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Abstract

Background: Left ventricular ejection fraction (LVEF) can provide hemodynamic
information and may influence the response to spironolactone and other heart failure

(HF) therapies.

Aims: To study the patient characteristics and circulating protein associations with

LVEF, and whether LVEF influenced the response to spironolactone.

Methods: HOMAGE enrolled patients aged >60 years at high risk of developing HF
with a LVEF 245%. 527 patients were randomized to either spironolactone or
standard-of-care for =9 months. 276 circulating proteins were measured using

Olink® technology.

Results: 364 patients had available LVEF determined by the Simpson’s bi-plane
method. The respective LVEF tertiles were: Tertile1:<60% (N=122), Tertile2:60-65%
(N=121), and Tertile3:>65% (N=121). Patients with a LVEF>65% had smaller LV
chamber size and volumes, and lower natriuretic peptide levels. Compared to
patients with a LVEF<60%, those with LVEF>65% had higher levels of circulating c-c
motif chemokine ligand-23 and interleukin-8, and lower levels of tissue plasminogen
activator, BNP, S100 calcium binding protein A12, and collagen type | alpha 1 chain
(COL1A1). Spironolactone significantly reduced the circulating levels of BNP and
COL1A1 without significant treatment-by-LVEF heterogeneity: BNP change 3=-0.36
Log, and COL1A1 change (3=-0.16 Log, (P<0.0001 for both; interactionP>0.1 for

both). Spironolactone increased LVEF from baseline to month 9 by 1.1%, P=0.007.

Conclusion: Patients with higher LVEF had higher circulating levels of chemokines



and inflammatory markers and lower levels of stretch, injury, and fibrosis markers.
Spironolactone reduced the circulating levels of natriuretic peptides and type 1

collagen, and increased LVEF.

Key-words: ejection fraction, spironolactone, inflammation, fibrosis.



Introduction

Left ventricular ejection fraction (LVEF) is the ratio of stroke volume to end-diastolic
volume of the left ventricle (LV); LVEF can thus provide relevant hemodynamic

information, but does not reflect the contractility of the LV.*

Over the last two decades, LVEF has been incorporated as an inclusion criterion in
heart failure (HF) trials. Patients with HF and reduced EF have been found to benefit
markedly from neurohormonal antagonists, whereas HF patients with normal EF

have not benefited as markedly as their reduced EF counterparts.?

Given the influence of LVEF in the response to HF treatments, studies have explored
the relation between patients’ characteristics and biomarker expression across the
range of LVEF. Some studies suggested that patients with HF who have higher EF
have more extra-cardiac comorbidities and higher expression of pathways related to

inflammation than patients with lower EF.®

The Heart Omics in AGEing (HOMAGE; NCT02556450) trial enrolled people at high
risk of developing HF to test the effect of spironolactone (vs. usual care) on
circulating markers of fibrosis, natriuretic peptides, blood pressure and cardiac
structure and function.* Spironolactone reduced the circulating levels of procollagen
type-I C-terminal propeptide (PICP) and increased collagen type-I C-terminal
telopeptide (CITP), reflecting a decreased in the synthesis and an increase in the
degradation of type-I collagen, respectively. In addition, spironolactone reduced
blood pressure, NT-pro BNP and left atrial volume, while improving LVEF at 9

months.®



In the Aldosterone Antagonist Therapy for Adults With Heart Failure and Preserved
Systolic Function (TOPCAT) enrolling patients with HF and a preserved EF (HFpEF),
the effect of spironolactone was influenced by LVEF, whereby patients with EF
below 55-60% may have benefited from spironolactone.® Compared to TOPCAT,
HOMAGE enrolled less symptomatic patients with a higher LVEF on average (63%

in HOMAGE vs. 56% in TOPCAT).>’

Given the previously documented differences in patients’ characteristics, biomarker
expression, and response to spironolactone across LVEF, we aim to study the

influence of LVEF on circulating proteins and outcomes in the HOMAGE trial.

Methods

Trial design and population

The HOMAGE trial was a prospective, randomised, open-label, blinded-endpoint
(PROBE), multicentre design, in which people at high risk of developing HF were
randomly assigned to receive either spironolactone or standard of care/“control” - not
receiving spironolactone or other MRA (ClinicalTrials.gov Identifier: NCT02556450).

The rationale, trial design and main results have been published.*®

The study was approved by all relevant ethics committees and regulatory bodies. All

participants provided written informed consent prior to study-specific procedures.

The main entry criteria included age of 65 or older (amended to 60 years during the
course of the trial), cardiovascular risk defined by the presence of coronary artery
disease or at least 2 of the following: diabetes mellitus, treated hypertension,
microalbuminuria or an abnormal ECG, and a NT-proBNP between 125 and

1,000ng/L or a BNP between 35 and 280ng/L. The main exclusion criteria were



glomerular filtration rate (eGFR) <30 mL/minute/1.73m2, serum potassium >5.0
mmol/L, left ventricular ejection fraction <45%, a diagnosis of HF or treatment with

loop diuretics, and atrial fibrillation/flutter.

A total of 527 patients was randomized (265 to spironolactone and 262 to standard

of care). The median (percentile,s.75) follow-up time was 8.9 (6.0-9.2) months.

Echocardiographic measurements

Echocardiograms were recorded, de-identified and transferred to a core laboratory
(University Hospital of Nancy). Blind to treatment allocation, a single experienced
echocardiographer (E. B.) measured the echocardiographic variables (including
LVEF) using dedicated software (Echo PAC, GE Healthcare). Measurements were
repeated at least 2 months later, blind to the first measurement. All recordings with
suboptimal images and/or with differences >10% were reviewed by a senior

cardiologist (N. G.) to mitigate measurement error.

The main LVEF assessment was performed using the Simpson’s bi-plane method (N
=364). As supplementary analysis, we report the findings from estimates of LVEF

calculated from single plane in 4-chamber view images (N =456).

Proteomic biomarkers

Baseline and month 9 (or “last visit”) plasma samples were analysed for 276 protein
biomarkers by the TATAA-biocenter using the Olink Proseek® Multiplex
cardiovascular (CVD) Il, CVD lll, and inflammation panels. The proteins were
determined using high-throughput Olink Proseek® Multiplex 96x96 kits, which
measures 92 manually selected proteins simultaneously in 1ul of plasma per kit.
Each kit uses a proximity extension assay (PEA) technology with dual-recognition

DNA-coupled readout, where 92 oligonucleotide-labelled antibody probe pairs are



allowed to bind to their respective target in the sample. The platform provides Log
normalized protein expression (NPX) values with relative quantification. A detailed
description of the Olink® technology is depicted on the website:
https://www.olink.com/. The abbreviations, full names and respective Olink®
multiplex panels of the studied proteins are described in the Supplemental Table 1.
In addition, serum PICP was measured using the METRA EIA kit (Quidel
Corporation), plasma NT-pro BNP and high sensitivity troponin T (hs-TnT) were
assessed by electro-chemiluminescent assays (Roche diagnostics). The assays

were performed blinded to treatment allocation.

Statistical analyses

We compared the characteristics of the patients across tertiles of LVEF at baseline
using the appropriate tests for continuous and categorical variables. To assess
whether the biomarkers were expressed differently between patients with higher (top
tertile) and lower (bottom tertile) LVEF, logistic regression analyses were performed
comparing the top LVEF tertile (outcome) with the bottom LVEF tertile (referent) with
each circulating protein as an independent variable plus age, sex, systolic blood
pressure, heart rate, body mass index (BMI) and eGFR as adjustment covariates. To
complement the previous step, ordered logistic regression analyses with LVEF
tertiles as outcome variable were also performed. To identify the proteins with
stronger association with higher (vs. lower) LVEF, a multivariable stepwise forward
selection procedure was applied with all the circulating proteins with a P-value <0.05
in the previous step included in the model and the adjustment variables “forced” in
the model. A P-value <0.05 was required for a protein to enter and stay in the final
model. After selecting the “top” proteins with different expression by LVEF, we have

tested whether spironolactone affected the levels of the proteins throughout the



follow-up, using analysis of covariance (ANCOVA) to compare the difference in
changes between the control and spironolactone groups. To study whether LVEF
could influence the response to spironolactone on the main outcomes of the study,
we performed ANCOVA with a treatment-by-LVEF interaction term. The effect of
spironolactone on LVEF throughout the follow-up was assess using a mixed effect
model with LVEF as dependent variable (measured at baseline, 1 month, and 9
months), treatment (spironolactone vs. control) as independent fixed-effects variable,
and age, sex, systolic blood pressure, heart rate, BMI and eGFR as adjustment
covariates; the random intercepts were set at the patient “ID” level with an
unstructured covariance matrix, meaning that all variances and covariances could
vary freely between patients. Statistical analyses were performed using Stata®

(version 17, StataCorp LP).

Bioinformatical and network analyses

We used knowledge-based network analysis with induced network approach by
consensuspathDB (CPDB) online server (accessed on 25 November 2021) from
Max Planck Institute for Molecular Genetics to identify the links among the circulating
proteins with different expression according to LVEF tertiles, based on known
knowledge of interactions (protein interactions and biochemical interactions).” The
network analysis also identifies additional proteins limited to the first-degree
interactors (intermediate nodes) linking our input proteins (seed nodes), with
exclusion of low-confidence interactions and quantified by a z-score <20 calculated
for each intermediate node. The Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database was used to add further nodes to the network.
Functional enrichment (GO biological processes) was performed using proteins that

were significantly higher or lower in patients with higher vs. lower LVEF at baseline



on a genetic background including only the proteins on the measured OLINK panels
to correct for the selected proteins. We only included identified GO-processes when

the protein-protein interaction (PPI) enrichment P-value was <0.05.

Results

Patients’ characteristics

A total of 364 patients had available baseline LVEF as determined by the Simpson’s
bi-plane method. The respective LVEF tertiles were: Tertile 1: <60% (N =122), Tertile
2: 60-65% (N =121), and Tertile 3: >65% (N =121). Compared to patients with a
LVEF <60% (Tertile 1), those with a LVEF >65% (Tertile 3) had smaller left
ventricular end-diastolic diameter (LVEDD) 46.5 vs. 49.4 mm, lower left ventricular
end-diastolic and end-systolic volumes indexed to body surface area (LVEDVi and
LVESVi) 39.1 vs. 45.6 ml/m? and 12.2 vs. 20.7 ml/m?, respectively, lower NT-pro
BNP levels 159.5 vs. 258.0 pg/mL and were more likely to use thiazides 23.1 vs.
12.3%. Table 1. A similar pattern of associations was observed with LVEF tertiles

determined from the 4-chamber view only. Supplemental Table 2.

Circulating proteins associated with LVEF

After multivariable stepwise selection with adjustment for clinical variables,
compared to patients with a LVEF <60% (Tertile 1), those with a LVEF >65% (Tertile
3) had higher levels of circulating c-c motif chemokine ligand 23 (CCL23; B =+1.79
Log, NPX) and interleukin 8 (IL8; B =+0.58 Log, NPX), and lower levels of circulating
tissue plasminogen activator (TPA; B =-0.83 Log, NPX), brain natriuretic peptide
(BNP; B =-0.46 Log, NPX), S100 calcium binding protein A12 (ENRAGE; 3 =-0.62
Log, NPX) and collagen type | alpha 1 chain (COL1A1; B =-0.92 Log, NPX. Table 2.

The full list of individual (1-by-1 testing) proteins associated with a LVEF >65% vs.
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<60% with adjustment for clinical variables is shown in Supplemental Table 3.
Other proteins retained in the multivariable stepwise model included tumor necrosis
factor B (TNFB), CD6, monocyte chemotactic protein 3 (MCP3) and renin (REN),
which were higher among patients with LVEF >65% compared to those with LVEF
<60%. NT-pro BNP and procollagen type | carboxy-terminal propeptide (PICP) were
lower among patients with LVEF >65% compared to those with LVEF <60% (P <0.05
for all). Similar associations were found with ordered logistic regression across LVEF
categories (Supplemental Table 4), and with LVEF determined from the 4-chamber
view only (Supplemental Tables 5 & 6). COL1A1 and PICP were well correlated

(Rho =0.61, P <0.0001).

There was a significant enrichment of protein-protein interactions among the
selected proteins (PPI enrichment p-value =0.0009). A cluster of chemokines was
higher in patients with LVEF >65% (G0:0030593: neutrophil chemotaxis, FDR
0.00021; CXCL8, CCL23 and CCL7). The circulating chemokines were connected to
a lower circulating level of COL1A1 through 3 matrix-metalloproteinases (MMP)
which were induced into the network. Even when the network was limited to proteins
which remained significant after adjusting for clinical variables, the network showed

the same pattern. Figure 1.

Spironolactone effect on top proteins associated with LVEF

Spironolactone reduced the circulating levels of BNP and COL1A1 without significant
treatment-by-LVEF heterogeneity: spironolactone vs. control month 9 BNP change 3
=-0.36 Log, NPX and COL1A1 change 8 =-0.16 Log, NPX (P <0.0001 for both;
interaction P >0.1 for both). Spironolactone did not significantly change the

circulating levels of CCL23, TPA, ENRAGE, and IL8. Table 3.
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Spironolactone effect on LVEF

Compared with control, spironolactone increased LVEF in the overall group from
baseline to month 9 by 1.1%, P =0.007. The effect of spironolactone on LVEF was
more pronounced among patients with LVEF <60% at baseline (Tertile 1) =1.9% and
less among patients with LVEF >65% at baseline (Tertile 3) =0.3%, but without

significant spironolactone-by-LVEF interaction P =0.24. Figure 2.

The effect of spironolactone on LVEF was not mediated statistically by reductions in

BNP or COLA1AL. Supplemental Table 7.

Spironolactone effect on main outcomes of interest by LVEF tertiles
The effect of spironolactone (vs. control) to reduce systolic blood pressure (SBP),
PICP, NT-proBNP and left atrial volume indexed to body surface area (LAVi) was not

modified by LVEF (interaction P >0.1 for all). Table 4.

Discussion

Our study showed that among patients at risk of developing HF, those with higher
LVEF had higher levels of circulating chemokines and inflammatory proteins and
lower levels of BNP, collagen type | and proteins related to vascular and endothelial
function. Spironolactone reduced the circulating levels of BNP, collagen type |, SBP,
and LAV, irrespective of LVEF, but it did not significantly change the levels of
inflammatory proteins. In addition, spironolactone increased LVEF from baseline to
month 9, an effect that was more pronounced among patients with lower baseline
LVEF. These findings may help better understanding the pathophysiology of patients
with preserved EF, particularly those with “supranormal” EF who may have a pro-
inflammatory profile with lower expression of fibrosis and myocardial volume
overload markers.
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Patients with HFpEF and LVEF above 60-65% have been shown to experience an
attenuated response to several agents that have been tested in HFpEF, at least
regarding HF hospitalizations. The attenuated response at the higher end of LVEF
was seen for candesartan in the CHARM-Preserved trial,® sacubitril/valsartan in the
PARAGON-HF trial,® spironolactone in the TOPCAT trial,’ and, more recently,
empaygliflozin in the EMPEROR-Preserved trial;*° still, in EMPEROR-Preserved the
attenuation of effect with empagliflozin seemed to have occurred only in patients with
EF of 65% or greater.** The mechanisms by which patients at the higher end of the
EF spectrum do not respond similarly to patients with lower EFs, using the same
agents, are not well-established. Some studies have suggested that patients with
higher EFs constitute a different phenotype with high ventricular-arterial stiffening
with aging and hypertension as contributing factors (e.g., in HOMAGE the higher the
LVEF the more frequent was the use of thiazide-type diuretics).? Such patients have
smaller LV diameter and lower systolic and diastolic volumes; thus, the LV end-
diastolic pressures may be lower.*® Mechanistic studies have shown that patients
with higher LVEF have a pro-inflammatory profile,** with lower expression of cardiac

stretch and injury markers.® *°

Patients participating in HOMAGE did not have overt HF signs and symptoms, but
did have high natriuretic peptides and alterations of cardiac structure and function.®
To a great extent, the present study replicates previous findings in HFpEF and
expands the phenotyping of patients with “normal and supranormal” EF. In
HOMAGE, compared to patients in the lower LVEF tertile (<60%), those in the upper
tertile of LVEF (i.e., >65%) had smaller LV with lower systolic and diastolic volumes
and natriuretic peptide levels, suggesting that these patients have lower LV end-

diastolic pressures. The expression of chemokines and pro-inflammatory markers
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(CCL23 and IL8) was also higher among patients in the upper LVEF tertile. CCL23 is
a chemokine serving as chemotactic factor for monocytes/macrophages, dendritic
cells and lymphocytes, which may play a role both as a circulating and tissue
inflammatory molecule, up-regulating the release of pro-inflammatory cytokines such
as TNFa.'® IL8 is a major mediator of inflammatory response, involved in neutrophil
chemotaxis, angiogenesis, atherogenesis, and cancer.!” In patients with chronic HF,
IL8 was independently associated with poor outcomes.*® In HOMAGE, both the

CCL23 and IL8 levels were not significantly modified by spironolactone.

Patients in the upper LVEF tertiles expressed lower circulating levels of BNP and
collagen type I, which is also in concordance with prior HF studies showing that
patients with higher EF had lower levels of cardiac stretch and injury markers.® *>*°
In HOMAGE, spironolactone significantly reduced collagen type I-related biomarkers
(both COL1A1 and PICP) and natriuretic peptides (both BNP and NT-pro BNP),> %

irrespective of LVEF. The effect of spironolactone to reduce SBP and LAVi was also

not influenced by baseline LVEF.

Beyond the lower levels of BNP and collagen type I, patients in the upper LVEF
tertile also expressed lower circulating levels of TPA and ENRAGE. TPA is produced
by vascular endothelial cells and activates clot dissolution in the presence of fibrin by
converting plasminogen to plasmin.?* Higher TPA levels have been associated with
higher risk of cardiovascular events.?> ENRAGE is involved in calcium-dependent
signal transduction pathways and may act in the regulation of cytoskeletal
components.?® Higher ENRAGE levels have been associated with poor
cardiovascular and HF outcomes.?* In HOMAGE, both the TPA and ENRAGE levels

were not significantly changed with spironolactone treatment.
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LVEF was significantly increased with spironolactone treatment from baseline to
month 9 (LVEF change =1.1%), despite the absence of a significant interaction, the
effect of spironolactone to improve LVEF was more pronounced among patients in
the lower LVEF tertile (LVEF <60%), who had more margin for improvement.
Spironolactone has been shown to improve systolic function, determined by LV
longitudinal strain, in the TOPCAT trial.”> However, in a subset of 239 patients
enrolled in TOPCAT, LVEF was not significantly improved with spironolactone
treatment during 12 to 18 months (LVEF change: +0.6%, P =0.33).?° In the ALDO-
DHF trial, spironolactone improved LVEF at 12 months by +1.6% (P =0.04).%’ These
findings, together with HOMAGE, suggest that spironolactone may have, at least, a

modest effect to improve LVEF in patients with preserved ejection fraction.

Limitations

Despite the external replication of our main findings, these results should be
regarded as hypothesis-generating given the post-hoc nature of our study, the
relatively small sample size of LVEF tertiles, and the lack of mechanism confirmation
at a cellular level. As per inclusion criteria, HOMAGE included only asymptomatic
patients with a LVEF of 45% or greater and these findings cannot be generalized to
symptomatic patients or those with lower ejection fractions; still, tertile 1 (LVEF
<60%) include patients with “mildly reduced” or “mid-range” LVEF who may present
a phenotype similar to patients with reduced EF.?® We did not find treatment effect
modification by LVEF categories (regarding collagen markers, natriuretic peptides
and blood pressure); however, HOMAGE was a mechanistic trial to evaluate the
impact of spironolactone on circulating collagen markers in a low-risk population who
did not experience HF hospitalizations or fatal events. Therefore, the findings of

TOPCAT could not be replicated herein.
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Conclusions

In patients at risk of developing HF enrolled in the HOMAGE trial, those with higher
LVEF had higher levels of circulating inflammatory markers and lower levels of
stretch, injury, and fibrosis markers. These finding support a different phenotype of
patients with “supranormal” EF, which may help explaining why such patients may

not respond to HF therapies.

16



Ethics approval and consent to participate

The study was approved by all relevant ethics committees and regulatory bodies. All

participants provided written informed consent prior to study specific procedures.

Consent for publication

There is no data of individual persons included in the manuscript.

Competing interests

The authors have no relevant conflicts of interest to disclose with regards to the

content of this manuscript.

17



References

(1) Folse, R.; Braunwald, E. Determination of fraction of left ventricular volume
ejected per beat and of ventricular end-diastolic and residual volumes. Experimental
and clinical observations with a precordial dilution technic. Circulation 1962, 25, 674-
685. DOI: 10.1161/01.cir.25.4.674 From NLM.

(2) McDonagh, T. A.; Metra, M.; Adamo, M.; Gardner, R. S.; Baumbach, A.; BOhm,
M.; Burri, H.; Butler, J.; Celutkiené, J.; Chioncel, O.; et al. 2021 ESC Guidelines for
the diagnosis and treatment of acute and chronic heart failure. Eur Heart J 2021, 42
(36), 3599-3726. DOI: 10.1093/eurheartj/ehab368 From NLM.

(3) Tromp, J.; Westenbrink, B. D.; Ouwerkerk, W.; van Veldhuisen, D. J.; Samani, N.
J.; Ponikowski, P.; Metra, M.; Anker, S. D.; Cleland, J. G.; Dickstein, K.; et al.
Identifying Pathophysiological Mechanisms in Heart Failure With Reduced Versus
Preserved Ejection Fraction. J Am Coll Cardiol 2018, 72 (10), 1081-1090. DOI:
10.1016/j.jacc.2018.06.050 From NLM.

(4) Pellicori, P.; Ferreira, J. P.; Mariottoni, B.; Brunner-La Rocca, H. P.; Ahmed, F.
Z.; Verdonschot, J.; Collier, T.; Cuthbert, J. J.; Petutschnigg, J.; Mujaj, B.; et al.
Effects of spironolactone on serum markers of fibrosis in people at high risk of
developing heart failure: rationale, design and baseline characteristics of a proof-of-
concept, randomised, precision-medicine, prevention trial. The Heart OMics in AGing
(HOMAGE) trial. Eur J Heart Fail 2020. DOI: 10.1002/ejhf.1716.

(5) Cleland, J. G. F.; Ferreira, J. P.; Mariottoni, B.; Pellicori, P.; Cuthbert, J.;
Verdonschot, J. A. J.; Petutschnigg, J.; Ahmed, F. Z.; Cosmi, F.; Brunner La Rocca,
H. P.; et al. The effect of spironolactone on cardiovascular function and markers of
fibrosis in people at increased risk of developing heart failure: the heart 'OMics' in
AGEing (HOMAGE) randomized clinical trial. Eur Heart J 2020. DOI:
10.1093/eurheartj/ehaa758 From NLM.

(6) Solomon, S. D.; Claggett, B.; Lewis, E. F.; Desai, A.; Anand, |.; Sweitzer, N. K.;
O'Meara, E.; Shah, S. J.; McKinlay, S.; Fleg, J. L.; et al. Influence of ejection fraction
on outcomes and efficacy of spironolactone in patients with heart failure with
preserved ejection fraction. Eur Heart J 2016, 37 (5), 455-462. DOI:
10.1093/eurheartj/lehv464 From NLM.

(7) Pitt, B.; Pfeffer, M. A.; Assmann, S. F.; Boineau, R.; Anand, I. S.; Claggett, B.;
Clausell, N.; Desai, A. S.; Diaz, R.; Fleg, J. L.; et al. Spironolactone for heart failure
with preserved ejection fraction. N Engl J Med 2014, 370 (15), 1383-1392. DOI:
10.1056/NEJM0al1313731 From NLM.

(8) Lund, L. H.; Claggett, B.; Liu, J.; Lam, C. S.; Jhund, P. S.; Rosano, G. M,;
Swedberg, K.; Yusuf, S.; Granger, C. B.; Pfeffer, M. A.; et al. Heart failure with mid-
range ejection fraction in CHARM: characteristics, outcomes and effect of
candesartan across the entire ejection fraction spectrum. Eur J Heart Fail 2018, 20
(8), 1230-1239. DOI: 10.1002/ejhf.1149 From NLM.

(9) Solomon, S. D.; Vaduganathan, M.; B, L. C.; Packer, M.; Zile, M.; Swedberg, K.;
Rouleau, J.; M, A. P.; Desai, A.; Lund, L. H.; et al. Sacubitril/Valsartan Across the
Spectrum of Ejection Fraction in Heart Failure. Circulation 2020, 141 (5), 352-361.
DOI: 10.1161/circulationaha.119.044586 From NLM.

(10) Packer, M.; Butler, J.; Zannad, F.; Filippatos, G.; Ferreira, J. P.; Pocock, S. J;
Carson, P.; Anand, |.; Doehner, W.; Haass, M.; et al. Effect of Empagliflozin on
Worsening Heart Failure Events in Patients with Heart Failure and a Preserved
Ejection Fraction: The EMPEROR-Preserved Trial. Circulation 2021. DOI:
10.1161/circulationaha.121.056824 From NLM.

18



(11) Butler, J.; Packer, M.; Filippatos, G.; Ferreira, J. P.; Zeller, C.; Schnee, J.;
Brueckmann, M.; Pocock, S. J.; Zannad, F.; Anker, S. D. Effect of empagliflozin in
patients with heart failure across the spectrum of left ventricular ejection fraction. Eur
Heart J 2021. DOI: 10.1093/eurheartj/ehab798 From NLM.

(12) Kawaguchi, M.; Hay, I.; Fetics, B.; Kass, D. A. Combined ventricular systolic and
arterial stiffening in patients with heart failure and preserved ejection fraction:
implications for systolic and diastolic reserve limitations. Circulation 2003, 107 (5),
714-720. DOI: 10.1161/01.cir.0000048123.22359.a0 From NLM.

(13) Gori, M.; lacovoni, A.; Senni, M. Haemodynamics of Heart Failure With
Preserved Ejection Fraction: A Clinical Perspective. Card Fail Rev 2016, 2 (2), 102-
105. DOI: 10.15420/cfr.2016:17:2 From NLM.

(14) Paulus, W. J.; Tschope, C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remodeling through
coronary microvascular endothelial inflammation. J Am Coll Cardiol 2013, 62 (4),
263-271. DOI: 10.1016/j.jacc.2013.02.092 From NLM.

(15) Tromp, J.; Khan, M. A_; Klip, I. T.; Meyer, S.; de Boer, R. A.; Jaarsma, T.;
Hillege, H.; van Veldhuisen, D. J.; van der Meer, P.; Voors, A. A. Biomarker Profiles
in Heart Failure Patients With Preserved and Reduced Ejection Fraction. J Am Heart
Assoc 2017, 6 (4). DOI: 10.1161/jaha.116.003989 From NLM.

(16) Hwang, J.; Son, K. N.; Kim, C. W.; Ko, J.; Na, D. S.; Kwon, B. S.; Gho, Y. S;
Kim, J. Human CC chemokine CCL23, a ligand for CCR1, induces endothelial cell
migration and promotes angiogenesis. Cytokine 2005, 30 (5), 254-263. DOI:
10.1016/j.cyt0.2005.01.018 From NLM.

(17) Apostolakis, S.; Vogiatzi, K.; Amanatidou, V.; Spandidos, D. A. Interleukin 8 and
cardiovascular disease. Cardiovasc Res 2009, 84 (3), 353-360. DOI:
10.1093/cvr/cvp241 From NLM.

(18) Nymo, S. H.; Hulthe, J.; Ueland, T.; McMurray, J.; Wikstrand, J.; Askevold, E.
T.; Yndestad, A.; Gullestad, L.; Aukrust, P. Inflammatory cytokines in chronic heart
failure: interleukin-8 is associated with adverse outcome. Results from CORONA.
Eur J Heart Fail 2014, 16 (1), 68-75. DOI: 10.1093/eurjhf/hft125 From NLM.

(19) Martos, R.; Baugh, J.; Ledwidge, M.; O'Loughlin, C.; Conlon, C.; Patle, A.;
Donnelly, S. C.; McDonald, K. Diastolic heart failure: evidence of increased
myocardial collagen turnover linked to diastolic dysfunction. Circulation 2007, 115
(7), 888-895. DOI: 10.1161/circulationaha.106.638569 From NLM.

(20) Ferreira, J. P.; Verdonschot, J.; Wang, P.; Pizard, A.; Collier, T.; Ahmed, F. Z.;
Brunner-La-Rocca, H. P.; Clark, A. L.; Cosmi, F.; Cuthbert, J.; et al. Proteomic and
Mechanistic Analysis of Spironolactone in Patients at Risk for HF. JACC Heart Fail
2021. DOI: 10.1016/}.jchf.2020.11.010 From NLM.

(21) Danesh, J.; Whincup, P.; Walker, M.; Lennon, L.; Thomson, A.; Appleby, P.;
Rumley, A.; Lowe, G. D. Fibrin D-dimer and coronary heart disease: prospective
study and meta-analysis. Circulation 2001, 103 (19), 2323-2327. DOI:
10.1161/01.cir.103.19.2323 From NLM.

(22) Tofler, G. H.; Massaro, J.; O'Donnell, C. J.; Wilson, P. W. F.; Vasan, R. S,;
Sutherland, P. A.; Meigs, J. B.; Levy, D.; D'Agostino, R. B., Sr. Plasminogen
activator inhibitor and the risk of cardiovascular disease: The Framingham Heart
Study. Thromb Res 2016, 140, 30-35. DOI: 10.1016/j.thromres.2016.02.002 From
NLM.

(23) Oesterle, A.; Bowman, M. A. S100A12 and the S100/Calgranulins: Emerging
Biomarkers for Atherosclerosis and Possibly Therapeutic Targets. Arterioscler

19



Thromb Vasc Biol 2015, 35 (12), 2496-2507. DOI: 10.1161/atvbaha.115.302072
From NLM.

(24) He, Y. Y.; Yan, W.; Liu, C. L.; Li, X.; Li, R. J.; Mu, Y.; Jia, Q.; Wu, F. F.; Wang,
L. L.; He, K. L. Usefulness of S100A12 as a prognostic biomarker for adverse events
in patients with heart failure. Clin Biochem 2015, 48 (4-5), 329-333. DOI:
10.1016/j.clinbiochem.2014.11.016 From NLM. Saito, T.; Hojo, Y.; Ogoyama, Y.;
Hirose, M.; Ikemoto, T.; Katsuki, T.; Shimada, K.; Kario, K. S100A12 as a marker to
predict cardiovascular events in patients with chronic coronary artery disease. Circ J
2012, 76 (11), 2647-2652. DOI: 10.1253/circj.cj-12-0093 From NLM.

(25) Shah, A. M.; Claggett, B.; Sweitzer, N. K.; Shah, S. J.; Anand, I. S.; Liu, L.; Pitt,
B.; Pfeffer, M. A.; Solomon, S. D. Prognostic Importance of Impaired Systolic
Function in Heart Failure With Preserved Ejection Fraction and the Impact of
Spironolactone. Circulation 2015, 132 (5), 402-414. DOI:
10.1161/circulationaha.115.015884 From NLM.

(26) Shah, A. M.; Claggett, B.; Sweitzer, N. K.; Shah, S. J.; Deswal, A.; Anand, I. S,;
Fleg, J. L.; Pitt, B.; Pfeffer, M. A.; Solomon, S. D. Prognostic Importance of Changes
in Cardiac Structure and Function in Heart Failure With Preserved Ejection Fraction
and the Impact of Spironolactone. Circ Heart Fail 2015, 8 (6), 1052-1058. DOI:
10.1161/circheartfailure.115.002249 From NLM.

(27) Edelmann, F.; Wachter, R.; Schmidt, A. G.; Kraigher-Krainer, E.; Colantonio, C.;
Kamke, W.; Duvinage, A.; Stahrenberg, R.; Durstewitz, K.; Loffler, M.; et al. Effect of
spironolactone on diastolic function and exercise capacity in patients with heart
failure with preserved ejection fraction: the Aldo-DHF randomized controlled trial.
Jama 2013, 309 (8), 781-791. DOI: 10.1001/jama.2013.905 From NLM.

(28) Savarese, G.; Stolfo, D.; Sinagra, G.; Lund, L. H. Heart failure with mid-range or
mildly reduced ejection fraction. Nat Rev Cardiol 2021, 1-17. DOI: 10.1038/s41569-
021-00605-5 From NLM.

20



Table 1. Baseline patients’ characteristics by tertiles of LVEF

LVEF tertiles

Characteristic <60% 60-65% >65% P-value
N. 122 121 121

Age, years 72.1(68.3, 77.4) 73.4 (69.3, 78.7) 71.5 (68.2, 76.9) 0.12
Men, n (%) 94 (77.0%) 95 (78.5%) 84 (69.4%) 0.21
CAD, n. (%) 95 (77.9%) 90 (74.4%) 85 (70.2%) 0.40
Hypertension, n. (%) 88 (72.1%) 90 (74.4%) 98 (81.0%) 0.25
Diabetes, n. (%) 48 (39.3%) 52 (43.0%) 53 (43.8%) 0.76
BMI, Kg/m* 27.4 (25.0, 30.2) 28.2 (25.1, 31.6) 28.3 (25.3, 31.8) 0.20
Waist circ., cm 100.0 (93.0, 108.0) | 101.5(95.0,109.0) | 101.5(95.0, 111.0) 0.30
SBP, mmHg 140.0 (128.0, 152.0) | 141.0 (130.0, 156.0) | 142.0 (129.0, 159.0) 0.23
DBP, mmHg 79.0 (73.0, 85.0) 79.0 (72.0, 84.0) 77.0 (70.0, 84.0) 0.17
Heart rate, bpm 62.0 (56.0, 69.0) 58.0 (54.0, 65.0) 59.0 (54.0, 66.0) 0.022
LVEF, % * 55.0 (52.3, 58.1) 62.9 (61.6, 64.0) 68.5 (66.4, 71.5) <0.001
LVMi, g/m? 100.6 (87.6, 115.5) 93.8(81.1, 111.8) 88.9 (77.8, 101.6) 0.001
LAVi, ml/m? 31.2 (27.3, 37.2) 30.9 (24.3, 37.7) 30.6 (25.9, 35.6) 0.35
E/e’ 9.1(7.3,11.9) 9.4(7.9,11.1) 9.5 (8.0, 11.6) 0.75
E/A ratio 0.8 (0.6, 1.0) 0.9 (0.7, 1.0) 0.9 (0.7, 1.0) 0.004
LVEDD, mm 49.4 (46.1, 53.9) 47.4 (44.2, 50.3) 46.5 (44.2, 50.2) <0.001
LVEDV, ml/m? 45.6 (38.3, 54.5) 41.7 (37.4, 48.5) 39.1 (33.3, 45.7) <0.001
LVESV, ml/m? 20.7 (16.8, 24.9) 15.6 (13.3, 18.0) 12.2 (9.8, 14.5) <0.001
eGFR, mimin/1.73m” | 755(64.2,85.3) | 705(609,82.9) | 76.1(665,881) | 0061
eGFR <60, n. (%) 21 (17.2%) 27 (22.3%) 22 (18.2%) 0.56
Urea, mmol/L 8.6 (5.7,13.6) 10.0 (6.1, 15.0) 8.5 (5.8, 13.6) 0.13
Hemoglobin, g/dl 14.0 (13.1, 14.9) 14.3 (13.5, 15.2) 13.8 (13.0, 14.7) 0.064
Sodium, mmol/L 140.0 (138.0, 141.0) | 140.0 (138.0, 141.0) | 139.0 (137.0, 141.0) 0.13
Potassium, mmol/L 4.4 (4.1,4.6) 4.3 (4.1,4.6) 4.3 (4.1,4.5) 0.36
NT-pro BNP, pg/mL 258.0 (153.4, 451.9) | 194.0 (121.4, 298.8) | 159.5 (111.8, 288.3) | <0.001
Anti-platelet, n. (%) 96 (78.7%) 97 (80.2%) 98 (81.0%) 0.90
Beta-blocker, n. (%) 86 (70.5%) 83 (68.6%) 85 (70.2%) 0.94
ACEI/ARB, n. (%) 91 (74.6%) 94 (77.7%) 93 (76.9%) 0.84
CCB, n. (%) 23 (18.9%) 22 (18.2%) 24 (19.8%) 0.95
Thiazide, n. (%) 15 (12.3%) 16 (13.2%) 28 (23.1%) 0.040
Statin, n. (%) 104 (85.2%) 99 (81.8%) 103 (85.1%) 0.71

Legend: CAD, coronary artery disease; BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; LVM,
left ventricular mass indexed to body surface area; LAV, left atrial volume indexed to
body surface area; LVEDD, left ventricular end-diastolic diameter; LVEDV, left
ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; eGFR,
estimated glomerular filtration rate; ACEI/ARB, angiotensin converting
enzyme/angiotensin receptor blocker; CCB, calcium channel blocker; *LVEF
analyzed by the Simpson bi-plane method.
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Table 2. Top proteins associated with LVEF

Coefficient (95%Cl)

Protein (Log, NPX) LVEF: >65% vs. <60% P-value
CCL23 +1.79 (+0.95 to +2.63) <0.0001
TPA -0.83 (-1.27 to -0.39) <0.0001
BNP -0.46 (-0.75 to -0.18) 0.002
ENRAGE -0.62 (-1.05 t0 -0.18) 0.005
COL1A1 -0.92 (-1.67 to -0.18) 0.015
IL8 +0.58 (+0.09 to +1.07) 0.019

Legend: CCL23, c-c motif chemokine ligand 23; TPA, tissue plasminogen activator,;
BNP, brain natriuretic peptide; ENRAGE, S100 calcium binding protein A12;

COL1A1, collagen type | alpha 1 chain; IL8, interleukin 8.
LVEF obtained with Simpson bi-plane method.
Multivariable stepwise forward logistic regression model with age, sex, systolic blood

pressure, heart rate, body mass index, and eGFR “forced” into the model, and all
circulating proteins with a P-value of <0.05 in the 1-by-1 analysis entered in the
model (BNP, NT-pro BNP, CCL23, COL1A1, TPA, TNFB, PICP, IL8, CD6, MCP3,

ENRAGE, REN; see Supplemental Table 3).
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Table 3. Effect of spironolactone on the top proteins associated with LVEF

Protein (Log>
NPX)

Month 1

Month 9

Treatment-by-

LVEF interaction P

-0.04 (-0.11 to +0.02)

+0.01 (-0.06 to +0.08)

ceLas P =0.21 P =0.72 0.72
oA #0.03 (0,150 +0.21) | ¥0.11 (0.07 (0 +029) 020
NP 0.45 (061 10-0.29) | -0.36 (052 0 019) 060
CNRAGE 0,03 (0.08 [0 +0.15) | -0.05 (.16 0 +0.06) 060
COL1AL 0.09(015 10 003) | -0.16 {023 10 0.10) 059
s -0.01(012 10 +0.09) | -0.09 (0200 +0.01) 067

Legend: CCL23, c-c motif chemokine ligand 23; TPA, tissue plasminogen activator,;

BNP, brain natriuretic peptide; ENRAGE, S100 calcium binding protein A12;
COL1A1, collagen type | alpha 1 chain; IL8, interleukin 8.
LVEF obtained with Simpson bi-plane method.

Caption: BNP and COL1A1 were decreased with spironolactone over time, without

effect modification by LVEF.
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Table 4. Effect of spironolactone on main outcomes by LVEF tertiles

Outcome/LVEF tertile

Coefficient (95%CI)

Treatment-by-LVEF
interaction P

SBP change (mmHg)

LVEF <60%

7.3 (-13.1 to -1.5)

LVEF 60-65% -12.1 (-17.7 to -6.6) 0.48
LVEF >65% -10.6 (-16.3 to -4.9)

PICP change (pg/l)

LVEF <60% -12.4 (-20.0 to -5.0)

LVEF 60-65% -7.6 (-15.2 t0 0.0) 0.54
LVEF >65% -7.0 (-14.4 to +0.4)

NT-pro BNP change (pg/ml)

LVEF <60% -78 (-194 to +39)

LVEF 60-65% -99 (-215 to +18) 0.90
LVEF >65% -61 (-177 to +55)

LAVi change (ml/m?)

LVEF <60% -2.8 (-5.1 to -0.4)

LVEF 60-65% -1.5 (-3.7 to +0.6) 0.76

LVEF >65%

-2.0 (4.3 to +0.3)

Legend: SBP, systolic blood pressure; PICP, procollagen type | carboxy-terminal
propeptide; LAV, left atrial volume indexed to body surface area.
Change from baseline to month 9.
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Figure 1. Network analysis relating the top proteins associated with LVEF

DCN
COLIAT TPA
SPARC
ENRAGE
BNP REN
LEGEND
@ Increased ~ Protein interaction . Significant after multivariable analysis
. Decreased —— Biochernical interaction . Not significant after multivariable analysis

Intermediate node

Legend: CCL23, c-c motif chemokine ligand 23; TPA, tissue plasminogen activator;
BNP, brain natriuretic peptide; ENRAGE, S100 calcium binding protein A12;
COL1A1, collagen type | alpha 1 chain; IL8, interleukin 8; REN, renin; MMP, matrix
metalloproteinase; SPARC, secreted protein acidic and cysteine rich; DCN, decorin.



Figure 2. Spironolactone effect on LVEF by tertiles of LVEF

LVEF <60% | LVEF 60-65% < LVEF >65%

LVEF % change
0

0o M1 M9 o M1 M9 0o M1 M9
Visit (month) Visit (month) Visit number

[—-o— Ctrl 2 2 Spl(o} [—0— Ctrl *— Splro)} [—0— Ctrl o— Spiro.

Legend: Ctrl, control; Spiro., spironolactone; 0, baseline; M1, month 1; M9, month 9.
Spironolactone vs. Control effect on LVEF:

Tertile 1 LVEF <60%:

M1 =+0.7 (-0.8 to +2.2) %, P =0.34; M9 =+1.9 (+0.5 to +3.4) %, P =0.011.
Tertile 2 LVEF 60-65%:

M1 =-1.2 (-2.6 to +0.3) %, P =0.12; M9 =+1.1 (-0.2 to +2.5) %, P =0.098.
Tertile 3 LVEF >65%:

M1 =-0.8 (-2.1 to +0.6) %, P =0.27; M9 =+0.3 (-1.1 to +1.7) %, P =0.64.
Spironolactone-by-LVEF interaction P =0.24.

Overall effect:

M1 =-0.4 (-1.3 to +0.4) %, P =0.31; M9 =+1.1 (+ 0.3 to +1.9) %, P =0.007.
Overall joint P-value =0.012.

Caption: Spironolactone improved LVEF from baseline to month 9.
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