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Abstract

Background: Sodium-glucose co-transporter-2 inhibitors (SGLT2i) are foundational therapy in
patients with heart failure with reduced ejection fraction (HFrEF), yet underlying mechanisms of
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benefit are not well defined. We sought to investigate the relationships between SGLT2i treatment,
changes in metabolic pathways, and outcomes using targeted metabolomics.

Methods: Dapagliflozin Effects on Biomarkers, Symptoms and Functional Status in Patients with
HF with Reduced Ejection Fraction (DEFINE-HF) was a placebo-controlled trial of dapagliflozin
in HFrEF. We performed targeted mass spectrometry-based profiling of 63 metabolites (45
acylcarnitines [markers of fatty acid oxidation], 15 amino acids, and 3 conventional metabolites)
in plasma samples at randomization and 12 weeks. Using mixed models, we identified principal
components analysis (PCA)-defined metabolite clusters that changed differentially with treatment,
and also examined the relationship between change in metabolite clusters with change in Kansas
City Cardiomyopathy Questionnaire (KCCQ) Scores and N-terminal pro-B-type natriuretic
peptide (NT-proBNP). Models were adjusted for relevant clinical covariates, and nominal p<0.05
with FDR-adjusted p-value<0.10 were used to determine statistical significance.

Results: Among the 234 DEFINE-HF participants with targeted metabolomic data, the mean
age was 62.0+11.1 years, 25% were women, 38% were Black, and mean ejection fraction

was 27+8%. Dapagliflozin increased ketone-related and short/medium-chain acylcarnitine PCA
metabolite clusters compared with placebo (nominal p=0.01, FDR-adjusted p-value=0.08 for both
clusters). However, ketosis (3-hydroxybutyrate levels > 500 uM), was infrequently achieved (3
[2.5%] in dapagliflozin arm vs. 1 [0.9%] in placebo arm), and supraphysiologic levels were not
observed. Conversely, increases in long-chain acylcarnitine, long-chain dicarboxylacylcarnitine,
and aromatic amino acid metabolite clusters were associated with decreases in KCCQ scores (i.e.
worse quality of life) and increases in NT-proBNP levels, without interaction by treatment group.

Conclusions: In this study of targeted metabolomics in a placebo-controlled trial of SGLT2i
in HFrEF, we observed effects of dapagliflozin on key metabolic pathways, supporting a role
for altered ketone and fatty acid biology with SGLT2i in patients with HFrEF. Reassuringly,
only physiologic levels of ketosis were observed. Additionally, we identified several metabolic
biomarkers associated with adverse HFrEF outcomes.
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INTRODUCTION

Robust evidence has established sodium-glucose co-transporter-2 inhibition (SGLT2i) as
foundational therapy in heart failure with reduced ejection fraction (HFrEF).1-3 Despite
extensive studies to date, the underlying mechanisms of benefit remain incompletely
understood.#-® Reductions in plasma volume, interstitial fluid, inflammation, body weight,
endothelial dysfunction, glycemia, blood pressure, oxidative stress, fibrosis, anemia,
intraglomerular hypertension, and sympathetic nervous system activity (among other
mechanisms) have all been posited to contribute to the beneficial treatment effects.®
However, with metabolic inflexibility and increasing reliance on alternative fuels observed
in HF,” several studies have also highlighted the relevance of alterations in systemic and
myocardial metabolism induced by SGLT2i. In preclinical and clinical models of diabetes
(with limited pre-clinical data in HF), SGLT2 inhibition has been associated with a shift
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away from glucose metabolism toward fatty acid and ketone body fuel utilization,8-12
though these changes in fuel selection have not been uniformly observed.13: 14 The limited
understanding of SGLT2i-mediated metabolic effects relates, in part, to the lack of studies in
clinical HFrEF with relevant health-related outcomes that also account for placebo effects.

Metabolomic profiling can provide insight into the relationship between SGLT2i treatment,
changes in metabolic pathways, disease pathobiology, and outcomes in HFrEF.1°
Specifically, understanding the metabolic signature of SGLT2i allows inference into
metabolic mechanisms linking treatment to cardiovascular benefit. While a previous
metabolomics approach among patients with diabetes in a single-arm SGLT2i study
yielded some important insights,16 such a study in clinical HFrEF with a placebo

control and relevant endpoints has not been performed. In the Dapagliflozin Effects on
Biomarkers, Symptoms and Functional Status in Patients with HF with Reduced Ejection
Fraction (DEFINE-HF) trial, dapagliflozin improved the proportion of patients experiencing
clinically meaningful improvements in HF-related health status and N-terminal pro-b-type
natriuretic peptide (NT-proBNP).3 We performed a targeted metabolomics evaluation in
DEFINE-HF to understand 1) metabolite changes associated with dapagliflozin treatment
versus placebo; and 2) whether baseline metabolite levels and change in metabolites are
associated with change in HF-related health status and NT-proBNP.

METHODS

The data that support the findings of this study may be made available upon reasonable
request with the proper ethical oversight and approval from the DEFINE-HF steering
committee and the study sponsor.

Study design

Briefly, DEFINE-HF was an investigator-initiated, randomized, double-blind, placebo-
controlled, multi-center trial that enrolled patients with HFrEF, defined as an established
diagnosis of HF for at least 16 weeks, left ventricular ejection fraction <40%, New York
Heart Association class I1-111 symptoms, elevated natriuretic peptides (NT-proBNP =400
pg/mL, or BNP =100 pg/ml for patients in sinus rhythm, with higher thresholds for those
in atrial fibrillation), and estimated glomerular filtration rate (eGFR) =30 mL/min/1.73m2.3
Patients were randomized to treatment with dapagliflozin 10 mg daily or matching placebo
in addition to guideline-directed standard of care therapy for 12 weeks. The trial was
conducted across 26 sites in the United States. The primary objectives of the trial were

to evaluate the effects of dapagliflozin on HF disease-specific biomarkers (NT-proBNP)
and health status (symptoms, function, and quality of life), as assessed by the Kansas City
Cardiomyopathy Questionnaire (KCCQ). Institutional review boards approved the DEFINE-
HF study for all sites, and all patients provided informed consent. The metabolomics
substudy was approved by the Institutional Review Boards at Saint Luke’s Mid America
Heart Institute and Duke University. For the present analyses, we included all participants
with available baseline and follow-up blood samples, preferentially selecting the 12-week
visit samples. Of the original cohort of 263 participants, 234 (89%) met the inclusion
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criteria; 222 participants provided 12-week visit samples, while 12 participants provided
6-week visit samples.

Metabolomic profiling

Quantitative metabolomic profiling of 63 total metabolites (15 amino acids, 45
acylcarnitines, and three conventional metabolites) was performed using methods previously
described (Table S1).17-20 Frozen plasma samples were thawed and protein precipitated with
methanol. Following precipitation, the supernatants were dried and esterified with hot acidic
methanol (acylcarnitines) or n-butanol (amino acids). Metabolite assays were performed
using tandem flow injection mass spectrometry (MS) with a Xevo TQD instrument (Waters
Corporation, Milford, MA). Metabolite quantification was achieved by the addition of
stable isotope labeled internal standards. Three conventional metabolites (nonesterified fatty
acids, total ketone bodies, and R-hydroxybutyrate) were quantified on a Beckman-Coulter
DxC600 clinical chemistry analyzer using previously described methods.2? The reagents
used were obtained from Wako (Richmond, VA). Coefficients of variation for assays have
been previously reported.20

We replaced metabolites reported as undetectable with half of the minimum observed for

a given metabolite. No metabolite was reported as undetectable in >25% of samples (a
criterion we have previously used for inclusion),1® and therefore all 63 metabolites were
include in subsequent analyses. Forty-eight (48) metabolites were above the limits of
detection in all samples; percentages of samples below the lower limits for detection for the
remaining 15 metabolites is shown in Table S2. To assess for quality control, distributions
of each metabolite were first examined for concordance with expected distributions based
on previous assays, potential drift over time during assay, and unusual outliers (with no
concerns identified).

Statistical analysis

Baseline characteristics of the study cohort, stratified by treatment arm, were described
using meanszstandard deviation, medians and interquartile ranges, or percentages as
appropriate. We employed Welch’s two sample t-test or the Wilcoxon rank sum test for
continuous variables, and chi-squared tests or Fisher’s exact test for categorical variables.

For the targeted metabolomics analysis, we first performed dimensionality reduction

on all available metabolomics data from the baseline visit using principal components
analysis (PCA) with varimax rotation.29 Briefly, PCA is an unsupervised technique that
algorithmically creates a set of orthogonal factors that explain the variance observed in
metabolite levels in the dataset. These factors are weighted linear combinations of levels of
correlated metabolites; we retained all factors for analysis that had an eigenvalue > 1 (Kaiser
criterion). After performing PCA on the baseline data, we projected the resulting factor
weights onto scaled data from both baseline and later timepoints. We considered metabolites
with absolute value of factor load > 0.4 to be of primary importance, and these were used to
describe each factor (Table S3), as we have done previously.17- 18 21 Because each factor is
composed of different weightings from each metabolite (Table S3), it is possible that several
factors could be described by the same biological pathway.?!: 22
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To identify factor levels that changed differentially between dapagliflozin and placebo,

we fit a linear regression model of change in factor between baseline and subsequent
timepoint (either 6 or 12 weeks) regressed on 1) randomized treatment group and baseline
factor level, and 2) additionally adjusted for age, race/ethnicity, sex, eGFR, and type 2
diabetes mellitus. Among the factors associated with treatment in adjusted analyses, we
further assessed for longitudinal differences (baseline and 12-week levels) in metabolite
levels loaded on the factor by performing paired t-test for analyses stratified by treatment
received and a two-sample t-test when assessing differences between treatment arms. To
assess predictors of ketone body levels, we performed multivariate linear regression of
change in beta-hydroxybutyrate (outcome) on candidate predictor variables from Table 1
with biologic plausibility, adjusted for baseline beta-hydroxybutyrate levels and treatment
arm. To select variables that have the greatest clinical relevance for predicting change

in ketone bodies, predictor variables were chosen using Least Absolute Shrinkage and
Selection Operator (LASSO) selection techniques. If the candidate covariates had a value of
variance inflation factor > 8 (indicating strong correlation between a given predictor variable
and other predictor variables), we removed one of the highly correlated predictors.

Next, we assessed the relationship between baseline factor levels and change in endpoints
(log-transformed NT-proBNP, KCCQ-0SS, and KCCQ-CSS) using multivariable linear
regression adjusted for age, race/ethnicity, sex, eGFR, type 2 diabetes mellitus, and

the corresponding baseline values of the respective endpoint. Finally, to understand the
relationship between change in factors and change in endpoints, we performed linear
regression adjusting for baseline factor, baseline endpoint, and the same covariates above.

In these models, we assessed for interactions by treatment*change in factor. A heatmap
cluster correlation matrix was also constructed to depict the correlations between changes in
individual metabolites and changes in endpoints.

For each of these metabolomic analyses, we tested all retained PCA factors for significance
in the described models, considering factors with nominal p<0.05 and false discovery rate
(FDR) adjusted p<0.10 to determine statistical significance, as employed previously.16 We
then identified the heavily loaded individual metabolites in each significant factor and tested
these using analogous models, using a 2-tailed a of 0.05 to determine statistical significance
in these descriptive analyses. Analyses were performed using R Studio v4.1.2.

Baseline characteristics

Baseline characteristics of the patients in the original DEFINE-HF study population
(N=263), DEFINE-HF biomarker subset study (N=234), and those excluded due to lack

of available sample (N=29) are displayed in Tables S4 and S5. Those excluded from the
present analyses were younger, had been hospitalized with HF more recently, less likely

to be taking hydralazine, and had greater proportion of New York Heart Association class
111 symptoms (p<0.05 for all comparisons). Among the 234 participants included in the
present study (Table 1), 121 were randomized to dapagliflozin and 113 to placebo. The
average age was 62+11 years, 25% were women, and 38% were Black. The average EF was
significantly reduced (27+8%), while the average heart rate (72+12 beats per minute) and
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systolic blood pressure (12420 mmHg) fell within normal limits. The median [25%-75t
percentile] NT-proBNP level was elevated (1,132 [616, 2,193] pg/mL). The average eGFR
was mildly diminished (68+21 ml/min/m2), and hemoglobin Alc was elevated (7.1+1.8%).
Baseline characteristics were balanced between randomized groups. In general, baseline
fasting levels of the 63 measured metabolites were similar between study arms (Table S6).

Effect of dapagliflozin compared with placebo on targeted metabolites

Association

PCA resulted in 13 factors reflecting clustering of metabolites in shared biologic pathways
(Table S3). For example, PCA factor 1 was heavily loaded with medium-chain carbon
length acylcarnitines reflecting mitochondrial fatty acid B-oxidation. The treatment effect of
dapagliflozin compared with placebo on PCA metabolite factors is shown in Table 2. After
adjusting for age, race/ethnicity, sex, eGFR, type 2 diabetes mellitus, and baseline PCA
factor level, two factors, the ketone-related metabolites and short-chain acylcarnitines (factor
6) and the medium-chain acylcarnitines (factor 7), changed differentially with dapagliflozin
versus placebo during follow-up (nominal p-value=0.01, FDR-adjusted p-value=0.08 for
both). These treatment effects did not differ by background use of mineralocorticoid
antagonists or angiotensin-receptor/neprilysin inhibitors (Table S7). Dapagliflozin did not
differentially alter the levels of PCA metabolite factors characterized by long-chain
acylcarnitines (LCAC) or branched chain amino acids.

We then focused on these two PCA metabolite factors (6 and 7) and assessed individual
metabolites within each factor to identify which changed most with dapagliflozin versus
placebo and to assess directionality using absolute concentrations (Figures 1 and 2; Tables
S8 and S9). In the dapagliflozin group, several individual metabolites within factors 6 and

7 including C2, ketone related metabolites (C4-OH, B-hydroxybutyrate, total ketone bodies),
and medium chain acylcarnitines (C8:1, C10:3, C10:2, and C8:1-DC) increased over 12
weeks, whereas they were unchanged in the placebo arm (Table S8). When comparing
changes in these metabolites at 12 weeks between study arms, there were significant
differences in ketone-related metabolites levels (C4-OH, B-hydroxybutyrate, total ketone
bodies) and some medium chain acylcarnitines (C10:2 and C8:1-DC) (Table S9).

While ketone body levels increased with SGLT2i, ketosis (3-hydroxybutyrate levels > 500
UM), was infrequently achieved (3 [2.5%] in dapagliflozin arm vs. 1 [0.9%] in placebo
arm), and the maximum level achieved in each group was 1009 uM (dapagliflozin) and
645 UM (placebo). Clinical predictor variables associated with the change in ketone body
levels are shown in Table S10. LASSO selection resulted in treatment arm, baseline
beta-hydroxybutyrate, and lipid lowering agents as predictors of level of change in beta-
hydroxybutyrate levels.

of metabolite clusters with natriuretic peptide levels and quality of life

The relationships between baseline metabolite clusters with change in NT-proBNP, KCCQ
clinical summary score (CSS), and KCCQ overall summary score (OSS) are displayed in
Table S11. No PCA metabolite factors at baseline were associated with change in these
endpoints. However, changes in metabolite clusters were associated with changes in several
endpoints (Table 3 and Figure S1). Specifically, changes in LCAC/dicarboxylated LCAC
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(factors 3 and 4) were positively associated with change in NT-proBNP, while changes in
proline and histidine (factor 10) were negatively associated with changes in NT-proBNP
(Table S12). Further, changes in aromatic amino acids, LCAC, and dicarboxylated LCAC
were negatively associated with change in KCCQ scores (factors 2-4) (Tables S13 and
S14). There were no significant interactions by treatment group of the association between
changes in metabolite clusters with these outcomes (FDR corrected p-value>0.3 for all
comparisons).

DISCUSSION

The mechanisms underlying the striking clinical benefits of SGLT2i in HFrEF remain
incompletely understood. Given that these agents inhibit renal tubular glucose reabsorption
and thereby generate caloric loss, substantial interest remains in understanding changes in
metabolic pathways that may underpin the treatment effect. Herein, we leveraged targeted
metabolomic assays to delineate circulating profiles of numerous metabolites and shed
insight into energy homeostasis and metabolism.23

In this study of targeted metabolomics in DEFINE-HF, we observed several findings

that identify metabolic pathways altered with SGLT2i. First, dapagliflozin increased
short/medium chain acylcarnitines and ketone-related metabolites compared with placebo,
supporting a growing appreciation of altered ketone and fatty acid biology with SGLT2i
in HFrEF. Specifically, the increases in ketone body levels were very modest, and

only a few participants actually achieved ketosis (8-hydroxybutyrate levels > 500 pM).
Further, only physiological levels of ketosis were observed, and the maximum reported
B-hydroxybutyrate level in the dapagliflozin arm (1009 uM) fell well within the range of
levels that, for comparison, are observed with the ketogenic diet.24 In addition, increases
in long-chain acylcarnitines, long-chain dicarboxylacylcarnitines, and aromatic amino
acids were independently associated with worse quality of life and higher NT-proBNP,
irrespective of treatment arm. Collectively, these findings support the effects of SGLT2i
on mitochondrial function, highlight potential mechanisms of SGLT2i benefit through
metabolic reprogramming, and identify biomarkers associated with adverse clinical features
in HFrEF.

Dapagliflozin increased ketone-related metabolites and several short/medium chain
acylcarnitines compared with placebo. There has been substantial interest in the role of
ketosis in potentially mediating SGLT2i benefit in HFrEF, as speculated in the “thrifty
substrate hypothesis”.>-7 9. 12, 25-27 This hypothesis describes how augmentation of ketone
body oxidation with SGLT2i may improve oxygen use and mechanical efficiency within
mitochondria, and further that these changes cooperate synergistically with SGLT2i-induced
hemoconcentration to improve oxygen delivery to tissue beds.? Ketone body oxidation is
increased three-fold in the failing heart, contributing to 16% of adenosine triphosphate
production, and this metabolic switch has been proven adaptative.28-30 Indeed, exogenous
ketone bodies augment cardiac function across the spectrum of cardiovascular health.31: 32
Yet, only one placebo-controlled study has investigated the effects of SGLT2i on circulating
ketone body levels in HFrEF, which did not detect a significant effect when adjusting for
changes observed with placebo, which was likely related to that study’s limited power given
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that the magnitude of effect was similar to what was observed in DEFINE-HF.33 SGLT2i
increase ketone body levels through several pathways, including stimulation of lipolysis,
increase in ketone body generation by the liver or perhaps extra-hepatic organs (both of
which may, at least in part, be triggered by alterations in the circulating glucagon:insulin
ratio), and decreases in urinary ketone body clearance.28: 34 While we observed statistically
significant increases in circulating ketone body levels (including C4-OH, a marker of
ketone, though also fatty acid, oxidation),3° the absolute increases were modest (50 uM

for B-hydroxybutyrate), particularly when compared with the responses observed in previous
studies of individuals with diabetes.2® Further, very few patients in the dapagliflozin arm
(2.5%) achieved ketosis, which is of clinical relevance, and consistent with the observation
that SGLT2i in HFrEF have, thus far, not been associated with euglycemic diabetic
ketoacidosis in clinical trials.36 Regardless, ketone body cardiac oxidation is unregulated
and proportional to serum concentrations, suggesting that even small increases may augment
cardiac oxidation.28: 37 Additionally, the relevance of SGLT2i-induced ketosis to clinical
benefit may not be completely captured by circulating levels, as SGLT2i also upregulate
enzymatic machinery fundamental to ketone body oxidation.8 Ketone bodies also have
pleiotropic effects that include histone deacetylation (attenuating inflammation and oxidative
stress), augmenting endothelial function, and upregulating mitochondrial biogenesis,”: 2° and
it remains unclear whether these effects are dose-dependent.

Likewise, the increases observed in short/medium chain acylcarnitines is also of interest.
Acylcarnitines are byproducts of fatty acid oxidation. SGLT2i reduce glucose utilization
and oxidation,8: 26 and some studies demonstrate a shift in fuel selection to fatty acids

in HF and diabetes.8 10. 11. 16 \While inference into the specific mechanism responsible

for the increase in these acylcarnitines is limited with plasma metabolomics, the observed
increase in short- and medium-chain acylcarnitines, without an increase in LCAC, could
suggest an overall increase in fatty acid oxidation.1® Since the failing heart is characterized
by metabolic inflexibility and decreased fatty acid oxidation,3® our findings may support

a role for SGLT2i in metabolic reprogramming. Of note, given the analysis of circulating
metabolites, these results could reflect mitochondrial processes in the myocardium but also
other muscle beds including skeletal muscle, a key tissue affected by the failing heart and
integrally tied to cardiac metabolism and substrate availability.

It is noteworthy that preclinical studies in HFrEF and diabetes have demonstrated that
SGLT2i-related shifts in fuel utilization toward fatty acid and ketone oxidation have been
associated with improved energetics.8 12 13.39 |n addition, SGLT2i improve left ventricular
volumes and systolic and diastolic function, which may relate to the observed enhancement
in energetics and changes in fuel selection.%: 41 Understanding the relevance of these shifts
in fuel selection to myocardial energetics in clinical models is under further exploration.*2

The relationships between LCAC, dicarboxylated LCAC, and aromatic amino acids with
adverse HF related features adds to a growing literature on this topic. LCACs are highly
prognostic in HFrEF, associate with impaired exercise capacity, and even decrease with
mechanical circulatory support.23 Accumulation of LCAC may reflect greater degrees of
mitochondrial dysfunction in HFrEF, though it may also potentiate disease worsening by
predisposing to arrhythmias, promoting cellular stress and mitochondrial inflammation,
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and interfering with insulin resistance.19: 23. 43. 44 The association of dicarboxylated

LCAC may reflect dysregulated fatty acid oxidation in the endoplasmic reticulum and
peroxisomes.** Likewise, the prognostic nature of aromatic amino acids in HF might reflect
increased muscle breakdown or liver dysfunction resulting in plasma accumulation. 44 45
Our findings in a clinical trial population extend previous literature to show the interplay

of LCAC, dicarboxylated LCAC, and aromatic amino acids on HF-related health status

and NT-proBNP, two features closely linked to clinical events in HFrEF. Interestingly,

these associations also did not differ by whether participants were randomized to SGLT2i
treatment or placebo, suggesting the validity of the predictive value of these metabolites in
the modern treatment era.

Overall, dapagliflozin increased two metabolite clusters that were distinct from those
clusters associated with HF-related health status and NT-proBNP. Therefore, the link
between the beneficial effects of dapagliflozin and these endpoints may not be mediated by
change in these pathways as reflected by plasma concentrations of metabolites. However, a
few points are critical to consider in assessing these relationships. First, while the metabolite
changes induced by SGLT2i do not relate to endpoints studied in DEFINE-HF, this does not
rule out the possibility of their relationship to event-based endpoints (i.e. HF hospitalization,
cardiovascular mortality) given only modest correlation between biomarkers and events that
has been generally observed.46 Second, changes at the plasma level provide a window in
systemic physiology but may not reflect tissue level biology. Third, we assayed several, but
not all, relevant biological pathways in this analysis.

As such, there are some limitations of the current study. First, as discussed, the plasma
metabolome provides snapshots of metabolic physiology and reflects both central and
peripheral processes. Concomitant flux studies with use of stable isotope tracers or tissue-
based metabolomic assessments could enhance interpretation of our findings. In addition,
untargeted platforms detail greater numbers of plasma metabolites, though are limited

in interpretability and often are less quantitative.1® Strengths of our study include the
relatively large sample size for metabolomic analysis, measurements at baseline and 12
weeks, placebo control, characterization of a significant number of relevant metabolites, and
inclusion of several relevant HF endpoints.

In conclusion, leveraging targeted metabolomics in a placebo-controlled SGLT2i trial

in HFrEF, dapagliflozin increased ketone-related metabolites and short/medium-chain
acylcarnitines compared with placebo. However, ketosis (3-hydroxybutyrate levels > 500
uUM) was rarely achieved in either arm, and supraphysiological levels of ketones were

not observed. In addition, increases in LCAC, long-chain dicarboxylacylcarnitines, and
aromatic amino acids were independently associated with worse quality of life and higher
NT-proBNP. These findings add to the growing body of literature implicating changes

in mitochondrial function and metabolic reprogramming as potential pathway of SGLT2i
benefit and provide robust support for specific metabolites that can serve as biomarkers of
impaired HF-related health status.
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ACRONYMS AND ABBREVIATIONS

DEFINE-HF Dapagliflozin Effects on Biomarkers, Symptoms and Functional
Status in Patients with HF with Reduced Ejection Fraction

eGFR estimated glomerular filtration rate

HFrEF heart failure with reduced ejection fraction

LCAC long chain acylcarnitines

KCCQ-CSS Kansas City Cardiomyopathy Questionnaire Clinical Summary Score
KCCQ-0SS Kansas City Cardiomyopathy Questionnaire Overall Summary Score
PCA principal components analysis
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NT-proBNP N-terminal pro-B-type natriuretic peptide
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CLINICAL PERSPECTIVE
What is new?

. Among participants with heart failure with reduced ejection fraction,
dapagliflozin increased metabolite clusters enriched with ketone-related
metabolites and short/medium-chain acylcarnitines compared with placebo.

. Our findings suggest SGLT2i may have effects on key metabolic pathways
and add to growing appreciation of altered ketone and fatty acid pathways
with SGLT2i.

. We identified several metabolite clusters that associate with adverse HFrEF
endpoints, including natriuretic peptides and HF-related health status.

What are the clinical implications?

. While SGLT2i have been linked to euglycemic ketoacidosis in diabetes, our
findings support the notion that increases in ketone bodies are very mild with
no patients achieving unsafe ketone body levels in HFrEF.

. Strategies to reverse the impaired fatty acid oxidation profile of HF patients
may ameliorate disease severity.
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Figure 1: Box-and-whisker plots of changes in metabolite levels heavily loaded on factor 6 by
treatment group.

Changes in individual metabolites heavily loaded on factor 6 are detailed using boxplots,
stratified by treatment group. Outliers not depicted. All metabolite units are in UM, aside
from non-esterified fatty acids (mmol/L). P-value shown for difference between groups. C2,
Acetyl carnitine; C4-OH, 3-hydroxy-butyryl carnitine.
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Figure 2: Box-and-whisker plots of changes in metabolite levels heavily loaded on factor 7 by
treatment group.

Changes in individual metabolites heavily loaded on factor 7 are detailed using boxplots,
stratified by treatment group. Outliers not depicted. All metabolite units are in uM. P-
value shown for difference between groups. C8:1, Octenoyl carnitine; C10-3, Decatrienoyl
carnitine; C10-2, Decadienoyl carnitine; C10:1, Decenoyl carnitine; C8:1-DC, Octenedioy!|
carnitine; C12:1, Lauroyl carnitine.
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Table 1.

Baseline characteristics of patients in the biomarker subset by treatment groups

Characteristic Da’r\Jlaglilfzkizin Ellici?g p-value

Demographics
Age,y 62.7 (10.6) 61.4 (11.5) 0.36
Male 89 (73.6%) 87 (77.0%) 0.54
Race 0.68

White 71 (58.7%) 60 (53.1%)

African American 43 (35.5%) 45 (39.8%)

Other 7 (5.8%) 8 (7.1%)
Medical history
Duration of heart failure, y 6.7 (5.5) 7.5(7.0) 0.34
Previous hospitalization for heart failure 94 (77.7%) 93 (82.3%) 0.38
Time since last hospitalization for heart failure, y 14 (2.3) 2.0(3.3) 0.12

Missing 27 20
Ejection fraction, % 27 (8) 26 (8) 0.13
Ischemic heart disease 65 (53.7%) 58 (51.3%) 0.71
Type 2 diabetes mellitus 78 (64.5%) 71 (62.8%) 0.80
Atrial Fibrillation 53 (43.8%) 46 (40.7%) 0.63
ICD 80 (66.1%) 63 (55.8%) 0.10
CRT 0.057

No 42 (52.5%) 43 (68.3%)

Yes 38 (47.5%) 20 (31.8%)

Missing 41 50
Baseline HF/CV medications
ACEI/ARB 64 (52.9%) 65 (57.5%) 0.48
Angiotensin receptor neprilysin inhibitor 42 (34.7%) 30 (26.6%) 0.18
R-blocker 120 (99.2%) 107 (94.7%) 0.059
Hydralazine 19 (15.7%) 26 (23.0%) 0.16
Long-acting nitrates 41 (33.9%) 39 (34.5%) 0.92
MRA 69 (57.0%) 74 (65.5%) 0.18
Loop diuretics 105 (86.8%) 94 (83.2%) 0.44
Digoxin 24 (19.8%) 20 (17.7%) 0.68
Lipid-lowering agents 100 (82.6%) 91 (80.5%) 0.68
Anticoagulant agent 51 (42.2%) 40 (35.4%) 0.29
Glucose lowering medications among patients with type 2 diabetes mellitus
Insulin 40 (51.3%) 36 (50.7%) 0.94
GLP-1RA 3(3.9%) 1 (1.4%) 0.62
DPP4-inhibitor 11 (14.1%) 8 (11.3%) 0.60
Sulfonylurea 19 (24.4%) 13 (18.3%) 0.37
Metformin 29 (37.2%) 27 (38.0%) 0.91

Physical exam

Circulation. Author manuscript; available in PMC 2023 September 13.
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Characteristic Daﬂaglille(izin Ellicigg p-value
Body mass index (median Q1, Q3) 31.6 (27.5, 35.9) 30.5 (27.6, 36.3) 0.81

Missing 3 1
Heart rate3 72 (12) 72 (13) 0.80

Missing 4 8
Systolic blood pressure3 124 (19) 125 (21) 0.50

Missing 0 1
Baseline laboratory studies
NT-proBNP, pg/mL (median Q1, Q3) 1,104 (668, 2,424) 1,136 (551, 2,026) 0.42

Missing 0 2
BNP, pg/mL (median Q1, Q3) 279 (158, 577) 242 (142, 553) 0.44

Missing 0 2
eGFR, mL/min/1.73m"2 67 (21) 70 (22) 0.21
Urine albumin/creatinine ratio, mg/g (median Q1, Q3) 21(7,89) 25 (7, 106) 0.91

Missing 12 12
Hemoglobin Alc, % 7.1(1.8) 7.1(1.7) >0.99

Missing 1 0
Hemoglobin, g/dL 13.5(1.9) 13.3(1.7) 0.36

Missing 1 3
Functional measures
NYHA Class 0.62

Class Il 84 (69.4%) 75 (66.37%)

Class Il 37 (31.6%) 38 (34.63%)
KCCQ-0SS 67 (22) 67 (22) 0.90
KCCQ-CSS 70 (22) 69 (22) 0.74
6-minute walk distance, meters (median Q1, Q3) 306 (235, 369) 305 (227, 378) 0.93

Missing 1 0

Data presented as mean (standard deviation), median (interquartile range), or n (%).

ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BNP, B-type natriuretic peptide; CRT, cardiac

Page 18

resynchronization therapy; CSS, Clinical Summary Score; eGFR, estimated glomerular filtration rate; ICD, implantable cardioverter-defibrillator;
KCCQ, Kansas City Cardiomyopathy Questionnaire; OSS, Overall Summary Score; MRA, mineralocorticoid antagonist; NT-proBNP, N-terminal

pro-B-type natriuretic peptide.
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Table 2.
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Effect of dapagliflozin compared with placebo on principal components analysis defined metabolite factors

Model 1 Model 2

Factors Annotations for factors ,\éo\r/gm? corrFected o l\;,o\ngl corrFeIgFed o

value value
Factor 1 Medium-chain acylcarnitines 0.96 0.96 0.83 0.98
Factor 2 Branched-chain and aromatic amino acids 0.25 0.83 031 0.95
Factor 3 Long-chain acylcarnitines 0.05 0.22 0.07 0.31
Factor 4 Long-chain dicarboxyl acylcarnitines 0.80 0.96 0.95 0.98
Factor 5 Miscellaneous amino acids 0.35 0.83 0.39 0.95
Factor 6 Ketone-related metabolites and short-chain acylcarnitines 0.02 0.11 0.01 0.08
Factor 7 Medium-chain acylcarnitines 0.01 0.09 0.01 0.08
Factor 8 Miscellaneous amino acids 071 0.96 0.92 0.98
Factor 9 Long-chain acylcarnitines 0.54 0.96 0.56 0.98
Factor 10  Miscellaneous amino acids 0.93 0.96 0.98 0.98
Factor 11  Branched-chain amino acids and short-chain acylcarnitines 0.86 0.96 0.96 0.98
Factor 12 Miscellaneous amino acids 0.38 0.83 0.44 0.95
Factor 13 Short-chain dicarboxyl acylcarnitines 0.82 0.96 0.82 0.98

Model 1: randomized treatment group and baseline factor level

Model 2: additionally adjusted for age, race/ethnicity, sex, eGFR, and type 2 diabetes mellitus

FDR-corrected p values <0.10 were considered statistically significant.

FDR, false discovery rate.
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