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Background

Mineralocorticoid receptor antagonists (MRA) induce hemodynamic changes that reduce estimated glomerular filtration rate (eGFR), which usually occurs early after treatment initiation and then stabilises and is generally of small magnitude, and not associated with a decrease of clinical benefit from MRA therapy. [START_REF] Rossignol | Incidence, determinants, and prognostic significance of hyperkalemia and worsening renal function in patients with heart failure receiving the mineralocorticoid receptor antagonist eplerenone or placebo in addition to optimal medical therapy: results from the Eplerenone in Mild Patients Hospitalization and Survival Study in Heart Failure (EMPHASIS-HF)[END_REF][START_REF] Vardeny | Influence of baseline and worsening renal function on efficacy of spironolactone in patients With severe heart failure: insights from RALES (Randomized Aldactone Evaluation Study)[END_REF][START_REF] Beldhuis | Spironolactone in Patients With Heart Failure, Preserved Ejection Fraction, and Worsening Renal Function[END_REF] However, clinicians may withhold or stop spironolactone (and other RAAS inhibitors) when eGFR decreases (even if transient), which may increase the risk of subsequent events. [START_REF] Rossignol | Heart failure drug treatment[END_REF] In the HOMAGE (Heart OMics in AGEing; NCT02556450) trial enrolling patients with risk factors for developing heart failure (HF), spironolactone (compared to usual care) reduced markers of collagen synthesis, blood pressure, natriuretic peptides, and improved cardiac structure and function, while decreasing eGFR by ~5 ml/min/1.73m 2 from baseline to month 9. [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] The factors associated with early and late eGFR decrease and respective biomarker correlations have not been studied in this population.

Methods

The HOMAGE clinical trial was a prospective, randomized, open-label, blindedendpoint (PROBE) study comparing spironolactone vs. usual care in people at increased risk of developing HF. The protocol and design of HOMAGE have been previously described. [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] In short, the main inclusion criteria were age greater than 60 years, plasma concentrations of natriuretic peptides above the normal range, coronary artery disease or at least two of the following: diabetes mellitus, hypertension, microalbuminuria, or abnormal ECG. The key exclusion criteria were an eGFR <30 ml/min/1.73 m 2 , serum potassium >5.0 mmol/L, left ventricular ejection fraction <45%, atrial fibrillation, a prior diagnosis of HF, or treatment with loop diuretics. After randomization, eGFR was assessed at one and nine months.

Spironolactone was initiated at a dose of 25 mg/day. Doses could be increased up to 50 mg/day or reduced to 25 mg every other day or stopped with or without reinitiation according to serum potassium. [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][START_REF] Monzo | Dyskalemia in people at increased risk for heart failure: findings from the heart 'OMics' in AGEing (HOMAGE) trial[END_REF] Furthermore, spironolactone had to be discontinued if eGFR fell to or below 30ml/min/1.73m 2 . Treatment could be restarted at the investigator's discretion if eGFR rose above 30ml/min/1.73m 2 .

Worsening renal function (WRF) >20% from baseline was a prespecified secondary outcome.

In this analysis, eGFR was determined using the CKD-EPI 2009 

Results

Spironolactone effect on early and late eGFR changes

A total of 527 participants (265 spironolactone and 262 usual care) were included in the analysis. Supplementary Table 1. Compared to usual care, spironolactone decreased eGFR from baseline to month one: -3 (-4 to -2) ml/min/1.73m 2 , P <0.001 (corresponding to a -4% change on average). This effect was similar in patients with baseline eGFR above or below 60 ml/min/1.73m 2 , interactionP =0.63. On the other hand, spironolactone did not decrease eGFR between months one and nine: -1 (-3 to 0) ml/min/1.73m 2 , P =0.085. No significant interaction was found by eGFR above or below 60 ml/min/1.73m 2 measured at one month, interactionP =0.11. Figure 1.

The proportion of patients with eGFR decrease ≥20% from baseline was small and not significantly different between spironolactone and usual care: any timepoint: spironolactone =36 (14.0%) vs. usual care =25 (9.9%), P =0.15; baseline to month one spironolactone =14 (5.5%) vs. usual care =6 (2.4%), P =0.074; month one to month nine, spironolactone =22 (8.9%) vs. usual care =19 (7.6%), P =0.60. The proportion of patients with eGFR drop ≥30% from baseline was also small and not significantly different between spironolactone and usual care: any timepoint: spironolactone =16 (6.2%) vs. usual care =8 (3.2%), P =0.10; baseline to month 1, spironolactone =5 (1.9%) vs. usual care =1 (0.4%), P =0.11; month 1 to month 9, spironolactone =11 (4.5%) vs. usual care =7 (2.8%), P =0.32.

Patient's characteristics across tertiles of eGFR change

Compared to patients in whom eGFR increased from baseline to month one, those in whom eGFR decreased had higher eGFR at baseline and were more often randomized to spironolactone (P <0.01 for both). Supplementary Tables 2 &3.

Association between eGFR and circulating biomarker changes

eGFR decrease from baseline to month one was caused by spironolactone initiation (without differences in the usual care group) and these were negatively correlated (i.e., eGFR decrease/biomarker increase) with renin, and positively correlated (i.e., eGFR decrease/biomarker decrease) with BNP, KIM-1, and SBP (P<0.01 for all). No biomarker predicted the occurrence of WRF >20%.

Conclusion

This analysis shows that spironolactone exerted a small decrease in eGFR from baseline to month one, without a significant difference thereafter compared to a control group, suggesting that the eGFR decrease associated with spironolactone is caused by early hemodynamic changes without renal injury; findings that are furtherly supported by a positive correlation with BNP, KIM-1 and SBP decrease.

Graphical abstract.

These findings expand those from RALES, EMPHASIS-HF and TOPCAT in patients with chronic HF with reduced or preserved ejection fraction, where steroid-based MRAs induced a mild eGFR decrease (from -2 to -4 ml/min/1.73m 2 ) that was apparent within weeks of treatment initiation, but thereafter participants assigned to MRA experienced eGFR trajectories similar to those observed with placebo in the following years. Together these data suggest that steroid-based MRAs cause an early eGFR decrease but do not accelerate long-term, age-related decline in renal function in patients at risk for or with chronic HF.

In HOMAGE the early eGFR decrease was negatively correlated with the increase in plasma renin concentration, which is occurs as a feedback mechanism to the blockade of the mineralocorticoid receptor by spironolactone. [START_REF] Ferreira | Proteomic and Mechanistic Analysis of Spironolactone in Patients at Risk for HF[END_REF] The positive correlation between eGFR decrease and BNP, KIM-1, and SBP supports the hypothesis that the early eGFR decrease after initiating spironolactone is hemodynamic in origin rather than reflecting structural renal damage or tubular injury. [START_REF] Ferreira | Blood and Urine Biomarkers Predicting Worsening Kidney Function in Patients with Type 2 Diabetes Post-Acute Coronary Syndrome: An Analysis from the EXAMINE Trial[END_REF][START_REF] Ahmad | Worsening Renal Function in Patients With Acute Heart Failure Undergoing Aggressive Diuresis Is Not Associated With Tubular Injury[END_REF] In summary, among patients at risk of developing heart failure enrolled in HOMAGE, spironolactone induced an early and mild eGFR decrease due to hemodynamic changes in the kidney, without evidence of tubular injury. After 1 month, changes in eGFR were similar between spironolactone and usual care. 

  creatinine-based formula. The effect of spironolactone on early and late eGFR changes was assessed by analysis of covariance. Patients' characteristics were compared across tertiles of early and late eGFR changes. Associations between eGFR changes and changes in biomarkers of cardiac stretch (BNP, brain natriuretic peptide), tubular kidney injury (KIM1, kidney injury molecule-1), mineralocorticoid receptor blockade feedback (renin), and systolic blood pressure (SBP) were assessed with linear regression models. Analyses were performed using Stata® version 17.1 (StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC).

Figure 1 .

 1 Figure 1. eGFR change from baseline to month 1 and month 1 to month 9 in spironolactone and usual care ("control") groups
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