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Aims High left ventricular filling pressure increases left atrial volume and causes myocardial fibrosis, which may decrease
with spironolactone. We studied clinical and proteomic characteristics associated with left atrial volume indexed by
body surface area (LAVi), and whether LAVi influences the response to spironolactone on biomarker expression and
clinical variables.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods
and results

In the HOMAGE trial, where people at risk of heart failure were randomized to spironolactone or control, we
analysed 421 participants with available LAVi and 276 proteomic measurements (Olink) at baseline, month 1 and
9 (mean age 73± 6 years; women 26%; LAVi 32± 9 ml/m2). Circulating proteins associated with LAVi were also
assessed in asymptomatic individuals from a population-based cohort (STANISLAS; n= 1640; mean age 49± 14 years;
women 51%; LAVi 23± 7 ml/m2). In both studies, greater LAVi was significantly associated with greater left ventricular
masses and volumes. In HOMAGE, after adjustment and correction for multiple testing, greater LAVi was associated
with higher concentrations of matrix metallopeptidase-2 (MMP-2), insulin-like growth factor binding protein-2
(IGFBP-2) and N-terminal pro-B-type natriuretic peptide (NT-proBNP) (false discovery rates [FDR] <0.05). These
associations were externally replicated in STANISLAS (all FDR<0.05). Among these biomarkers, spironolactone
decreased concentrations of MMP-2 and NT-proBNP, regardless of baseline LAVi (pinteraction > 0.10). Spironolactone
also significantly reduced LAVi, improved left ventricular ejection fraction, lowered E/e’, blood pressure and serum
procollagen type I C-terminal propeptide (PICP) concentration, a collagen synthesis marker, regardless of baseline
LAVi (pinteraction > 0.10).
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Conclusion In individuals without heart failure, LAVi was associated with MMP-2, IGFBP-2 and NT-proBNP. Spironolactone
reduced these biomarker concentrations as well as LAVi and PICP, irrespective of left atrial size.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphical Abstract

In individuals at risk of developing heart failure (HF) (HOMAGE), left atrial volume index (LAVi) showed associations with matrix metallopeptidase-2
(MMP-2), insulin-like growth factor binding protein-2 (IGFBP-2), and N-terminal pro-B-type natriuretic peptide (NT-proBNP). These
associations were validated in an independent community-based cohort (STANISLAS). Among these biomarkers, spironolactone reduced
concentrations of MMP-2 and NT-proBNP over a 9-month period in HOMAGE participants, irrespective of baseline LAVi. Additionally,
spironolactone significantly decreased LAVi, improved left ventricular ejection fraction (LVEF), reduced E/e′, blood pressure, and serum procol-
lagen type I C-terminal propeptide (PICP) concentration, regardless of baseline LAVi. LA, left atrial; MRA, mineralocorticoid receptor antagonist;
SBP, systolic blood pressure.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
In patients with higher left ventricular (LV) diastolic pressure, the
left atrium gradually dilates and develops fibrosis; hence, left atrial
(LA) volume may be a surrogate measure of the chronicity and
severity of increased LV filling pressure.1–3 LA enlargement is a key
echocardiographic feature in the diagnosis of heart failure (HF) with
preserved ejection fraction (HFpEF),4,5 and is a well-known marker
of a heightened risk of morbidity and/or mortality in the general
population as well as in patients with HFpEF.6–8 ..
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..
. Mineralocorticoid receptor antagonists (MRAs) reduce LA

volume by decreasing LV filling pressure, extracellular matrix
turnover and myocardial collagen.9 In the Heart OMics in AGEing
(HOMAGE) trial, spironolactone (vs. standard care) significantly
reduced LA volume indexed to body surface area (LAVi) over
9 months in individuals at high risk of developing HF.10 How-
ever, other studies did not find similarly significant reverse LA
remodelling with MRA treatment.11–13 Circulating proteins whose
domains are likely to be involved in congestion, thrombosis,
inflammation, and fibrotic pathways may provide insights into the

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Proteomic profiles of LA volume and spironolactone 3

biological pathways underlying LA enlargement14,15 and LA reverse
remodelling in response to spironolactone.

The aim of the present study was to explore the clinical
and proteomic characteristics associated with LAVi in patients
at risk of HF in the HOMAGE trial. These associations with
LAVi were externally validated in asymptomatic individuals in the
Suivi Temporaire Annuel Non-Invasif de la Santé des Lorrains
Assurés Sociaux (STANISLAS) cohort (ClinicalTrials.gov identifier:
NCT01391442).16 In addition, we studied whether the responses
of circulating biomarker concentrations, cardiac structure and
function, and blood pressure to spironolactone were influenced
by baseline LA size.

Methods
Trial design and population
The HOMAGE trial was a prospective, randomized, open-label,
blinded-endpoint, multicentre design, in which people at a high risk
of developing HF were randomized to receive either spironolactone
or standard of care, and explored the effect of spironolactone on
circulating markers of fibrosis, natriuretic peptides, blood pressure
and cardiac structure and function over 9 months. The rationale,
design and main results have been described previously.10,17 The main
inclusion criteria were age ≥65 years (amended to ≥60 years during
the course of the trial), established coronary artery disease or at
least two criteria indicating high cardiovascular risk (i.e. hypertension,
diabetes, microalbuminuria, or an abnormal electrocardiogram), and
N-terminal pro-B-type natriuretic peptide (NT-proBNP) between 125
and 1000 pg/ml (or B-type natriuretic peptide [BNP] between 35
and 280 pg/ml). Patients with a pre-existing diagnosis of HF, a LV
ejection fraction (LVEF) <45%, atrial fibrillation (AF), an estimated
glomerular filtration rate (eGFR18) <30 ml/min/1.73 m2 or serum
potassium >5.0 mmol/L were excluded.

The trial was approved by the relevant ethics committees and
regulatory bodies. Participants provided written informed consent
(ClinicalTrials.gov Identifier: NCT02556450).

The STANISLAS cohort study is a single-centre familial longitudinal
population-based cohort from the Nancy region in France in which
participants with a history of AF were excluded.16 Among 1705
participants undergoing the forth cohort visit, 1613 participants had
both available echocardiographic and proteomic biomarker data.

Echocardiogram
In both HOMAGE and STANISLAS, LA volume, LV volumes and LVEF
were measured using the biplane method of disks summation (modified
Simpson’s rule). Diastolic function was assessed from the pattern of
mitral inflow by pulsed-wave Doppler. Mitral annular early diastolic
velocity (e′) was assessed at the septal and lateral sites of the mitral
annulus using tissue Doppler imaging. E/A ratio, average e′ and average
E/e′ ratio were calculated.19 Tricuspid annular plane systolic excursion
measurement was obtained.20

Left ventricular hypertrophy was defined as LV mass indexed to body
surface area >115 g/m2 in men or >95 g/m2 in women, and abnormal
e′ by a septal e′ <7 cm/s or lateral e′ <10 cm/s.19,21

In the Lorraine university, in which all echocardiographic vari-
ables were measured in both HOMAGE and STANISLAS, intra-
and interobserver intraclass correlation coefficients of each ..
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.. echocardiographic variable provided good reproducibility as previously
reported.22,23

Proteomic biomarkers
Baseline, month 1 and 9 plasma samples in HOMAGE and baseline
samples in STANISLAS were analysed for 276 protein biomarkers
by the TATAA-biocentre using the Olink Proseek® Multiplex cardio-
vascular (CVD) II, CVD III, and inflammation panels. The proteins
were determined using high-throughput Olink Proseek® Multiplex
96× 96 kits, which measure 92 selected proteins simultaneously in
1 μl of plasma per kit. It is based on the proximity extension assay
technology with dual-recognition DNA-coupled readout, where 92
oligonucleotide-labelled antibody probe pairs bind to their respective
target in the sample allowing hybridization of the DNA-tag sequences
and proximity extension with subsequent amplification by a Fluidigm
BioMark™ HD real-time polymerase chain reaction platform. The plat-
form provides log2 normalized protein expression (NPX) values with
relative quantification. A detailed description of the Olink® technol-
ogy is provided on the website: https://www.olink.com/. The abbrevia-
tions, full names and respective Olink® multiplex panels of the studied
proteins are described in online supplementary Table S1. In addition,
serum procollagen type I C-terminal propeptide (PICP) and procolla-
gen type III N-terminal propeptide (PIIINP) as fibrotic markers associ-
ated with histologically proven myocardial fibrosis,24 were measured
by enzyme immunoassay (METRA; Quidel Corporation®), and by
radio-immunoassay (Orion Diagnostica®), respectively. In HOMAGE,
plasma NT-proBNP was measured by electro-chemiluminescent assays
(Roche Diagnostics) as previously reported.10

All biomarkers were available in 98.3% and 98.4% of participants
in HOMAGE and STANISLAS, respectively. Biomarkers with 75% or
more values below the limit of detection (LOD) were excluded from
candidate variables. When the proportion of below LOD value was
75% or less, the below limit of detection values was replaced by the
LOD. Totally, 25 and 24 protein biomarkers were not included in the
current analysis in HOMAGE and STANISLAS, respectively.

Complex network analysis
Pathway and gene ontology term overrepresentation was calculated
for proteins selected by the statistical analysis. Protein annotations
were extracted from the FHF graph knowledge box (FHF-GKBox).25

In the FHF-GKBox, protein–pathway relationships were extracted
from Reactome (version 69)26 and gene ontology annotation from
AmiGO.27 Only annotations with a p-value lower than 5% linked to
at least two selected proteins and proteins linked to these pathways
were considered to construct the graph. The network was displayed
using Cytoscape (version 3.10.1).28

Statistical analysis
Categorical variables are presented as frequencies (percentages) and
continuous variables as means ± standard deviations or medians (25th
and 75th percentiles) depending on distribution. Comparisons of the
patient characteristics across LAVi tertiles were analysed using analysis
of variance, Kruskal–Wallis and χ2 tests, as appropriate.

In HOMAGE and STANISLAS, 276 protein biomarkers plus PICP
and PIIINP were used to assess whether circulating proteins were
associated with the extent of LAVi. Linear regression analyses with
LAVi as an outcome variable were performed with each circulating

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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biomarker as an independent variable plus age, sex, body mass index,
prevalence of hypertension and diabetes, and eGFR as adjustment
covariates, followed by p-values corrected for the multiplicity of
tests using the Benjamini–Hochberg method. To better visualize the
associations of biomarkers with LAVi in multivariable models, we
performed a volcano plot using the beta coefficients of models having
LAVi as an outcome.

For those biomarkers in both HOMAGE and STANISLAS with
differential expression by LAVi, we then tested whether spironolactone
changed the levels of biomarker during follow-up, using analysis of
covariance (ANCOVA) to compare the difference in changes between
spironolactone and control groups in HOMAGE.

ANCOVA was used with a treatment-by-LAVi interaction term to
study the relation between LAVi and the effect of spironolactone on
clinical variables (i.e. natriuretic peptide, cardiac function, and collagen
synthesis marker). The effect of spironolactone on LAVi was assessed
using a mixed effect model with LAVi as dependent variable (measured
at baseline, month 1 and month 9) and treatment (spironolactone vs.
control) as independent fixed-effects variable; the random intercepts
were set at the patient ‘ID’ level with an unstructured covariance
matrix.

Statistical analyses were performed using R version 4.2.1 (R Devel-
opment Core Team, Vienna, Austria). A two-sided p-value <0.05 was
considered statistically significant.

Results
Patient characteristics
Among 421 HOMAGE patients with available baseline LAVi, mean
age was 73± 6 years, 26% were women, one-third (33%) had a
body mass index ≥30 kg/m2, 77% had hypertension, 41% had a
history of myocardial infarction, and median plasma concentra-
tion of NT-proBNP was 207 pg/ml (25th and 75th percentiles
134–354 pg/ml). Mean LVEF was 62± 7%, 28% had LV hypertrophy
and 86% had abnormal e′.

The respective LAVi tertiles were: tertile 1: <28 ml/m2

(n= 141), tertile 2: 28–34 ml/m2 (n=140), and tertile 3:
>34 ml/m2 (n= 140). A greater LAVi was significantly associ-
ated with lower heart rate, a greater LV volume, LV mass indexed
to body surface area, and higher plasma NT-proBNP (all p-values
<0.01) (Table 1). There were no significant differences in measures
of LA strain (i.e. reservoir strain, conduit strain, contractile strain)
across the LAVi tertiles (Table 1).

Similar baseline echocardiographic features associated with LAVi
were observed in STANISLAS (online supplementary Table S2).

Patients having a greater baseline LAVi were more likely
to decrease the levels of systolic blood pressure, eGFR, LV
end-diastolic volume index and LAVi from baseline to month 1

and month 9 (all p<0.01) (online supplementary Table S3).

Circulating biomarkers associated
with left atrial volume index
in HOMAGE and STANISLAS
In HOMAGE, among 253 analysed biomarkers, 33 biomarkers were
significantly associated with the degrees of LAVi after adjustment ..
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.. for covariates. A volcano plot showing all differentially expressed
biomarkers for LAVi is demonstrated in Figure 1. After accounting
for multiple testing, six biomarkers were selected (Figure 1 and
Table 2). Notably, higher levels of matrix metallopeptidase-2
(MMP-2), insulin-like growth factor binding protein-2 (IGFBP-2),
and N-terminal pro-B-type natriuretic peptide (NT-proBNP) were
significantly associated with a greater LAVi. These associations
were externally replicated in STANISLAS as shown in Figure 1 and
Table 2.

The list of biomarkers that were significantly associated with
LAVi in both studies is shown in online supplementary Tables S4
and S5.

Pathways linked to left atrial volume
index-associated biomarkers
When incorporating 14 biomarkers significantly associated with
LAVi in complex network analysis, extracellular matrix remod-
elling and collagen synthesis/degradation were over-represented
pathways, which were linked to the highest number of biomarkers
(i.e. MMP-2, MMP-3, decorin, and cathepsin L1), highlighting the
fibrotic pathways as the most central biological feature (online sup-
plementary Figure S1).

Effect of spironolactone on top proteins
associated with left atrial volume index
Among biomarkers associated with LAVi in both HOMAGE
and STANISLAS, spironolactone reduced MMP-2 and
NT-proBNP without significant treatment-by-LAVi heterogeneity
(pinteraction > 0.10). Spironolactone did not significantly change the
circulating levels of IGFBP-2 (Table 3).

These effects of spironolactone were consistent, regard-
less of baseline use of statin therapy or angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker (ACEi/ARB) (all
pinteraction > 0.10).

Effects of spironolactone on clinical
variables by baseline left atrial size
During a 9-month period, spironolactone decreased LAVi by
−1.32 ml/m2 versus standard care (p= 0.01). The effect of spirono-
lactone on LAVi was consistently observed across LAVi tertiles
(pinteraction = 0.23) (Table 4).

There was no interaction between baseline LA size and the
effects of spironolactone (vs. control) on increasing LVEF, reducing
E/e′, lowering NT-proBNP, systolic blood pressure and serum PICP
concentrations (pinteraction > 0.10 for all) (Table 4).

Discussion
This analysis reveals that an increase in LA volume is consis-
tently associated with elevated levels of NT-proBNP, MMP-2, and
IGFBP-2, which were mainly linked to fibrotic pathways as revealed
by complex network analysis. These associations were evident in

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 Baseline characteristics according to left atrial volume index tertiles in HOMAGE

Left atrial volume index p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Overall
(n= 421)

T1 <28 ml/m2

(n= 141)
T2 28–34 ml/m2

(n= 140)
T3 >34 ml/m2

(n= 140)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age, years 73± 6 73± 6 73± 6 74± 7 0.238
Female sex, n (%) 108 (25.7) 34 (24.1) 30 (21.4) 44 (31.4) 0.140
Body mass index, kg/m2 29± 5 29± 5 28± 5 29± 5 0.814
Smoker, n (%) 36 (8.6) 16 (11.3) 6 (4.3) 14 (10.0) 0.080
Medical history, n (%)

Hypertension 323 (76.7) 100 (70.9) 108 (77.1) 115 (82.1) 0.083
Diabetes 170 (40.4) 58 (41.1) 58 (41.4) 54 (38.6) 0.866
Coronary artery disease 307 (72.9) 102 (72.3) 108 (77.1) 97 (69.3) 0.329
Myocardial infarction 171 (40.6) 60 (42.6) 59 (42.1) 52 (37.1) 0.590
Stroke 23 (5.5) 1 (0.7) 12 (8.6) 10 (7.1) 0.008
COPD 29 (6.9) 14 (9.9) 8 (5.7) 7 (5.0) 0.211

Medications, n (%)
ACEi or ARB 331 (78.6) 107 (75.9) 104 (74.3) 120 (85.7) 0.041

Beta-blocker 299 (71.0) 104 (73.8) 99 (70.7) 96 (68.6) 0.629
Calcium channel blockers 85 (20.2) 23 (16.3) 31 (22.1) 31 (22.1) 0.372
Statin 355 (84.3) 121 (85.8) 120 (85.7) 114 (81.4) 0.514
Anti-platelet therapy 335 (79.6) 109 (77.3) 115 (82.1) 111 (79.3) 0.600

Physical assessment
Systolic BP, mmHg 143± 21 140± 20 142± 22 146± 21 0.070
Heart rate, bpm 61± 9 63± 8 61±10 60±10 0.004

Laboratory data
Haemoglobin, g/dl 14.0±1.4 14.3±1.4 14.0± 1.2 13.7±1.5 0.002
Sodium, mmol/L 139.3± 2.8 139.1± 2.3 139.0± 3.0 139.9± 3.0 0.010
Potassium, mmol/L 4.3± 0.4 4.3± 0.4 4.4± 0.4 4.3± 0.3 0.640
eGFR, ml/min/1.73 m2 71±16 70±15 71±16 72±16 0.697
NT-proBNP, pg/ml 207 (134–354) 176 (126–256) 209 (134–380) 249 (141–489) 0.003
NT-proBNP (NPX) 5.4± 0.8 5.1± 0.7 5.4± 0.8 5.6± 0.8 <0.001

Echocardiographic variables
LVEDVi, ml/m2 43±11 38± 9 43±11 48±12 <0.001

LVEF, % 62± 7 62± 6 62± 7 62± 7 0.999
GLS, % (n= 76) −17.8± 2.5 −18.1± 2.4 −17.1± 2.6 −18.2± 2.2 0.235
LVMi, g/m2 97± 26 90± 21 96± 24 106± 29 <0.001

Men 98± 25 91± 22 97± 25 106± 27 <0.001

Women 96± 28 87±19 92± 20 106± 35 0.006
LV hypertrophy, n (%) 110 (27.6%) 27 (20.0%) 35 (25.9%) 48 (37.2%) 0.007
E wave, cm/s 69±18 65±15 69±17 73± 20 0.001

A wave, cm/s 81± 20 80±19 80±19 83± 22 0.483
E/A ratio 0.9± 0.3 0.8± 0.3 0.9± 0.3 0.9± 0.3 0.071

Lateral e′, cm/s 8.7± 2.7 8.5± 2.4 8.6± 2.6 9.1± 3.1 0.121

Septal e′, cm/s 6.0±1.6 6.0±1.6 6.1± 1.6 5.9±1.6 0.837
Septal e′ <7 cm/s or lateral e′<10 cm/s, n (%) 335 (85.7) 112 (84.8) 113 (85.6) 110 (86.6) 0.921

E/e′ mean 9.9± 3.2 9.5± 3.2 10.0± 3.1 10.2± 3.4 0.213
E/e′ mean >14 40 (10.3%) 10 (7.7%) 15 (11.5%) 15 (11.8%) 0.483
TAPSE, mm 22.3± 6.4 21.9± 6.1 23.0± 6.4 22.0± 6.7 0.310

LA variables
LA volume, ml 61±17 45± 7 60± 7 79±14 <0.001

LA volume/height, ml/m 36±10 27± 4 35± 3 47± 8 <0.001

LA reservoir strain, % (n=104) 24.8± 4.9 25.3± 5.0 25.0± 5.1 23.8± 4.6 0.441

LA conduit strain, % (n=104) 10.5± 3.4 10.6± 3.2 10.5± 3.8 10.3± 3.4 0.947
LA contractile strain, % (n=104) 14.3± 3.8 14.7± 4.3 14.4± 3.6 13.4± 3.3 0.404
LA emptying fraction, % (n=104) 56.1± 9.4 56.2± 9.9 58.3± 9.4 53.0± 8.0 0.071

Values are expressed as mean± standard deviation, n (%), or median (25th–75th percentile).
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; BSA, body surface area; COPD, chronic obstructive pulmonary disease;
eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain; LA, left atrial; LV, left ventricular; LVEDVi, left ventricular end-diastolic volume index; LVEF, left
ventricular ejection fraction; LVMi, left ventricular mass index; NT-proBNP, N-terminal B-type natriuretic peptide; TAPSE, tricuspid annular plane systolic excursion.

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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6 M. Kobayashi et al.

Figure 1 Biomarkers associated with left atrial volume index (LAVi) in HOMAGE and STANISLAS. BNP, B-type natriuretic peptide; FGF23,
fibroblast growth factor-23; IGFBP-2, insulin-like growth factor binding protein 2; IL2RA interleukin-2 receptor subunit alpha; LPL, lipoprotein
lipase; MMP-2, matrix metallopeptidase-2; MMP-9, matrix metallopeptidase-9; NT-proBNP, N-terminal pro-B-type natriuretic peptide; OSM,
oncostatin-M; PICP, procollagen type I C-terminal propeptide. Other abbreviations are presented in online supplementary Table S1.

asymptomatic individuals with relatively low cardiovascular risk,
and in those with high cardiovascular risk (i.e. coronary artery
disease) and a risk for developing HF. Notably, the use of spirono-
lactone led to a significant reduction in LA volume and levels of
natriuretic peptide and MMP-2. The treatment with spironolactone
also resulted in improvements in LVEF, changes in diastolic function,
lowered systolic blood pressure, and reduced markers of colla-
gen synthesis, with these beneficial effects observable regardless ..

..
..

..
..

..
..

..
..

..
..

. of baseline LA size (Graphical Abstract). These findings provide new
insights into the biological processes driving LA enlargement and
highlight the potential of spironolactone in reversing this structural
abnormality, offering valuable implications for the treatment, and
understanding of HF development.

In the current analysis of the HOMAGE trial, participants had
a similar LA volume to those with symptomatic HFpEF included
in prior clinical trials,7,11,29 supporting a HFpEF-like remodeled LA

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Proteomic profiles of LA volume and spironolactone 7

Table 2 Top proteins associated with left atrial volume index in HOMAGE and STANISLAS

HOMAGE STANISLAS
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Beta (95% CI) p-value FDR Beta (95% CI) p-value FDR
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MMP-2 3.82 (1.53 to 6.11) 0.001 0.036 1.87 (0.72 to 3.02) 0.001 0.028
IGFBP-2 2.46 (1.03 to 3.89) 0.001 0.036 1.07 (0.49 to 1.64) <0.001 <0.001

NT-proBNP 3.66 (2.69 to 4.62) <0.001 <0.001 2.06 (1.66 to 2.46) <0.001 <0.001

BNP 2.93 (2.23 to 3.64) <0.001 <0.001 – – –
Leptin −2.85 (−3.93 to −1.76) <0.001 <0.001 – – –
IL2RA 3.23 (1.55 to 4.91) <0.001 <0.001 – – –
FGF23 – – – 1.48 (0.61 to 2.34) 0.001 0.028
Decorin – – – 2.45 (0.97 to 3.92) 0.001 0.028
Lipoprotein lipase – – – 1.24 (0.46 to 2.03) 0.002 0.046
MMP-9 – – – −0.66 (−1.08 to −0.24) 0.002 0.046
Notch 3 – – – 1.72 (0.72 to 2.73) 0.001 0.028
Oncostatin-M – – – −0.66 (−1.04 to −0.27) 0.001 0.028
PICP – – – 1.07 (0.51 to 1.64) <0.001 <0.001

BNP, B-type natriuretic peptide; CI, confidence interval; FDR, false discovery rate; FGF23, fibroblast growth factor-23; IGFBP-2, insulin-like growth factor binding protein-2;
IL2RA interleukin-2 receptor subunit alpha; LAVi, left atrial volume index; MMP-2, matrix metallopeptidase-2; MMP-9, matrix metallopeptidase-9; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; PICP, procollagen type I C-terminal propeptide.
Proteins measured by Olink are presented with log2NPX. PICP was transformed by natural logarithm.

Table 3 Effect of spironolactone on the top proteins associated with left atrial volume index in HOMAGE

Treatment-group-difference Treatment-by-LAVi
pinteraction

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Month 1 Month 9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MMP-2 −0.104 (−0.170 to −0.037) p= 0.002 −0.118 (−0.185 to −0.051) p< 0.001 0.697
IGFBP-2 −0.068 (−0.150 to 0.015) p= 0.110 −0.014 (−0.106 to 0.078) p= 0.766 0.327
NT-proBNP −0.294 (−0.436 to −0.152) p< 0.001 −0.144 (−0.299 to −0.012) p= 0.072 0.582

IGFBP-2, insulin-like growth factor binding protein-2; LAVi, left atrial volume index; MMP-2, matrix metallopeptidase-2; NT-proBNP, N-terminal pro-B-type natriuretic peptide.

size. Compared to individuals in the lower LAVi tertile (<28 ml/m2),
those in the upper tertile of LAVi (>34 ml/m2) had greater LV
volume, greater LV mass, and higher natriuretic peptide level,
without significant differences in the various LA strains.

Matrix metallopeptidase-2 is involved in a variety of processes,
including extracellular matrix, tissue repair, angiogenesis, and
inflammation, and is thought to be secreted by cardiomyocytes
and myofibroblasts.30,31 MMP-2 may also promote the occurrence
of AF and LA fibrosis via connexin-43,32 and was correlated with
LA volume as shown previously.33 MMP-2 was associated with a
risk of incident HF and AF in the general population34 as well
as with worsening HF in those with established disease.35 In
pre-clinical studies, an inhibition of MMP mitigated LV remodelling
and improved cardiac function36,37; however, clinical trials showed
that MMP inhibitors failed to attenuate LV remodelling following
myocardial infarction, possibly due to the enhanced MMP phe-
notype.38 Nonetheless, in HOMAGE, spironolactone significantly
reduced MMP-2 levels over 9 months, suggesting its potential MMP
inhibitory properties. This finding further supports the notion that
MMP could serve as a target for pharmacological approach in the
management of HF, which should be worthy of testing in dedicated
studies. ..
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..
. Insulin-like growth factor binding protein-2 modulates metabolic

and inflammation pathways in the heart, and counteracts the effect
of IGFBP-1, which was related to the progression of myocardial
remodelling and fibrosis.39 In previous studies, IGFBP-2 was sug-
gested as a marker to diagnose acute HF as well as predict prog-
nosis in chronic HF.40–42 In an interesting analysis using public bio-
logical databases, IGFBP-2 had many pathways linking to HF, which
did not overlap with BNP.25 In HOMAGE, IGFBP-2 was not sig-
nificantly changed with spironolactone treatment over 9 months.
Along with well-known antifibrotic effect of spironolactone, our
data suggest that IGFBP-2 might be related to metabolic and inflam-
matory rather than fibrotic pathways as confirmed by complex
network analysis.1,43

In the present study, spironolactone significantly reduced LAVi
from baseline to month 9, regardless of baseline LAVi. However,
surprisingly, in prior studies, MRAs had no impact on LA size in
patients with HFpEF. In the Aldosterone Receptor Blockade in
Diastolic Heart Failure (Aldo-DHF) trial, in which 422 patients
with symptomatic HFpEF were randomized to either spironolac-
tone or placebo, over 12 months, spironolactone versus placebo
significantly improved diastolic function reflected by decreases in
E/e′ and e′, but did not change LAVi.11 In a post-hoc analysis of

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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8 M. Kobayashi et al.

Table 4 Effect of spironolactone on outcomes across left atrial volume index tertiles in HOMAGE

Month 1 Month 9 Overall joint
p-value

Treatment-by-LAVi
pinteraction

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Treatment-group-
difference (95% CI)

p-value Treatment-group-
difference (95% CI)

p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LAVi change (mL/m2)
Overall −0.91 (−1.91 to 0.08) 0.072 −1.32 (−2.32 to −0.32) 0.010 0.096
LAVi <28 ml/m2 −0.58 (−1.79 to 0.64) 0.355 −1.10 (−2.31 to 0.10) 0.076 0.234
LAVi 28–34 ml/m2 −1.18 (−2.74 to 0.38) 0.141 −0.26 (−2.04 to 1.52) 0.778
LAVi >34 ml/m2 −0.85 (−3.26 to 1.55) 0.489 −2.68 (−4.77 to −0.6) 0.013

LVEF change (%)
Overall −0.49 (−1.65 to 0.66) 0.402 1.17 (0.17 to 2.18) 0.026 0.325
LAVi <28 ml/m2 0.89 (−1.24 to 3.03) 0.415 1.09 (−0.57 to 2.75) 0.202 0.939
LAVi 28–34 ml/m2 −1.64 (−3.61 to 0.33) 0.107 1.13 (−0.54 to 2.81) 0.188
LAVi >34 ml/m2 −1.62 (−3.77 to 0.52) 0.142 0.98 (−1.27 to 3.23) 0.396

E/e′ change
Overall −0.23 (−0.71 to 0.25) 0.342 −0.48 (−0.94 to −0.02) 0.041 0.119
LAVi <28 ml/m2 0.41 (−0.26 to 1.07) 0.234 −0.30 (−1.13 to 0.52) 0.474 0.859
LAVi 28–34 ml/m2 −0.73 (−1.52 to 0.06) 0.072 −0.73 (−1.44 to −0.03) 0.043
LAVi >34 ml/m2 −0.28 (−1.31 to 0.76) 0.601 −0.41 (−1.30 to 0.48) 0.371

NT-proBNP change (pg/ml)
Overall −9.41 (−17.05 to −1.77) 0.016 −5.81 (−10.11 to −1.51) 0.008 0.033
LAVi <28 ml/m2 −4.31 (−7.73 to −0.89) 0.015 −4.40 (−10.09 to 1.30) 0.133 0.082
LAVi 28–34 ml/m2 −3.42 (−7.92 to 1.07) 0.138 0.38 (−6.36 to 7.13) 0.912
LAVi >34 ml/m2 −19.92 (−42.25 to 2.41) 0.082 −12.82 (−21.69 to −3.94) 0.005

SBP change (mmHg)
Overall −6.01 (−8.84 to −3.18) <0.001 −10.58 (−13.62 to −7.53) <0.001 <0.001

LAVi <28 ml/m2 −5.23 (−9.75 to −0.72) 0.025 −7.04 (−12.35 to −1.73) 0.010 0.182
LAVi 28–34 ml/m2 −7.29 (−12.57 to −2.01) 0.008 −13.16 (−18.71 to −7.61) <0.001

LAVi >34 ml/m2 −5.69 (−10.58 to −0.81) 0.024 −11.81 (−16.72 to −6.90) <0.001

PICP change (μg/L)
Overall −5.74 (−9.15 to −2.32) 0.001 −9.13 (−13.35 to −4.91) <0.001 0.004
LAVi <28 ml/m2 −4.46 (−10.10 to 1.17) 0.123 −11.08 (−17.88 to −4.28) 0.002 0.978
LAVi 28–34 ml/m2 −7.19 (−12.88 to −1.49) 0.015 −4.87 (−12.36 to 2.62) 0.205
LAVi >34 ml/m2 −5.85 (−12.36 to 0.66) 0.081 −11.66 (−19.33 to −3.99) 0.003

CI, confidence interval; LAVi, left atrial volume index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PICP, procollagen type I C-terminal propeptide; SBP, systolic
blood pressure.

the Treatment of Preserved Cardiac Function Heart Failure with
an Aldosterone Antagonist (TOPCAT) trial, which included 239
patients with HFpEF who were randomized to spironolactone or
placebo, there was no significant difference between changes in any
echocardiographic variables between treatment groups during a
median follow-up of 24 months.12 The neutral effects of MRAs on
LAVi were also reported in several smaller trials in HFpEF.13,44,45

The differences in baseline LA size are likely to be responsible for
differences in the response to MRA treatment among these studies.
However, it should be noted that, in a meta-analysis of HOMAGE,
Aldo-DHF and TOPCAT trials, spironolactone significantly reduced
LAVi compared with placebo or usual care.46 Additionally, the
HOMAGE trial was uniquely designed to exclude people who had
a history or presence of AF, which may theoretically impact LA size
and the response to treatments.9 Our data suggest that spironolac-
tone may potentially help reverse LA remodelling regardless of LA
size in people with sinus rhythm and prevent symptomatic HFpEF. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. Left atrial enlargement is recognized as an indicator of either

comorbidity burden or increased risk of HF.47,48 The estab-
lished risk marker is likely due to the underlying fibrotic path-
ways in a population prior to HF onset. Although statin ther-
apy and ACEi/ARB may have the potential to have anti-fibrotic
effects,49,50 spironolactone significantly and consistently decreased
these biomarker expressions, irrespective of the baseline use of
anti-fibrotic treatments. Moreover, spironolactone reduced LAVi
and improved outcomes such as diastolic dysfunction, natriuretic
peptide levels, and biomarkers of collagen synthesis, irrespective
of baseline LA size. These results support the use of MRA ther-
apy as a preventive measure against HF development, going beyond
just LAVi assessment. Moreover, a comprehensive cardiac remod-
elling assessment, like that offered by the e′VM algorithm, may be
more apt than a singular focus on LA volume, providing a better
framework for identifying those who will most benefit from MRA
therapy.51,52

© 2024 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Proteomic profiles of LA volume and spironolactone 9

Strengths and limitations
The presented results have several potential strengths and limita-
tions. The strengths include the robust quality of echocardiographic
and biomarker variables. One experienced examiner centrally
measured all echocardiographic images, blinded to treatment
allocation, demographic and clinical data. Additionally, these
echocardiographic variables and >250 circulating proteins were
sequentially measured at baseline, month 1 and month 9.

Our results should be regarded as hypothesis-generating given
the post-hoc nature of our study, although we showed the exter-
nal replication of the main findings. This study, additionally, included
the relatively moderate sample size of LAVi, and the lack of mecha-
nistic confirmation at the cellular level. HOMAGE and STANISLAS
included only individuals who had no prior history of AF by design,
which may limit the generalizability of our findings. However, AF
may greatly confound clinical and treatment associations with LA
size. In the present analysis, we did not use large unbiased screens,
but rather pre-selected protein biomarkers based on mechanis-
tic hypotheses and previous literature. The Olink panels (CVD II,
III, and inflammation) contain circulating proteins previously found
to be associated with cardiovascular and inflammatory diseases.
Other pathways are missing, for example, metabolism and nutri-
tion, that could enrich our results. Although we did not observe
any interaction between spironolactone treatment and baseline
treatment use on changes in biomarker expression, several treat-
ments (i.e. statin therapy) might influence the changes in such
biomarkers.49

Conclusions
In individuals without manifest HF, LAVi was associated with
MMP-2, IGFBP-2 and NT-proBNP. Notably, spironolactone was
effective in reducing these biomarker concentrations as well as
LAVi and serum PICP, a marker of collagen synthesis. This bene-
ficial effect was consistent, regardless of baseline LA size. These
findings highlight the potential of spironolactone in modulating key
pathological processes in early HF stages, suggesting its broader
applicability in preemptive cardiac care.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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