João Pedro Ferreira 
email: jpferreira@med.up.pt
  
John G Cleland 
  
Nicolas Girerd 
  
Patrick Rossignol 
  
Pierpaolo Pellicori 
  
Franco Cosmi 
  
Beatrice Mariottoni 
  
Arantxa González 
  
Javier Diez 
  
Scott D Solomon 
  
; Arantxa González 
  
Brian Claggett 
  
Marc A Pfeffer 
  
Bertram Pitt 
  
Johannes Petutschnigg 
  
; Burkert 
  
Frank Edelmann 
  
Faiez Zannad 
  
Prof Pedro João 
  
Ferreira 
  
  
Spironolactone effect on circulating procollagen type I carboxy-terminal propeptide: Pooled analysis of three randomized trials
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des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Background

There is evidence that spironolactone might improve the prognosis of patients with heart failure with preserved left ventricular ejection fraction (HFpEF), [START_REF] Pitt | Spironolactone for heart failure with preserved ejection fraction[END_REF][START_REF] Pfeffer | Regional Variation in Patients and Outcomes in the Treatment of Preserved Cardiac Function Heart Failure With an Aldosterone Antagonist (TOPCAT) Trial[END_REF][START_REF] Cleland | 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[END_REF][START_REF] Edelmann | Effect of spironolactone on diastolic function and exercise capacity in patients with heart failure with preserved ejection fraction: the Aldo-DHF randomized controlled trial[END_REF] but the mechanisms by which it acts are uncertain.

Serum concentrations of procollagen type I carboxy-terminal propeptide (PICP) reflect the synthesis of type I collagen and correlate well with histologically proven cardiac fibrosis, thus serving as a minimally-invasive marker of fibrotic activity. [START_REF] Querejeta | Increased collagen type I synthesis in patients with heart failure of hypertensive origin: relation to myocardial fibrosis[END_REF][START_REF] Lopez | Circulating Biomarkers of Myocardial Fibrosis: The Need for a Reappraisal[END_REF][START_REF] López | Diffuse myocardial fibrosis: mechanisms, diagnosis and therapeutic approaches[END_REF] In the HOMAGE (heart 'OMics' in AGEing) trial, serum concentration of PICP was associated with left ventricular hypertrophy, left atrial enlargement, and left ventricular stiffness. [START_REF] Kobayashi | The association between markers of type I collagen synthesis and echocardiographic response to spironolactone in patients at risk of heart failure: findings from the HOMAGE trial[END_REF] In patients at risk of developing HF enrolled in HOMAGE, spironolactone reduced serum PICP and improved cardiac structure and function, suggesting that spironolactone might have anti-fibrotic effects. [START_REF] Ferreira | Proteomic and Mechanistic Analysis of Spironolactone in Patients at Risk for HF[END_REF] We now explore the effects of spironolactone on serum PICP in three trials to determine whether the effect is observed consistently in different patient populations.

Aims

To investigate the effect of spironolactone on serum PICP concentration in patients with stage B and C HFpEF across three trials for which measurements of serum PICP were available at both baseline (before randomized treatment) and after 9 to 12 months of therapy.

Methods

Included studies

HOMAGE was a multicentre, prospective, randomized, open-label, blinded endpoint (PROBE) trial comparing the effect of spironolactone (25 to 50 mg/day) vs. usual care (without spironolactone or other MRA) on serum markers of collagen metabolism as well as cardiac structure and function in patients with stage B HF and a LVEF ≥45% (ClinicalTrials.gov Identifier: NCT02556450). [START_REF] Cleland | 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[END_REF][START_REF] Pellicori | 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[END_REF] PICP measurements were performed at baseline and 9 months. ALDO-DHF was a multicentre, prospective, randomized, double-blind, placebocontrolled trial comparing the effect of spironolactone (25 mg/day) to placebo in patients with mildly symptomatic HF (stage B/C) and a LVEF ≥50% and evidence of diastolic dysfunction, although many had a normal plasma NT-proBNP, unlike HOMAGE trial participants. [START_REF] Edelmann | Effect of spironolactone on diastolic function and exercise capacity in patients with heart failure with preserved ejection fraction: the Aldo-DHF randomized controlled trial[END_REF] PICP measurements were performed at baseline and 12 months.

TOPCAT was a multicentre, prospective, randomized, double-blind, placebocontrolled trial comparing the effect of spironolactone (15 to 45 mg/day) vs. placebo in 3445 patients with symptomatic HF (stage C) and a LVEF ≥45%. [START_REF] Pitt | Spironolactone for heart failure with preserved ejection fraction[END_REF] A subset of patients from TOPCAT-Americas had PICP measured at baseline and 12 months. [START_REF] Pfeffer | Regional Variation in Patients and Outcomes in the Treatment of Preserved Cardiac Function Heart Failure With an Aldosterone Antagonist (TOPCAT) Trial[END_REF][START_REF] Shah | Prognostic Importance of Changes in Cardiac Structure and Function in Heart Failure With Preserved Ejection Fraction and the Impact of Spironolactone[END_REF] Ethics approval was obtained for all trials. Informed consent was obtained from all participants participating in the respective trials.

PICP measurements

Serum PICP was measured by enzyme immunoassay (METRA; Quidel Corporation®) blinded to treatment allocation.

Statistical analysis

A meta-analysis using random-effects models was conducted. [START_REF] Da Costa | Systematic reviews and meta-analyses of randomized trials: principles and pitfalls[END_REF] Baseline clinical characteristics of patients were summarised with medians and 25 th to 75 th percentiles for continuous variables, plus frequencies and percentages for categorical variables. Treatment effect estimates were assessed by analysis of covariance (ANCOVA) with PICP change as dependent variable plus treatment and the baseline PICP value as independent variables. A β coefficient and respective 95% confidence interval (95% CI) was obtained from the linear regression model, representing PICP changes with spironolactone. As PICP change was slightly "right skewed" (Supplementary Figure 1), we also performed the analysis with log transformed PICP and presented as relative change (%) from baseline. A treatmentby-trial interaction term was tested in the regression model. [START_REF] Riley | Meta-analysis of individual participant data: rationale, conduct, and reporting[END_REF] Statistical analyses were performed using STATA®, version 17 (Stata Corp, College Station, TX, USA).

Results

Patient's characteristics

A total of 1038 patients with PICP measurements available both at baseline and 9-12 months (i.e., paired) were included in this analysis: 488 (47.0%) from HOMAGE, 386 (37.2%) from ALDO-DHF, and 164 (15.8%) from TOPCAT. The overall population included 38% women, 32% with diabetes mellitus, 86% with a history of hypertension and 55% with coronary artery disease. The median eGFR was 72 ml/min/1.73m 2 . The median (percentile 25-75 ) serum PICP was 98 (76-128) ng/mL, with lowest values in HOMAGE (median 81 ng/mL) and highest values in TOPCAT (median 139 ng/mL). Supplementary Table 1.

Patients without available paired PICP (n =1678) were mostly from TOPCAT (n =1603). Supplementary Table 2.

Spironolactone effect on PICP levels

Compared to placebo or usual care, administration of spironolactone for 9 to 12 months reduced serum PICP by -7.4 ng/mL, 95%CI -13.9 to -0.9, P-value =0.02. The effect was moderately heterogeneous (I 2 =64%) with the most pronounced effect seen in TOPCAT where PICP was reduced by -27.0 ng/mL, 95%CI -48.3 to -5.7, followed by HOMAGE where PICP was reduced by -8.1 ng/mL, 95%CI -11.9 to -4.3, and was least marked in ALDO-DHF where PICP changed by -2.9 ng/mL, 95%CI -8.3 to 2.4. Figure 1. Log transformed relative changes provided similar results with an overall PICP reduction of 8%, 95%CI 14% to 2%, with a 16% reduction in TOPCAT, 9% in HOMAGE, and 3% in ALDO-DHF. Supplementary Figure 2.

Association of PICP changes with echocardiographic and clinical variables

Changes in PICP from baseline to 9-12 months were associated with corresponding changes in systolic blood pressure (β =0.15 per 1 mmHg of SBP, 95% 0.02-0.28, Pvalue =0.023) and diastolic blood pressure (β =0.29 per 1 mmHg of DBP, 95% 0.04-0.53, P-value =0.020). However, the association between spironolactone and serum PICP was not mediated substantially by blood pressure reduction: proportion of mediated effect =8.5%, P-value =0.13 for SBP and 6.7%, P-value =0.089 for DBP.

Associations between change in PICP and changes in serum potassium and echocardiographic measurements were not statistically significant. Supplementary Table 3. The presence of coronary artery disease did not influence the effect of spironolactone on PICP change (interactionP =0.44).

Conclusions

This analysis shows that spironolactone reduces serum concentrations of PICP in patients across a broad spectrum of patients at risk of or with HFpEF. The effect was most pronounced in patients with more severe symptoms enrolled in TOPCAT but was also observed in patients with few symptoms (stage B) patients, such as those enrolled in HOMAGE. Although patients in ALDO-DHF had impaired exercise capacity; markers of cardiac dysfunction, such as plasma NT-pro BNP and left atrial dilation, were less markedly disturbed compared to those enrolled in HOMAGE (and TOPCAT). These findings lend support to the concept that spironolactone has antifibrotic effects. However, the heterogeneity observed in treatment effects across studies, suggests that the anti-fibrotic effects of spironolactone may be influenced by the degree of neurohormonal activation across HFpEF phenotypes; still, this hypothesis requires further investigation. [START_REF] Vergaro | Sympathetic and renin-angiotensinaldosterone system activation in heart failure with preserved, mid-range and reduced ejection fraction[END_REF] Although spironolactone reduced blood pressure, this did not appear to mediate the reduction in serum PICP, suggesting that the effect of spironolactone on PICP might be a direct cellular effect. [START_REF] López | Diffuse myocardial fibrosis: mechanisms, diagnosis and therapeutic approaches[END_REF] This work has some limitations. This is a non-prespecified, post-hoc analysis of randomized trials. There will have been differences among trials in sample storage conditions, in assays and in duration of follow-up. HOMAGE was an open-label trial, whereas ALDO-DHF and TOPCAT were placebo-controlled; however, for all trials, PICP was measured blind to treatment allocation.

In conclusion, spironolactone reduced serum concentrations of PICP in patients with

HFpEF with different severity and stages of disease. These findings are consistent with spironolactone having an anti-fibrotic effect. Caption: Spironolactone reduced serum PICP from baseline to 9-12 months by -7.4 (-13.9 to -0.9) ng/mL, P =0.02. Moderate heterogeneity of effect (I 2 =64%, heterogeneity P-value =0.001) was found between studies with a modest effect in ALDO-DHF and a marked but unprecise effect in TOPCAT.

Figure 1 .

 1 Figure 1. Effect of spironolactone on PICP changes
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