were
compared by either Kruskal-Wallis/Dunn test or Wilcoxon test for continuous variables,
and Fisher’s exact test for categorical variables. Clinical characteristics were compared
between 1) HFrEF, HFpEF and control groups; 2) HFpEF included in metabolomics
analysis vs. those excluded due to too many missing values; 3) HFpEF subgroups

based on both pre-determined clinical groups (e.g. primarily hypertensive/LV hypertrophy,
obesity-metabolic, or mixed, and using a de-novo machine learning algorithm to define
metabolomics-subgroups; and 4) participants with HFpEF with or without corresponding
transcriptomics from the prior study 8.

Clinical Characteristics of Subject Groups

Baseline characteristics of control, HFpEF, and HFrEF are provided in Table 1. Compared
with the other two groups, HFpEF patients were older (median [25M-75t percentile]; 65
years [56-69 years], p=0.0002), more frequently female (71%, p=0.004 for overall Kruskal-
Wallis test), self-identified as African-American (53%, p=0.0006), and diabetic (74%,
p<0.0001), with higher body mass index (BMI, 39.8 kg/m? [30.5-43.4 kg/m?], p<0.0001).
The seven HFpEF patients excluded from the study due to undetectable metabolites (likely
inadequate tissue) had similar clinical features to those who were included (Table S1).

The eleven HFpEF patients that overlapped with the prior transcriptomics analysis® had no
significant differences in clinical characteristics compared with those who did not overlap
(Table S2)
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Agnostic clustering separates groups based on myocardial tissue but not plasma
metabolome

Figure 1A shows PCA based on all myocardial metabolites from the three patient groups,
revealing separable clusters (Figure 1A, ellipses are 1 SD of mean). The top contributors
to principal component 1 (PC1) separating control from HFrEF were primarily medium
and long-chain acylcarnitines (MLAC) and catabolites of FA oxidation (Figure S1A). Top
contributors to PC2 (separating HFpEF from control/HFrEF) were mostly amino acids,
including the branched-chain amino acids (BCAA) and their catabolites, and MLFA (Figure
S1B). By contrast, the plasma metabolome showed more overlap between groups (Figure
1B). Figure 1C displays hierarchical clustering heatmaps of the myocardial metabolites,
demonstrating separation of disease groups. Metabolites formed 3 clusters: 1) those
uniquely lower in HFpEF: branched-chain amino acid catabolites (C04-OH Butyryl, C04-
OH Isobutyryl), ketone body, tricarboxylic acid cycle (TCA) intermediates; 2) those lower
in both HFrEF and HFpEF: medium and long chain acylcarnitines, which were overall
lower in HFrEF than HFpEF; 3) Higher in HFpEF: amino acids and pyruvate. Myocardial
metabolites are compared between the disease groups in Table S3. Applied to the plasma
metabolome (Figure 1D), hierarchical clustering yielded less distinction between groups.
In contrast to the myocardium, the plasma metabolome (Table S4) showed the following
findings: 1) higher acylcarnitines in both HF groups vs. control, with HFrEF higher than
HFpEF; 3) higher ketones in HFrEF vs. control, but not HFpEF. In contrast to the heart,
TCA intermediates and BCAA catabolites were not lower in HFpEF plasma, and MLFA
were higher in HF plasma vs. control. There were some consistent findings between the
myocardium and plasma- namely the pattern of higher amino acids in both HF groups vs.
control and higher ketone body in HFrEF but not HFpEF.

Adjustment for differences in clinical characteristics does not alter disease group
comparisons

Differences in myocardial and plasma metabolite levels between the disease groups persisted
even after adjustment for age, BMI, diabetes (presence or absence), and self-identified
African American race (Tables S5-S10). Only self-identified African-American race was
associated with some of the long-chain acylcarnitines from myocardial tissue in HFpEF vs.
control data. None of the plasma metabolites were associated with any comorbidities, and
disease group associations generally remained significant.

Genes and metabolites of fatty acid oxidation are reduced in HFpEF compared with control

Figure 2 compares MLAC levels and regulating genes linked to FA uptake and catabolism
in the three groups. Somewhat surprisingly given higher BMI in HFpEF, MLAC were
similarly lower in both forms of HF compared with control in myocardial tissue (Figure
2A, Table S3), being somewhat lower in HFrEF than HFpEF. In plasma, however, MLAC
were generally higher in HFrEF over control or HFpEF (Figure 2B, Table S4). HFpEF
myocardium also lower reduced gene expression of proteins involved with FA uptake and
oxidation vs. control (list from KEGG Peroxisome proliferator-activated receptor [PPAR]
pathway; Figure 2C). Genes regulating FA uptake (CD36, FABP, CPT1A, PLINZ, LPL),
lipolysis and FA oxidation (ACSL 1, -3, -5), and master regulators of FA metabolism
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(PPARA, PPARG, PPARGCIA, LPL)were all lower in HFpEF over control. Fewer

genes were higher, most prominently the nuclear hormone receptor RXRG involved in
transcriptional regulation. HFrEF also exhibited lower FA metabolism genes compared with
control (Figure S2A), with several (e.g. PPARA, PPARGCIA, LPL) being significantly
lower in HFpEF vs. HFrEF, while FA binding and uptake genes were lower in HFrEF vs.
HFpEF (Figure S2B).

Glucose metabolism genes and tricarboxylic acid cycle intermediates are reduced in

HFpEF

Pyruvate was significantly higher in HFpEF myocardium compared with control or HFrEF
(p<0.0001 vs. either, Figure 3A, Table S3). This metabolomic analysis did not include
glycolysis or glucose oxidation intermediates. However, gene expression of multiple
proteins central to glucose metabolism were generally lower in HFpEF vs. control (Figure
3B), including GLUTI (SLCZ2A1) involved in glucose uptake. Mitochondrial pyruvate
carrier 1 (MPCI) was 1.24-fold higher in HFpEF over control (not shown, P-adj 6.2e75)
and MPCZ2 expression was not different. Protein levels were not determined. Compared with
control, TCA cycle intermediates succinate and fumarate were significantly less in HFpEF
(Figure 3A, Table S3; P-adj = 0.003, P-adj = 0.04, respectively), with malate borderline
lower (P-adj = 0.06). For HFrEF, citrate was higher (P-adj = 0.002) whereas fumarate and
malate trended lower (P-adj = 0.09 and P-adj = 0.13, respectively) vs. control.

Branched-chain amino acids (BCAA) are higher in HFpEF but metabolites are reduced

Myocardial levels of BCAA - leucine, valine, and isoleucine were higher in HFpEF vs. the
other two groups (Figure 4A, Table S3). BCAA were also directionally higher in HFrEF
compared with control, but only valine was statistically significant (isoleucine, P-adj =
0.11; leucine, P-adj = 0.28; valine, P-adj = 0.009). However, major BCAA catabolites

were reduced in both HF groups (Figure 4A), suggesting impaired catabolism. In plasma,
only valine was higher in HFpEF vs. control (P-adj = 0.005) and BCAA catabolites

were either higher or not different in both HF groups (Figure 4B, Table S4). Consistent
with higher BCAA but lower catabolites, gene expression of key enzymes responsible

for BCAA catabolism were also lower in HFpEF compared with control myocardium
(BCKDHB, DBT, SLC25A44, Figure 4C). The proximal catabolic enzyme for BCAA is
BCATZ, the mitochondrial isoform most abundantly expressed in myocardium, and this was
higher in HFpEF vs. control. Figure 4D summarizes these results and pathways, supporting
downstream inhibition of BCAA catabolism. Intriguingly, non-BCAA were also generally
higher in HFpEF myocardium vs. control (Figure S3A, Table S3), and higher in plasma
(Figure S3B, Table S4). This suggests either greater uptake of amino acids into the heart, or
more protein turnover in HFpEF myocardium and release into the bloodstream.

Beta-hydroxybutyric acid (ketone body) is increased in HFrEF but not HFpEF myocardium

Ketone body 3-hydroxybutyric acid (or beta-hydroxybutyric acid) was significantly higher
in HFrEF myocardium over the other two groups (P-adj <0.0005 for both; Figure S4A)

and in plasma (P-adj = 0.01 v control, P-adj = 0.002 v HFpEF, Figure S4B), whereas

HFpEF and control myocardial and plasma levels were similar. C4-OH beta-hydroxybutyryl,
a downstream metabolite of ketone bodies, was significantly lower in HFpEF vs. control
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and HFrEF (p<0.0001 for both comparisons), whereas HFrEF and control levels were not
significantly different.

Metabolomic-based HFpEF subgroups and clinical-metabolite correlations

The prespecified HFpEF subgroups focused on testing if obesity/DM vs. LV hypertrophy/
hypertension had distinctive metabolic features. Despite substantial disparities in clinical
characteristics (Table S11), none of the myocardial metabolites were significantly different
between these HFpEF groups, and PCA of the metabolome showed substantial overlap
between the subgroups (Figure S5, Table S12).

The process was then reversed, generating HFpEF subgroups based on the metabolome
using NMF. This yielded 3 groups, and Figure 5A shows their hierarchical clustering based
on levels of five metabolites (C03 propionyl, C04 Isobutyryl, C05 2-methylbutyryl, C05
Isovaleryl, and 3-methylhistidine) identified by the NMF algorithm as the least number of
metabolites required to distinguish between groups. Figure 5B shows PCA based on the
full myocardial metabolome, and groups 1 and 2 were most separated. Key clinical and
metabolic features of these two groups are summarized in Figure 5C with further details in
Table S13 and Table S14. Plasma metabolites showed no differences between the HFpEF
subgroups, while only 2 of the myocardial BCAA catabolites were significantly different
between the HFpEF subgroups (after adjustment for multiple comparisons).

Lastly, Pearson correlations were determined between the individual metabolites and
clinical characteristics of the HFpEF patients (Figure S6). Methylhistidines were positively
correlated with measures of pulmonary hypertension and serum natriuretic peptides in both
myocardial tissue and plasma. Tissue BCAA metabolites and MLAC negatively correlated
whereas plasma BCAA metabolites and MLAC positively correlated with the same two
clinical features. Unadjusted P values were used for the clinical characteristics / metabolite
correlations.

Discussion

This study reveals several important new findings regarding myocardial tissue and plasma
metabolomics in a mostly obese HFpEF cohort, comparing their features with those in
HFrEF and non-failing controls. First, myocardial metabolite differences between groups
were not generally predicted by corresponding plasma data, and heart vs. plasma results for
medium/long-chain acylcarnitines were broadly discrepant. This is important, as to date all
reported metabolomics from patients with obesity/DM +/— HFpEF has been from blood.
15,16, 29, 30 gecond, despite their marked obesity (median BMI 40 kg/m?), the HFpEF
patients had significantly lower myocardial MLAC levels than control, being similar to the
pattern found in HFrEF patients with a median BMI of 26 kg/m?2. This difference was not
observed in plasma where MLACs tended to be not different or higher in both HF groups
vs. control, with HFrEF higher than HFpEF. Third, metabolites uniquely separating HFpEF
from control and HFrEF were 1) amino acids, particularly BCAAs (higher in HFpEF) and
their catabolites (lower in HFpEF); 2) pyruvate (higher in HFpEF); and 3) 3-hydroxybutyric
acid (ketone body, not different in HFpEF vs. control, yet higher in HFrEF vs. control).
Gene expression correlates support lower FA and BCAA metabolism in HFpEF. Together
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these data show that the myocardial metabolome in HFpEF with obesity +/- DM is much
closer to HFrEF than might be expected and raise the hypothesis that the HFpEF heart has
substantial metabolic inflexibility.

FA utilization in the HFpEF heart

FA metabolism normally accounts for approximately 85% of ATP generation in the normal
heart, whereas this declines to 70% in the HFrEF heart. 12 The HFrEF heart compensates
by expanding utilization of amino acids, ketones, and lactate. 12 The data presented here are
consistent with prior studies in HFrEF myocardium that report lower FAs and acylcarnitines,
and higher fatty acids and acylcarnitines in HFrEF plasma vs. control. 22: 31 32 However,
obesity and insulin resistance are thought to shift metabolism to favor FA oxidation,
coupled to increased circulating free FA, transcriptional programs to augment fat uptake
and catabolism, and concomitant impaired insulin-dependent myocardial glucose uptakel4
33, Human studies3* 35 have used non-invasive measures of FA uptake in small numbers of
participants, and data from myocardial metabolomics in obese/DM humans remain lacking.
But if anything, the observations that patients with both HFpEF and obesity have lower
cardiac fatty acid oxidation than controls without obesity suggests there should be even
greater disparities if they were compared with controls with obesity.

In plasma, patients with both obesity/DM have higher long-chain acylcarnitines and

those with diabetes, increased short- and medium-chain acylcarnitines, both suggesting
incomplete FA oxidation. 29 Yet, despite these co-morbidities being prominent in most of the
participants with HFpEF, only two medium-chain acylcarnitines were significantly higher
in plasma. Some reports have found plasma MLAC to be higher in HFpEF vs. control,
15,16 although their patient cohorts were also less obese (BMI ~31) and diabetic (40%).
Importantly, our data shows these plasma levels do not reflect MLAC in the myocardium.
This disparity could be due to lower myocardial FA uptake, consistent with the lower
expression of FA-uptake genes. Plasma MLAC also rise with fasting, exercise, insulin
resistance, and obesity, and are secreted/taken-up by other organs including skeletal muscle
and liver impacting different tissue and circulating levels. 36

Given the plethora of FA in obese HFpEF, increasing FA oxidation and clearance from
abnormal stores in tissues such as heart, 37 liver, 38 and skeletal muscle, 32 may ultimately
prove therapeutically beneficial. By contrast, FAO inhibitors that have previously been tried
in HFrEF to bias towards glucose oxidation 4% may be less useful in HFpEF given the
present data and high probability of co-existing depressed glucose uptake and catabolism.
However, this cross-sectional study cannot measure flux and future studies dissecting fatty
acid uptake and oxidation in the HFpEF heart in vivo are needed to further clarify the
metabolic bottlenecks and thus metabolic therapy to pursue.

Glucose metabolism and TCA cycle intermediates

This study provided limited analysis of glucose metabolism, only measuring the key
glycolytic metabolite pyruvate that was higher in HFpEF, but not glycolytic intermediates.
However, gene expression for glucose metabolism proteins, including glucose uptake, were
often lower in HFpEF vs. control. MPC1 and MPCZ2 gene expression were not reduced.
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Protein levels of both are reportedly lower in late-stage human HFrEF, and gene deletion
models develop hypertrophic-HF phenotypes#1-43. Further work is needed to clarify protein
levels in HFpEF.

TCA intermediates were lower in HFpEF myocardium compared with control suggesting
anaplerosis was inadequate, however flux could not be measured in this cross-sectional
study. Similar intermediates have also been reported to be lower in HFfEF myocardium,22
and while some trended to be lower in HFrEF in this study, they were not statistically
significant. TCA intermediates are replenished by anaplerosis where other substrates are
metabolized to enter TCA cycle at multiple entry points. Such pathways include breakdown
of amino acids, lactate, and pyruvate. Many amino acids and pyruvate were higher in

this study, and this may be an indicator for inadequate TCA intermediate replacement.
Enzymatic activity of key proteins in the TCA cycle itself is another potential cause and
these are under investigation.

Branched-chain and non-branched-chain acid metabolism in HFpEF

Prior studies have reported higher circulating amino acids in HFpEF vs. control16

and several amino acid-derived metabolites correlate with echocardiographic markers of
diastolic dysfunction, including methylhistidine. 44 Methylhistidine is not metabolized, but
serves as a surrogate marker for myofibrillar protein turnover, 4° skeletal muscle loss, and
frailty, 46 and is found in dietary meat. 47 Methylhistidine was markedly higher in both
HFpEF plasma and myocardium, and its correlation to pulmonary hypertension and serum
NTproBNP, both reflecting higher cardiac load, may reflect myofibrillar turnover associated
with higher stress.

Among amino acids, BCAA were quantitatively the highest in HFpEF myocardium, though
their catabolites were lower compared with control. BCAA were also borderline higher

in HFrEF as previously reported?? but lower than in HFpEF. Increased BCAA levels yet
with lower catabolites are consistent with depressed gene expression of several key proteins
in the metabolic pathway. These genes are regulated by PPARa (a master regulator of

fatty acid metabolism) and their expression declines in models of hypertrophy and early-
stage heart failure. 48 In the heart, BCAASs are largely transaminated by mitochondrial
branched-chain amino acid aminotransferase BCATZ2into their respective branched-chain
keto-acids (BCKA)*®. BCAT2was higher in HFpEF vs. control and as protein levels

are primarily transcriptionally regulated 0 it is likely the branched-chain keto acids
(BCKA) are also increased though this remains to be confirmed. SLC25A44 transports
BCAAs from the cytosol into mitochondria, and this too was lower in HFpEF vs. control,
potentially contributing to depressed BCAA oxidation®L. The key rate limiting step in
BCKA catabolism is at BCKDH, which is inhibited by phosphorylation by BCKD kinase
and activated by dephosphorylation by PPM1K 52, BCKDH complex activity remains to be
determined in HFpEF myocardium, but it is suspected to be be reduced given less distal
catabolites. While these data support reduced BCAA oxidation in HFpEF hearts, direct
experimental confirmation is needed. It is worth noting, for example, that cardiac BCAA
oxidation appears to increase, rather than decrease, in murine HFrEF induced by myocardial
infarction®3. This may reflect differences in the HF conditions, as increased BCAAS unique
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to HFpEF were found in this study. Similar analyses in current obese/hypertensive/diabetic
experimental HFpEF models will be of interest.

BCAA are oxidized to fuel the TCA cycle through conversion to acetyl-CoA and propionyl-
CoA. They also affect signaling and accumulate in the circulation when tissue oxidation is
compromised. For example, leucine activates the mechanistic target of rapamycin (nTOR),
a prominent regulator of cellular growth and cardiac hypertrophy and insulin desensitization.
54,55 _eucine also stimulates insulin secretion in response to protein intake that may further
contribute to T2D. 56 Multiple studies in animals and humans find BCAAs contribute

to insulin resistance, mTOR being but one mechanism. 3759 Thus, inhibition of BCAA
oxidation and accumulation of BCAAs in HFpEF could both limit a fuel source for

the heart, and contribute to cardiac and other organ pathobiology by worsening insulin
resistance. Serum metabolomics in patients with diabetes and cardiovascular disease suggest
BCAA oxidation is enhanced by SGLT2 inhibitor therapy, 59 potentially contributing to their
benefit in HFpEF. 10 11 Of note, none of the patients in the current study were on SGLT2
inhibitors. Enhancing BCAA oxidation benefits animal models of heart disease 53 61. 62
suggesting this manipulation might have therapeutic value particularly in the subgroup of
HFpEF with higher BCAA and reduced catabolites. Mice with cardiac BCKDK deletion
(suppressing BCAA oxidation) with reduced EF from myocardial infarction still displayed
benefits in cardiac function from enhanced BCAA oxidation, suggesting indirect effects
perhaps related to reduced vascular tone®3. Whether this applies as well to human HFpEF or
if there are direct cardiac contributions from increased cardiac BCAA oxidation will need to
be experimentally tested.

Ketone body oxidation

In vivo studies have found ketone body uptake by the myocardium expands 2- to 3- fold
with HFrEF, 12 with its oxidation higher in HF both in mice 3 and in humans. 3! This

is considered protective for heart failure providing an important alternative fuel. 64-66
However, 3-hydroxybutyric acid was higher in HFrEF myocardium and plasma, yet in
neither for HFpEF. These data suggest this fuel source is less available in HFpEF. Increasing
ketones by diet is being explored for HFrEF where it appears to be beneficial, %6 but whether
it will be useful for HFpEF remains to be tested. Another approach maybe the SGLT2
inhibitors that increase circulating ketones 67 and now appear beneficial to human HFpEF,
10. 11 though precise mechanisms remain unknown.

Homogeneity of myocardial metabolic profiles despite HFpEF clinical heterogeneity

While the clinical pre-specified HFpEF subgroups had prominent differences in clinical
features, there were no differences among their metabolomes. As the cohort overall was very
obese, lack of sufficient variance in this key parameter may have masked differences, though
there were very few significant correlations between BMI and individual metabolites. The
metabolome groupings in HFpEF by NMF highlight BCAA metabolism as a biomarker for
two groups, but overall, there were very few differences in metabolites between the HFpEF
subgroups. Importantly, groups could not be separated based on the plasma metabolome,
suggesting striking homogeneity from a metabolome standpoint across this HFpEF cohort,
despite clinical heterogeneity.
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Study Limitations

This study has several limitations. Metabolomics analysis was performed on tissue and
plasma at one time point, and this snapshot does not characterize flux in the various
pathways or causality. Although the HFpEF patients had a high symptom burden, they were
not likely as end-stage as those with HFrEF undergoing transplantation. Myocardial samples
were studied from the right not left ventricular septum. Control tissue came from organ
donors with brain death determination, which while not likely reflecting a truly normal
condition, were still harvested under highly controlled settings and processed just as the
HFrEF tissues. The patient groups were not matched based on age, sex, race, obesity,

and clinical co-morbidities, as many of these co-morbidities are limitations to cardiac
transplantation or donor organ suitability. Importantly, metabolite differences persisted even
after adjustment for the key differentiating clinical features of each group. Lastly, while
metabolomes were correlated to transcriptomic data, this may not match changes in protein
expression or activity. Ongoing studies are attempting to fill in more of these knowledge

gaps.

In conclusion, obese HFpEF displays impairment in multiple metabolic substrates, including
fatty acids, amino acids, ketones, and most likely glucose. The notion that the heart of

obese individuals will take up circulating FA to use for oxidation to offset depressed glucose
uptake does not seem to apply to obese HFpEF. Fuel alternatives observed with HFrEF that
also provide metabolic intermediates by anaplerosis also seem lacking in HFpEF. Together,
obese HFpEF would appear to combine metabolic defects from both HF and obesity/DM
creating a syndrome with substantial fuel inflexibility. This may well be a factor in why it
has been hard to treat, but it points to important features worth future study and ultimately
targeting by therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction
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DM
SGLT2
FA
MLFA
BCAA
BCKA
TCA
LVEF
PAWP

HFpEF-Ht/Hp

HFpEF-Met
NT-proBNP
RV

PCA

NMF

BMI

KEGG
CD36

FABP
CPT1A
PLIN2

LPL

ACSL1, -3,-5
PPARA
PPARG

PPARGCI1A

RXRG

GLUT1

diabetes mellitus

sodium glucose co-transporter 2
fatty acids

medium and long-chain fatty acids
branched-chain amino acids
branched-chain keto-acids
tricarboxylic acid cycle

left ventricular ejection fraction

pulmonary artery wedge pressure
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HFpEF with predominantly hypertension and ventricular

hypertrophy

HFpEF with predominantly metabolic disease and obesity

N-terminal pro—B-type natriuretic peptide

right ventricular

principal component analysis

Non-negative matrix factorization

Body mass index

Kyoto Encyclopedia of Genes and Genomes
cluster of differentiation 36

fatty acid binding protein

Carnitine palmitoyltransferase la

Perilipin 2

lipoprotein lipase

Long-chain-fatty-acid—CoA ligase 1, 3, and 5
Peroxisome proliferator-activated receptor alpha
Peroxisome proliferator-activated receptor gamma

Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha

Retinoid X receptor gamma

Glucose transporter 1
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Clinical Perspective
What is new?

. While obesity/diabetes is thought to increase myocardial fatty acid uptake/
utilization, HFpEF demonstrates evidence of lower fatty acid oxidation
similar to that in HFrEF.

. Use of alternative fuels, including glucose, ketones, and branched-chain
amino acids, and tricarboxylic acid cycle intermediates also appears to be
compromised in HFpEF myocardium, suggesting insufficient anaplerosis.

. Despite variability in obesity and other co-morbidities in HFpEF, metabolic
profiled are generally conserved among subgroups.

What are the clinical implications?

. The human HFpEF heart exhibits metabolomics consistent with substantial
fuel inflexibility, supporting therapeutic efforts to enhance fat and anaplerotic
pathways.

. Differential BCAA catabolism is one of the few features of HFpEF
myocardium that distinguishes between subgroups within the syndrome, and
its enhancement may prove therapeutically useful in the appropriate subgroup.
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Figure 1. Myocardial metabolomic signatures in HFpEF, HFrEF and control.
A) Principal component analysis of myocardial metabolomics shows fairly distinct clusters

for each subject disease group. B) Principal component analysis of plasma metabolomics
shows substantial overlap between disease groups. C) Hierarchical clustering of participants
(columns) using the myocardial metabolome demonstrates similar separation of the disease
groups. There were 3 main clusters of metabolites (rows): cluster 1 was lower in HFpEF
uniquely, cluster 2 lowest in HFrEF and intermediate in HFpEF, cluster 3 was highest in
HFpEF. D) Hierarchical clustering of participants using the plasma metabolome yielded 3
clusters with substantial overlap between disease groups. PC: principal component; 3-HBA:
3-hydroxybutyric acid, a-KG: alpha-ketoglutarate, HFpEF: heart failure with preserved
ejection fraction; HFrEF: heart failure with reduced ejection fraction.
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Myocardial Gene Expression
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Figure 2. Medium and long-chain acylcarnitines (MLAC) and fatty acid metabolism gene

expression.

A) MLAC in HFpEF, HFrEF, and control in myocardial tissue are displayed in a polar
(flower) plot. The mean (dark line) and + standard error (shaded region) Z-scores for each
metabolite are shown by their distance from the polor plot origin. Statistical differences
between each set of group comparisons are denoted by colored circles surrounding the

plot, as defined in the figure. B) Same comparison based on plasma MLAC. For both,

a Kruskal-Wallis test with post-hoc Dunn’s test for multiple comparisons was used, and
adjusted p values (Benjamini-Hochberg) annotated by colored dots corresponding to each
comparison. C) Genes related to fatty acid uptake and metabolism are lower in myocardium
from HFpEF vs. control. HFpEF: heart failure with preserved ejection fraction; HFrEF: heart

failure with reduced ejection fraction.
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Figure 3. Tricarboxylic acid cycle intermediates and genes related to glucose metabolism.
A) Several metabolites (succinate, fumarate, malate) in the tricarboxylic acid cycle are lower

in myocardium from HFpEF vs. control. Pyruvate is higher in HFpEF vs. control. Raw data
were scaled for visualization purposes. Analyzed using Kruskal-Wallis test with post-hoc
Dunn’s test for multiple comparisons, adjusted p-values (Benjamini-Hochberg) provided.
B) Myocardial gene expression of genes related to glucose metabolism and its regulation/
uptake in HFpEF vs. control. Gene expression adjusted p value determined as described in
methods. HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with

reduced ejection fraction; alpha-KG: alpha-ketoglutarate.
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Figure 4. Branched-chain amino acid (BCAA) metabolites and amino acids are altered in
HFpEF.

A) Polar - flower plot of myocardial BCAA and their downstream catabolites in all

three groups. Data displayed as described for Figure 2A. BCAA were higher in HFpEF,
but several corresponding mitochondrial carnitine catabolites were lower. BCKA were

not measured. C05:1 includes an unresolved mixture of tiglyl and 3-methylcrontonyl.

B) Similar display of these metabolites in plasma shows fewer significant differences

and less asymmetry between BCAA and catabolites in HFpEF. P values calculated by
Kruskal-Wallis test with post-hoc Dunn’s test for multiple comparisons and adjustment for
multiple comparisons (Benjamini-Hochberg), and annotated by colored dots for respective
comparisons. C) Box-plot for gene expression of key proteins in the BCAA metabolic
pathway. Adjusted P-values from Benjamini-Hochberg multiple comparisons tests are shown
for each. D) Summary diagram of differences in metabolites and gene expression of
regulating proteins in the BCAA metabolic pathway comparing HFpEF to control. HFpEF:
heart failure with preserved ejection fraction; HFrEF: heart failure with reduced ejection
fraction. Other abbreviations in text.
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Figure 5. HFpEF subgroups identified by non-negative matrix factorization (NMF) finds
substantial overlap in metabolome.

A) Patient-patient correlation plot shows classification into three groups based on 5
metabolites selected by the NMF algorithm (see text and panel C for details). B) Principal
component analysis using all myocardial metabolites shows significant overlap between
HFpEF NMF subgroups, with Groups 1 and 2 being the most different. C) NMF-metabolite,
clinical, and tissue metabolomics differences for NMF-derived Groups 1 and 2.
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Table 1.
Clinical characteristics of study participants.
Control HFpEF HFrEF Overall Control- Control- HFpEF-
(N=20) (N=38) (N=30) value | HFPEF HFrEF HFrEF
p P value P value P value
Sex 0.0043 0.0272 0.7654 0.0031
Female, n (%) 8 (40%) 27 (71.1%) 10 (33.3%)
Male, n (%) 12 (60.0%) 11 (28.9%) 20 (66.7%)
Self-identified Race/
Ethnicity 0.0006 0.0003 0.0613 0.039
African-American, n (%) 1 (5.0%) 20 (52.6%) 8 (26.7%)
Caucasian, n (%) 18 (90.0%) 17 (44.7%) 21 (70.0%)
Hispanic, n (%) 1 (5.0%) 0 (0.0%) 0 (0.0%)
Other, n (%) 0 (0.0%) 1 (2.6%) 1(3.3%)
58.5(53. 8, 64.5(56.2,
Age, years 63.0) 68.8) 50(45.2, 61.8) 0.0002 0.0692 0.0882 <0.0001
HF Hospitalization prior
12mos, n (%) NA 22 (59.5%) NA NA NA NA NA
Medications
ACEi/ARB, n (%) 5 (25.0%) 22 (57.9%) 20 (66.7%) 0.0114 0.0263 0.0086 0.6158
Beta Blocker, n (%) 5 (25.0%) 21 (55.3%) 28 (93.3%) <0.0001 0.0505 <0.0001 0.0008
Loop Diuretic, n (%) 0 (0.0%) 32 (84.2%) 30 (100.0%) <0.0001 | <0.0001 <0.0001 0.0306
Past Medical History
Hypertension, n (%) 9 (45.0%) 35 (92.1%) 30 (100.0%) <0.0001 0.0001 <0.0001 0.2493
Diabetes, n (%) 2 (10.0%) 28 (73.7%) 9 (30.0%) <0.0001 | <0.0001 0.163 0.0005
(%go“’”ary artery disease, n 1 (5.0%) 2 (5.3%) 5 (16.7%) 0.2511 1 0.3811 0.2272
i ({,jot)r ial fibrillation or flutter, | 5 (15 gop) 10 (26.3%) 19 (63.3%) 00002 | 0.1865 0.0003 0.0031
Clinical Features
25.8(21. 7, 39.8(30.5,
2
BMI, kg/m 313) 13.4) 26.1(23.3,28.9) | <0.0001 | <0.0001 0.7976 <0.0001
SBP, mmHg NA 1415 (1278, NA NA NA NA NA
165.0)
DBP, mmHg NA 72 (67.2, 81.0) NA NA NA NA NA
Echocardiography
LVEF, % 6%(;8')0‘ 65(60.0,70.0) | 17.8(10.8,20.0) | <0.0001 [ 05202 <00001 | <0.0001
LVEDD, cm 4(3.9, 4.5) 4.3(3.9,4.7) 6.8(6.1,7.3) <0.0001 0.5759 <0.0001 <0.0001
. 118(97.6, 91.2(67.9, 145.6(131.3,
2
LV mass index, g/m 137.8) 1135) 157.8) <0.0001 0.0103 0.0065 <0.0001
Laboratory data
NTproBNP, pg/mL NA 166;‘4%43)'2’ NA NA NA NA NA
Hemoglobin A1C, % NA 6.7 (5.9, 8.0) NA NA NA NA NA
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S| W | W | omw| Wher | e | e
P value P value P value
Creatinine, mg/dL 0.8(0.7,12) | 1.3(1.0,18) 11(1.0,1.3) 0.0062 0.0016 0.0186 0.4199
eGFR, mL/min/L.73m? 9%285? 54'755(%3)'0’ 69.5(56.0,81.8) | 00035 | 0.0013 0.1929 0.0326
HFrEF etiology
Familial, (%) NA NA 6 (20.0%) NA NA NA NA
Ischemic, (n%) NA NA 6 (20.0%) NA NA NA NA
LV non-compaction, (n%) NA NA 2 (6.7%) NA NA NA NA
NICM, (n%) NA NA 15 (50.0%) NA NA NA NA
Sarcoidosis, (n%) NA NA 1(3.3%) NA NA NA NA
Invasive Hemodynamics
RA, mmHg NA 10(7.0, 13.8) 7(5.2,10.5) NA NA NA 0.064
PASP, mmHg NA 42(31.2,515) | 47.5(40.2, 55.8) NA NA NA 0.1239
PADP, mmHg NA 21'255(_18?0’ 18(15.2, 25.8) NA NA NA 0.6784
PAmean, mmHg NA 30(21.0,34.0) | 29.3(23.1, 34.0) NA NA NA 0.9704
PAWP, mmHg NA 20(13.2,23.0) | 20(16.2,23.8) NA NA NA 0.5686
CO, Limin NA 5.6(4.6, 6.5) 41(3.2,4.8) NA NA NA <0.0001
Cl, L/min/m? NA 2.5(2.3,2.7) 2(1.8,2.3) NA NA NA 0.0007
PVR, wu NA 1.4(1.1,2.2) 1.9(1.3,3.2) NA NA NA 0.145
mn:ﬁgs'p”'monary gradient, NA 8(6.2, 11.0) 8.7(5.8, 11.2) NA NA NA 0.8673
RA/PAWP NA 0.5(0.4, 0.6) 0.4(0.3, 0.6) NA NA NA 0.0249
PAPI NA 2.1(1.4, 2.9) 3.8(2.8, 6.0) NA NA NA 0.0011

Data presented as n (%) or median (25th-75th percentile). Fisher’s exact test used for categorical variables. Kruskal-Wallis test used for continuous
variables with 3 groups, with Dunn’s test for pairwise comparisons. Mann-Whitney test used for continuous variables with 2 groups. HFpEF,

heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; ACEi, angiotensin converting enzyme inhibitor;
ARB, angiotensin Il receptor blocker; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular
ejection fraction; LVEDD, left ventricular end diastolic diameter; LV, left ventricle; NTproBNP, N-terminal pro-B type natriuretic peptide; eGFR,
estimated glomerular filtration rate; NICM, non-ischemic cardiomyopathy; RA, right atrial pressure; PASP, pulmonary artery systolic pressure;
PADP, pulmonary artery diastolic pressure; PAmean, mean pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; CO, cardiac
output; Cl, cardiac index; PVR, pulmonary vascular resistance; wu, Wood units; PAPI, pulmonary artery pulsatility index; N/A, data not available
for Control or HFrEF.
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