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Aims The HOMAGE randomized trial found that spironolactone reduced left atrial volume index (LAVI), E:A ratio, and a
marker of collagen type I synthesis (procollagen type I C-terminal propeptide) in patients at risk of heart failure (HF).
Previous trials showed that patients with HF, preserved ejection fraction and low serum collagen type I C-terminal
telopeptide to matrix metalloproteinase-1 ratio (CITP:MMP-1), associated with high collagen cross-linking, had less
improvement in diastolic function with spironolactone. We evaluated the interaction between serum CITP:MMP-1
and spironolactone on cardiac function in the HOMAGE trial.

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

Methods
and results

Patients at risk of HF were randomized to spironolactone (n = 260) or not (n = 255). Blood sampling and
echocardiography were done at baseline, one and nine months. CITP:MMP-1 was used as an indirect measure of
collagen cross-linking. Higher baseline CITP:MMP-1 (i.e. lower collagen cross-linking) was associated with greater
reductions in LAVI with spironolactone at both one (p = 0.003) and nine (p = 0.01) months, but no interaction was
observed for E:A ratio. Spironolactone reduced LAVI after one and nine months only for those patients in the third
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tertile of CITP:MMP-1 (estimated lowest collagen cross-linking) [mean differencesspiro/control: −1.77 (95% confidence
interval, CI −2.94 to −0.59) and −2.52 (95% CI −4.46 to −0.58) mL/m2; interaction pacross-tertiles = 0.005; interaction
pthird tertile = 0.008] with a similar trend for N-terminal pro-B-type natriuretic peptide which was consistently reduced
by spironolactone only in the lowest collagen cross-linking tertile [mean differencesspiro/control: −0.47 (95% CI −0.66
to −0.28) and −0.31 (95% CI −0.59 to −0.04) ng/L; interaction pacross-tertiles = 0.09; interaction pthird tertile < 0.001].

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

Conclusions These findings suggest that, for patients at risk of HF, the effects of spironolactone on left atrial remodelling may be
more prominent in patients with less collagen cross-linking (indirectly assessed by serum CITP:MMP-1).

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

Graphical Abstract

Patients at risk of heart failure from the HOMAGE clinical trial were classified according to the baseline degree of myocardial collagen cross-linking,
non-invasively assessed by the serum collagen type I C-terminal telopeptide (CITP) to matrix metalloproteinase-1 (MMP-1) ratio (CITP:MMP-1). As
highly cross-linked collagen fibres are more resistant to degradation and CITP is a cross-linked peptide, for a given MMP-1 quantity less CITP will
be released and, subsequently, serum CITP:MMP-1 will be lower. Whereas patients with low collagen cross-linking (high CITP:MMP-1) benefit from
the cardioprotective effects of treatment with spironolactone on left atrial remodelling [i.e. a decrease in left atrial volume index (LAVI)] and on
N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels, these beneficial effects are not found in patients with higher collagen cross-linking
(low CITP:MMP-1).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction

Prevention of heart failure (HF) before symptoms develop may
be better than waiting for symptoms of advanced disease, when ..

..
..

..
..

. the prognosis could be more difficult to modify.1 In this context,
the multicentre, randomized, Heart ‘OMics’ in AGEing (HOMAGE)
trial recently showed, for patients at risk of HF, that spironolactone
reduced left atrial volume index (LAVI), early mitral flow velocity
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(E wave) and consequently the E:A ratio.2 Additionally, spirono-
lactone reduced plasma concentrations of N-terminal pro-B-type
natriuretic peptide (NT-proBNP), and serum procollagen type I
C-terminal propeptide (PICP), a marker of collagen type I synthesis
and, potentially, of myocardial fibrosis.2

Left atrial (LA) remodelling, as evidenced by an increase in LAVI,
has been proposed as a biomarker of the duration and severity of
left ventricular (LV) diastolic dysfunction, reflecting the cumulative
effect of prolonged increases in filling pressure.3 In addition, LA
enlargement is associated with an increased risk of atrial fibrillation
(AF) and, for patients with HF, a worse prognosis.4,5

Myocardial interstitial fibrosis is a major pathophysiological
mechanism involved in HF, increasing myocardial stiffness and
contributing to LA remodelling6 and LV diastolic dysfunction.6,7

Myocardial fibrosis occurs when collagen deposition exceeds
degradation. The functional impact of myocardial fibrosis depends
not only on the quantity of collagen fibres deposited (mainly
type I fibres) but also on their degree of cross-linking.8 Increased
myocardial collagen cross-linking (CCL) increases the stiff-
ness and resistance to degradation of collagen fibres,9 and has
been associated with increased LV filling pressures and dias-
tolic dysfunction in patients with HF and preserved ejection
fraction (HFpEF).7 We have identified a serum biomarker of
CCL, the collagen type I C-terminal telopeptide to matrix
metalloproteinase-1 ratio (CITP:MMP-1), which we have found
to be inversely related to tissue-assessed myocardial CCL, and
might be considered as an indirect biomarker of the degree of
CCL.10 Increased CCL makes collagen fibres more resistant to
proteolytic degradation,11,12 hindering degradation by MMP-1.
Therefore, for a given quantity of MMP-1, more CCL will limit
degradation, with a diminished release of collagen type I-derived
peptide CITP.

For patients with HFpEF, the aldosterone receptor blockade
in a diastolic HF (Aldo-DHF) trial showed that the effects of
spironolactone on echocardiographic measurements of diastolic
function (i.e. E:e′ ratio) were restricted to patients with a high
serum CITP:MMP-1 (i.e. low CCL).13 We sought to confirm and
extend these findings for patients at risk of HF enrolled in the
HOMAGE randomized trial.2

Methods
Trial design and population
The HOMAGE trial had a prospective, randomized, open-label, blinded
endpoint (PROBE), multicentre design, in which patients at increased
risk of developing HF were randomly assigned to receive spironolac-
tone or not in addition to standard care (ClinicalTrials.gov Identifier:
NCT02556450).2,14 The investigation conformed with the principles
outlined in the Declaration of Helsinki and the study was approved
by all relevant ethics committees and regulatory bodies. All par-
ticipants provided written informed consent prior to study-specific
procedures. The main inclusion criteria were age 60 years or older,
increased risk of cardiac dysfunction (defined by the presence of coro-
nary artery disease or at least two of the following: diabetes, treated
hypertension, microalbuminuria, abnormal electrocardiogram), and
evidence of cardiac dysfunction (defined as an NT-proBNP between ..
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.. 125 and 1000 ng/L or BNP between 35 and 280 ng/L). The main
exclusion criteria were estimated glomerular filtration rate (eGFR)
<30 ml/min/1.73 m2, serum potassium >5.0 mmol/L, LV ejection frac-
tion <45%, a previous diagnosis of HF or treatment with loop diuretics
and atrial fibrillation/flutter prior to randomization. Patients with an
NT-proBNP >1000 ng/L were considered in need of investigation for
serious underlying cardiac or renal disease rather than inclusion in the
trial.

Of 527 patients included in HOMAGE, 515 had CITP:MMP-1
measurements available and were included in this analysis (260 ran-
domized to spironolactone and 255 to standard of care). No dif-
ferences in clinical and echocardiographic parameters were found
between patients with or without biomarker measurements (data
not shown). The median (percentile25–75) follow-up was 8.9 (6.0–9.2)
months. At baseline, at 1 month and at the end of the study, partic-
ipants had clinical, biomarker and echocardiographic measurements
recorded.14

Echocardiography
Echocardiograms were recorded, de-identified and transferred to a
core laboratory (University Hospital of Nancy). Blind to treatment
allocation, a single experienced echocardiographer measured variables
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 exclude measurement
error.2

Biomarkers
Commercial radio-immunoassays (Orion Diagnostica) were used to
measure CITP and procollagen type III N-terminal propeptide (PIIINP).
The lower limit of detection was 0.6 ng/mL for CITP and 0.3 ng/mL for
PIIINP. Serum MMP-1 was measured by an AlphaLISA (PerkinElmer)
with a lower limit of detection of 0.08 ng/mL. Serum PICP was mea-
sured using the METRA EIA kit (Quidel Corporation) with a lower
limit of detection of 0.2 ng/mL. All inter- and intra-assay coefficients
of variation were <10%. The CITP:MMP-1 ratio, an accepted measure
of CCL, was calculated by dividing CITP by MMP-1 concentration in
molar units.10 In addition, plasma NT-proBNP and high sensitivity tro-
ponin T (hs-TnT) were measured by electro-chemiluminescent assays
(Roche diagnostics).

Statistical analysis
Descriptive data are expressed as median with 25th and 75th per-
centiles, and categorical variables as numbers and percentages.
Non-normally distributed variables were analysed after logarithmic
transformation. Differences between randomized groups were tested
by Student’s t-test for unpaired data once normality was demonstrated.
Otherwise, a non-parametric test (Mann–Whitney U test) was used.
Categorical variables were analysed by chi-squared or Fisher’s exact
test. Linear tests for trend were used for subgroup analyses. Linear
mixed models with a random intercept to account for intra-participant
correlation of repeated measures were used to estimate changes
over time. Treatment, visit, baseline CITP:MMP-1 (continuous or as
tertiles), their interaction terms, and baseline values of the dependent
variable were added as fixed effects to examine whether the degree
of CCL modified the effects of spironolactone on variables of interest,

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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compared to controls. Because renal clearance of biomarkers may
be important, in particular for CITP, analyses were also adjusted for
eGFR. If the model performed better using ‘visit’ as a random slope,
it was included in addition to the random intercept. The variance
component structure was specified according to the best fit model,
determined by the likelihood ratio test and Akaike information crite-
rion. Between-group comparisons are presented as mean difference
and 95% confidence intervals (CIs). Other variables associated with
CITP:MMP-1 were used as covariates to adjust for the effects of
spironolactone versus control. Residuals were examined to assess the
assumptions of linear regression, transforming the data if required.
The Benjamini and Hochberg multiple test correction (false discovery
rate of 5%) was applied to the analyses testing the influence of baseline
CITP:MMP-1 on the spironolactone effects on echocardiographic
variables and biomarkers by tertiles of CITP:MMP-1. Mixed-effect
analyses were performed with the ‘mixed’ command within STATA.
Statistical significance was set as a 2-sided p of 0.05. Statistical anal-
yses were done using SPSS (15.0 version) and STATA (13.0 version)
software.

Results
Baseline characteristics
Patients were classified by tertiles of baseline CITP:MMP-1: first
tertile: <0.932, second tertile: 0.932–1.820, third tertile: >1.820,
corresponding to highest, medium and lowest CCL (Table 1).
Most clinical and echocardiographic variables were similar across
tertiles, but for patients in lower tertiles of CCL, eGFR was
lower, and body mass index (BMI), tricuspid annular plane systolic
excursion (TAPSE) and plasma or serum concentrations of hs-TnT,
NT-proBNP, PIIINP and PICP were higher.

A total of 96 (56.1%), 76 (44.2%) and 88 (51.2%) patients
were treated with spironolactone in the first, second and third
CITP:MMP-1 tertiles, respectively (χ2 = 4.95, p = 0.084). There
were no differences in demographic, clinical and biochemical
variables between patients treated with spironolactone versus
controls in any of the CITP:MMP-1 tertiles with the excep-
tion of a lower frequency of percutaneous coronary interven-
tion, treatment with lipid-lowering drugs and a higher frequency
of history of hypertension in those assigned to spironolactone
compared to controls in the first tertile (online supplementary
Table S1).

Influence of baseline CITP:MMP-1 ratio
on spironolactone effects on left atrial
volume index and E:A ratio in continuous
interaction models
Continuous interaction analyses revealed that the reduction in
LAVI in patients assigned to spironolactone was modified by
baseline CITP:MMP-1 both after 1 month of treatment (interaction
term = −1.17, 95% CI −1.94 to −0.41, p = 0.003) and at the end
of the trial (interaction term = −1.32, 95% CI −2.32 to −0.31,
p = 0.010), with LAVI decreasing more in patients with higher
CITP:MMP-1 (potentially reflecting lower CCL). No significant
modifying effect was found for the E:A ratio. ..
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.. Effects of spironolactone
on echocardiographic and clinical
variables by CITP:MMP-1 tertiles
Analysis by tertiles also suggested that the effect of spironolactone
on LAVI was modified by the degree of CCL at both 1 month
and at the end of follow-up (interaction paccross-tertiles = 0.005)
(Table 2). In particular, in the first tertile (highest CCL), LAVI
increased after 1 month of spironolactone as compared to controls
(1.18, 95% CI 0.12 to 2.24 ml/m2, p = 0.029), without further
change by the end of trial (Figure 1A, Table 2). In the second tertile
(medium CCL), LAVI was lower at 1 month (−1.62, 95% CI −2.70
to −0.53 ml/m2, p = 0.004) for those assigned to spironolactone
compared to controls, without further change by the end of trial
(Figure 1B, Table 2). In the third tertile (lowest CCL), compared with
controls, spironolactone reduced LAVI both at 1 month (−1.77,
95% CI −2.94 to −0.59 ml/m2, p = 0.003) and at the end of trial
(−2.52, 95% CI −4.46 to −0.58 ml/m2, p = 0.011) (Figure 1C,
Table 2). The influence of CCL on the effect of spironolactone
on LAVI was independent of variables that were different across
CITP:MMP-1 tertiles at baseline (BMI, coronary artery bypass graft,
eGFR, TAPSE, hs-TnT, NT-proBNP, PICP, and PIIINP) (Table 3).

There was no significant interaction between CITP:MMP-1 ter-
tiles and the effects of spironolactone on the E:A ratio. Neverthe-
less, compared with controls, spironolactone consistently reduced
this variable only in patients in the third tertile (lowest CCL;
Table 2).

Baseline CITP:MMP-1 tertiles did not affect the impact of
spironolactone in any of the remaining echocardiographic (Table 2)
and clinical variables (online supplementary Table S2). However, a
trend for greater reduction in systolic blood pressure (interaction
paccross-tertiles = 0.09) was observed for patients in the second and
third CITP:MMP-1 tertiles (online supplementary Table S2).

Effects of spironolactone
on plasma/serum biomarkers
by CITP:MMP-1 tertiles
There was a positive association between LAVI and NT-proBNP in
the whole cohort with an increment of LAVI of 2.56 mL/m2 (95%
CI 1.77–3.36, p< 0.001) per doubling of NT-proBNP at baseline.
A linear mixed effect model showed that doubling of NT-proBNP
was associated with an increase in LAVI of 0.67 mL/m2 (95% CI
0.43–0.90, p< 0.001) over time, independent of treatment and
baseline LAVI. For patients in the highest tertile of CCL (first
tertile), plasma NT-proBNP concentrations were not reduced by
spironolactone, compared to controls, at either visit; for those in
the middle tertile of CCL, spironolactone reduced NT-proBNP
at 1 month but not at the trial end; for those in the third tertile
(lowest CCL), spironolactone reduced NT-proBNP at both visits,
compared to controls (interaction p< 0.001; Figure 2).

Spironolactone increased (p< 0.05) CITP:MMP-1 as compared
with baseline values in the whole cohort, although this effect was
not statistically significant compared with the change in the control
group (online supplementary Figure S1). Changes in CITP:MMP1

© 2021 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 Demographic, clinical and biochemical characteristics at baseline in patients classified according to
CITP:MMP1 tertiles

CITP:MMP-1 tertiles p for trend
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

First
(highest CCL)
(n = 171)

Second
(n =172)

Third
(lowest CCL)
(n = 172)

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

CITP:MMP-1 ratio 0.6 (0.4–0.8) 1.3 (1.1–1.5) 2.6 (2.1–4.1)
Demographics

Age, years 72 (67–77) 72 (69–77) 73 (68–79) 0.11

Women, n (%) 41 (24.0) 43 (25.0) 47 (27.3) 0.48
Current smoker, n (%) 13 (7.6) 13 (7.6) 15 (8.7) 0.74

Prior medical history, n (%)
Hypertension 128 (74.9) 140 (81.4) 135 (78.5) 0.42
Diabetes mellitus 70 (40.9) 73 (42.4) 65 (37.8) 0.55
Coronary artery disease 126 (73.7) 119 (69.2) 125 (72.7) 0.84
Myocardial infarction 72 (42.1) 75 (43.6) 65 (37.8) 0.42
Percutaneous coronary intervention 96 (56.1) 85 (49.4) 80 (46.5) 0.08
Coronary artery bypass graft 38 (22.2) 43 (25.0) 54 (31.4) 0.054
Stroke/transient ischaemic attack 8 (4.7) 9 (5.2) 10 (5.8) 0.64
COPD 15 (8.8) 7 (4.1) 10 (5.8) 0.26

Baseline medications, n (%)
ACE inhibitor 93 (54.4) 89 (51.7) 87 (50.6) 0.48
Angiotensin receptor blockers 42 (24.6) 51 (29.7) 50 (29.1) 0.35
Beta-blockers 111 (64.9) 121 (70.3) 127 (73.8) 0.07
Thiazide diuretics 28 (16.4) 39 (22.7) 20 (11.6) 0.24
Calcium channel blocker 33 (19.3) 43 (25.0) 32 (18.6) 0.87
Lipid-lowering drug 145 (84.8) 137 (79.7) 142 (82.6) 0.59
Aspirin 123 (71.9) 121 (70.3) 123 (71.5) 0.93
Any antiplatelet drug 133 (77.8) 133 (77.3) 137 (79.7) 0.67

Physical examination
BMI, kg/m2 27.8 (25.1–31.1) 28.2 (25.4–31.2) 28.6 (25.6–32.7) 0.027
HR, bpm 63.0 (56.0–68.0) 59.0 (53.0–66.0) 60.0 (54.0–67.3) 0.64
SBP, mmHg 140 (128–153) 145 (129–160) 138 (128–151) 0.55
DBP, mmHg 78.0 (70.3–85.0) 78.0 (71.3–85.8) 77.0 (71.0–84.0) 0.63

Blood tests
Haemoglobin, g/dL 14.1 (13.1–14.9) 14.0 (13.2–14.9) 14.0 (12.9–14.8) 0.24
Sodium, mmol/L 139 (137–141) 140 (138–141) 139 (138–141) 0.48
Potassium, mmol/L 4.3 (4.1–4.6) 4.3 (4.0–4.6) 4.3 (4.1–4.5) 0.78
eGFR, mL/min/1.73 m2 80 (68–88) 73 (61–82) 70 (57–82) <0.001

Electrocardiography
QRS duration (ms) 92.0 (84.8–105) 90.0 (82.0–102) 94.0 (82.5–114) 0.17

Echocardiography
LVEDVI, mL/m2 40.5 (35.6–48.8) 43.2 (36.4–49.7) 41.0 (34.6–47.8) 0.60
LVEF, % 63.5 (58.0–68.0) 63.1 (57.9–66.2) 62.0 (57.1–66.4) 0.14
LVMI, g/m2 90.7 (77.9–103) 97.2 (84.2–114) 96.5 (80.1–114) 0.06
LAVI, mL/m2 31 (26–36) 31 (27–37) 30 (25–37) 0.89
E:A ratio 0.8 (0.7–1.0) 0.9 (0.7–1.0) 0.8 (0.6–1.0) 0.57
E:e′ ratio 9.3 (7.5–11.3) 9.5 (7.6–11.6) 8.9 (7.7–11.6) 0.44
TAPSE 22.9 (18.0–26.9) 22.6 (17.5–26.6) 20.4 (16.4–25.6) 0.015

Blood biomarkers
NT-proBNP, ng/L 190 (133–296) 214 (133–357) 253 (142–395) 0.004
Hs-TnT, ng/L 11.4 (7.9–15.1) 13.2 (8.8–18.7) 13.9 (9.7–19.9) <0.001

PICP, μg/L 76.5 (62.4–93.3) 81.0 (66.7–95.5) 82.7 (67.1–105) 0.001

PIIINP, μg/L 3.6 (2.8–4.7) 3.9 (3.1–4.8) 4.4 (3.4–5.5) <0.001

CITP, μg/L 3.1 (2.4–3.9) 3.5 (2.8–4.5) 4.8 (3.8–6.4) <0.001

MMP-1, μg/L 18.8 (13.6–24.2) 9.8 (7.6–12.8) 6.0 (4.3–8.2) <0.001

Values are expressed as median (interquartile range) and categorical variables as numbers and percentages.
A, late (atrial) mitral flow velocity; ACE, angiotensin-converting enzyme; BMI, body mass index; CCL, collagen cross-linking; CITP, collagen type I C-terminal telopeptide; COPD, chronic obstructive
pulmonary disease; DBP, diastolic blood pressure; E, early mitral flow velocity; e′ , early diastolic tissue velocity; eGFR, estimated glomerular filtration rate; HR, heart rate; Hs-TnT, high-sensitivity
troponin T; LAVI, left atrial volume index; LV, left ventricular; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; MMP-1, matrix
metalloproteinase-1; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PICP, procollagen type I C-terminal propeptide; PIIINP, procollagen type III N-terminal
propeptide; SBP, systolic blood pressure; TAPSE, tricuspid annular plane systolic excursion.

were driven by an increase in CITP rather than MMP-1, which was

unaffected by spironolactone (Table 2). Increases in CITP:MMP-1

with spironolactone were mainly observed in the first and sec-

ond tertiles of CITP:MMP-1 (online supplementary Figure S2 and ..
..

..
..

..
. Table 2). However, CITP values after treatment with spironolac-

tone in the first tertile (highest CCL) were still lower than CITP

in the third tertile (lowest CCL) (3.62, 95% CI 2.74–4.64 vs. 4.23,

95% CI 3.47–6.74 μg/L; p< 0.001).

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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A B C

Figure 1 Left atrial volume index according to assigned treatment in patients with low (A: first tertile), medium (B: second tertile) and high
(C: third tertile) collagen type I C-terminal telopeptide to matrix metalloproteinase-1 ratio (CITP:MMP-1) levels. Data are expressed as the
predicted mean values (estimated marginal means of visits by group) and 95% confidence interval (CI) at baseline, visit 1 (1 month) and visit
2 (9 months) in patients treated with standard of care or spironolactone after linear mixed regression analysis with left atrial volume index
as the dependent variable, and treatment, visit, their interaction term, and baseline estimated glomerular filtration rate and left atrial volume
index values as fixed effects. Mean changes (95% CI) values versus baseline are shown at the bottom of each panel. *p< 0.05 spironolactone
versus control, **p< 0.01 spironolactone versus control. CCL, collagen cross-linking.

Reductions in PICP, a marker of collagen synthesis, were similar
across CITP:MMP-1 tertiles, although tended to be greater in the
first tertile (highest CCL) (Table 2). Spironolactone did not reduce
serum PIIINP in any CITP:MMP-1 tertiles (Table 2).

Discussion
To our knowledge this is the first randomized trial evaluating the
influence of CCL (indirectly assessed by circulating biomarkers)
on the effects of spironolactone in patients at risk of HF. Our
main finding is that effects of spironolactone on LAVI and, to a
lesser extent, on NT-proBNP, were more prominent in patients
with-higher CITP:MMP-1 ratio (reflecting lower CCL). Effects
appeared within 1 month and persisted to the end of the study
only in patients with a low CCL (high CITP:MMP-1 ratio). The
robustness of these findings is supported by the interaction analysis
and adjustment for potential confounding factors (including eGFR).

Our findings extend previous observations in symptomatic
patients with a clinical diagnosis of HFpEF to asymptomatic patients
at risk of HF. In a sub-study of the Aldo-DHF trial, we showed that
the effects of spironolactone on variables reflecting LV diastolic
dysfunction were restricted to patients with higher CITP:MMP-1
(reflecting low CCL).13 However, whereas in Aldo-DHF spirono-
lactone treatment was associated with a decrease in the E:e′ ratio
with no changes in LAVI,15 in HOMAGE spironolactone improved ..
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.. LAVI without affecting the E:e′ ratio.2 This discrepancy may be
related to the different clinical characteristics of the respective
cohorts: whereas baseline E:e′ ratio was higher in patients in
Aldo-DHF compared to HOMAGE (12.8 vs. 9.3), baseline LAVI
was higher in HOMAGE (30.9 vs. 28.0 mL/m2). Nevertheless, it
is remarkable that when stratifying patients according to baseline
serum CITP:MMP-1, both in the Aldo-DHF13 and HOMAGE tri-
als, the beneficial effects on measures of LV diastolic function are
mostly found in patients with low CCL.

Baseline LAVI was similar across CITP:MMP-1 tertiles. Sev-
eral factors other than CCL may contribute to LA enlargement.
Patients in the lowest CCL tertile had higher serum concentrations
of markers of collagen synthesis (both PICP and PIIINP) which may
indicate higher collagen deposition. NT-proBNP was also higher in
these patients pointing to additional mechanisms leading to myocar-
dial stress, for example an expanded circulating volume. Neverthe-
less, despite higher NT-proBNP and higher serum concentration
of collagen synthesis biomarkers, treatment with spironolactone
had a larger impact on LAVI in patients with low CCL compared
to other groups.

Left atrial volume index may be considered a surrogate marker of
increased LV filling pressures that may better reflect the cumulative
effect of filling pressures over time than Doppler indices3 and
predict the risk of incident HF16 and outcome in patients with HF
with17 or without a reduced LV ejection fraction.18 LA enlargement

© 2021 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 3 Spironolactone versus control adjusted differences in left atrial volume index after 1 month and at the end of
trial (9 months) in patients categorized according to baseline CITP:MMP-1 tertiles (first = highest and third = lowest
collagen cross-linking)

Difference vs. control Within tertile
interaction
p-value
Ctr vs. Spiro

Across-tertiles
interaction
p-value

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

1 month 9 month
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Difference 95% CI p-value Difference 95% CI p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Model 1

First tertile 1.54 0.42 to 2.65 0.007 0.10 −1.58 to 1.77 0.91 0.07 0.001

Second tertile −2.04 −3.15 to −0.93 <0.001 −0.40 −2.36 to 1.56 0.69 0.021

Third tertile −1.57 −2.78 to −0.35 0.011 −2.41 −4.39 to −0.43 0.017 0.020
Model 2

First tertile 1.39 0.28 to 2.50 0.014 0.26 −1.37 to 1.88 0.76 0.12 0.001

Second tertile −2.20 −3.34 to −1.05 <0.001 −0.35 −2.30 to 1.61 0.73 0.008
Third tertile −1.70 −2.92 to −0.48 0.006 −2.49 −4.47 to −0.51 0.014 0.018

Model 3
First tertile 1.33 0.21 to 2.45 0.020 0.33 −1.29 to 1.96 0.69 0.17 0.003
Second tertile −2.05 −3.18 to −0.93 <0.001 0.02 −1.95 to 2.00 0.98 0.016
Third tertile −1.64 −2.88 to −0.40 0.009 −2.07 −4.08 to −0.06 0.044 0.039

CI, confidence interval; CITP, collagen type I C-terminal telopeptide; Ctr, control; eGFR, estimated glomerular filtration rate; hs-TnT, high-sensitivity troponin T; LAVI, left atrial
volume index; MMP-1, matrix metalloproteinase-1; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PICP, procollagen type I C-terminal propeptide; PIIINP, procollagen
type III N-terminal propeptide; Spiro, spironolactone; TAPSE, tricuspid annular plane systolic excursion.
Model 1: Baseline body mass index, coronary artery bypass graft, eGFR, TAPSE, and LAVI.
Model 2: Baseline body mass index, coronary artery bypass graft, eGFR, TAPSE, LAVI, hs-TnT and NT-proBNP.
Model 3: Baseline body mass index, coronary artery bypass graft, eGFR, TAPSE, LAVI, hs-TnT, NT-proBNP, PICP, and PIIINP.

is also a risk factor for AF,4 especially for HFpEF.19 Reciprocally,
LAVI will increase with the onset of AF.20 Atrial fibrosis is a major
pathophysiological contributor to AF and has been linked to AF
recurrence and resistance to therapy.21 Interestingly, an increase
in CCL has been observed in the LA appendage of patients with
AF.22 We have previously reported that patients with HF and serum
concentrations of collagen biomarkers reflecting high collagen type
I synthesis and high CCL have a high incidence and prevalence of
AF.23 Altogether, these data suggest that decreasing LAVI before
the onset of HF might not only delay the onset of clinical HF but
also of AF, one of its potential precipitants.

Increased plasma NT-proBNP is associated with LAVI in
HFpEF5,24 and this was also confirmed in this study evaluat-
ing patients at risk of HF. The reduction in NT-proBNP with
spironolactone observed in the overall trial2 was most prominent
in patients with the highest CITP:MMP-1 ratio, reinforcing the
hypothesis that patients with low CCL might be those who benefit
the most from the disease-modifying effects of spironolactone.

Both the extent of collagen formation and the quality of the
fibres (i.e. collagen type or degree of CCL) contribute to the detri-
mental impact of myocardial fibrosis. The ability of mineralocorti-
coid receptor antagonists (MRA) to reduce biomarkers of collagen
synthesis in patients with HF13,25–27 or patients at risk of HF2,28 is
well established. In the current study, spironolactone reduced PICP
across CITP:MMP-1 tertiles but in the Aldo-DHF trial no change
in PICP was observed in those with a low CITP:MMP-1 ratio (high
CCL).13 This difference may be related to a more severe fibrosis
phenotype in Aldo-DHF, as assessed by PICP values, where baseline ..
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.. median value was 110 μg/L (interquartile range: 92–136 μg/L) com-
pared to a median value of only 81 ng/ml (interquartile range:
65–97 μg/L) in HOMAGE.

From a mechanistic point of view, the anti-fibrotic effects of
spironolactone might be mostly due to inhibiting excessive syn-
thesis of new collagen molecules, as PICP reflects the processing
of procollagen into collagen. However, collagen fibre formation
requires a subsequent step of cross-linking of collagen molecules
(i.e. CCL) for fibre stabilization, a process increasing stiffness and
resistance to degradation.6,9 Increased CCL is associated with
higher LV filling pressures both in patients with HFpEF7 or AF.22 The
current findings suggest that only reducing the synthesis of collagen
(as assessed by PICP) may not be associated with beneficial atrial
remodelling when CCL is high. Therefore, it is tempting to spec-
ulate that spironolactone may affect upstream collagen synthesis,
but is less effective or ineffective on CCL.

In this context, cardiac CCL emerges as a potential therapeutic
target in patients at risk of HF. We have previously reported that
HF patients with high CCL have a higher risk of hospitalizations
for HF,10 and that a combination of increased collagen type I
synthesis and high CCL portends a worse outcome in terms
of HF hospitalization and/or cardiovascular death29 and a higher
risk of AF.23 Some treatments for HF might interfere with CCL.
In patients with hypertensive HF, torasemide, a loop diuretic,
reduced myocardial collagen type I deposition and CCL as well
as the expression of lysyl oxidase, an important enzyme in the
cross-linking process.30 Further clinical research is required to
investigate their effects and potential interactions with MRA.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels (log2) according to assigned treatment in patients with low (A:
first tertile), medium (B: second tertile) and high (C: third tertile) collagen type I C-terminal telopeptide to matrix metalloproteinase-1 ratio
(CITP:MMP-1) levels. Data are expressed as the predicted mean values (estimated marginal means of visits by group) and 95% confidence
interval (CI) at baseline, visit 1 (1 month) and visit 2 (9 months) in patients treated with standard of care or spironolactone after linear mixed
regression analysis with NT-proBNP as the dependent variable, and treatment, visit, their interaction term, and baseline estimated glomerular
filtration rate and NT-proBNP values as fixed effects. Mean changes (95% CI) values versus baseline are shown at the bottom of each panel.
*p< 0.05 spironolactone versus control, **p< 0.01 spironolactone versus control. CCL, collagen cross-linking.

Some limitations need to be acknowledged. This is a post-hoc
analysis that should be considered hypothesis-generating rather
than conclusive evidence. CCL was not directly assessed in car-
diac tissue; we used surrogate serum biomarkers which are
not cardiac-specific. In this regard, although hepatic, lung and
auto-immune diseases were exclusion criteria for recruitment, we
cannot exclude that other occult conditions may have affected sys-
temic circulating CITP:MMP-1 levels. Our patients were at risk
of HF but not clinically symptomatic and did not have severe LV
diastolic dysfunction. However, patients in HOMAGE were very
similar to many patients enrolled in trials of HFpEF in terms of LA
volume and plasma concentrations of NT-proBNP, and the pres-
ence of occult HFpEF cannot be excluded. Many of the patients
enrolled in the HOMAGE trial would fulfil a new ‘universal’ defini-
tion of HF proposed by some experts.1 Phenotyping of HOMAGE
patients by additional parameters related not only to ventricular
and atrial contractility and stiffness, but also to collagen synthesis,
fibrosis and long-term prognosis such as speckle tracking echocar-
diography, was not available. Finally, HOMAGE was a relatively
short-term mechanistic trial rather than a long-term outcome trial
and therefore we were not able to evaluate the effects of spirono-
lactone treatment on new-onset HF, morbidity and mortality. Large
prospective longitudinal multicentre outcome trials would be nec-
essary to validate our hypothesis-generating findings.

In conclusion, we show for the first time that, in patients at risk
of HF with blood markers consistent with low CCL, spironolactone ..
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.. exerts greater effects on LA remodelling (Graphical Abstract). Bio-

chemical phenotyping of myocardial CCL might facilitate a precision
medicine approach to the prevention of HF by identifying patients
in whom spironolactone might delay or prevent the development
of atrial dilatation and progression to clinically overt HF.

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