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Abstract

Background.—In Aldosterone Targeted Neurohormonal Combined with Natriuresis Therapy in 

Heart Failure (ATHENA-HF), high-dose spironolactone (100 mg daily) did not improve efficacy 

endpoints over usual care (placebo or continued low-dose spironolactone [25 mg daily] in patients 

already receiving spironolactone) in the treatment of acute heart failure (HF). We hypothesized 

that low concentrations of the long-acting active metabolites of spironolactone (canrenone and 7-

α-thiomethylspironolactone [7α-TMS]) in the high-dose group could have contributed to these 

neutral results.
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Methods and Results.—In patients randomized to high-dose spironolactone not previously 

treated with spironolactone (high-dose-naïve, n=112), concentrations of canrenone and 7α-TMS 

increased at 48 and 96 hours compared to baseline, and between 48h and 96h (all p<0.005), 

indicating that steady-state concentrations had not been reached by 48h. In patients previously on 

low-dose, high-dose spironolactone (high-dose-previous, n=37), concentrations of canrenone 

increased at 48h and 96h compared to baseline (both p<0.0005), with a marginal increase between 

48h and 96h (p=0.0507). At 48h, both high-dose groups had higher concentrations of both 

metabolites than the low-dose spironolactone group (p<0.0001). Moreover, concentrations of both 

metabolites were higher in high-dose-previous vs. high-dose-naïve patients (p<0.01), indicating 

that previous spironolactone use was significant, and that steady-state has not been reached in 

high-dose-naïve patients at 48h. We found limited and inconsistent evidence of correlation 

between metabolite concentrations and endpoints.

Conclusions: Lower-than-anticipated concentrations of spironolactone active metabolites were 

observed for at least 48h in the high-dose spironolactone group and may have contributed to the 

absence of pharmacological effects of spironolactone in the ATHENA-HF trial.

Introduction

Acute heart failure (HF) is associated with an increased risk of mortality and morbidity.1, 2 

The incremental activation of the renin-angiotensin-aldosterone system during 

decompensation may contribute to these adverse outcomes,3 in addition to diuretic 

resistance. In particular, increased aldosterone concentrations while receiving an 

angiotensin-converting enzyme inhibitor or an angiotensin II receptor blocker, commonly 

referred to as “aldosterone escape”, is associated with adverse prognosis in patients with 

acute HF.3 Mineralocorticoid receptor antagonists (MRA) in the context of HF 

decompensation, particularly at high doses, may be useful to relieve congestion, overcome 

diuretic resistance, and mitigate neurohormonal activation.4-6 However, in the Aldosterone 

Targeted Neurohormonal Combined with Natriuresis Therapy in Heart Failure (ATHENA-

HF) trial, high-dose (100 mg daily) spironolactone in patients with acute HF previously 

receiving no or low-dose (12.5 or 25 mg daily) spironolactone, did not improve N-terminal-

proB-type natriuretic peptide (NT-proBNP) concentrations from baseline to 96h (primary 

endpoint), or any other secondary endpoints, more than usual care (continuing low-dose 

spironolactone or placebo).7 Safety endpoints (changes in serum potassium and renal 

function) did not differ between study groups also.

One explanation behind these results could be that concentrations of canrenone (available as 

a drug in Europe) and 7-α-thiomethylspironolactone (7α-TMS),8-11 the two main active 

metabolites of spironolactone,11-13 may not have reached effective concentrations within the 

timeframe (96h) of the trial and in the context of acute HF.14 Both metabolites exhibit MRA 

effects and have longer half-lives than spironolactone (16.5 and 15.0 hours, for canrenone 

and 7α-TMS respectively in healthy individuals) and thus mediate a significant part of the 

effects of spironolactone.11-13 Therefore, we examined concentrations of spironolactone and 

its metabolites as part of ATHENA-HF and whether these concentrations correlated with 

ATHENA-HF endpoints. We hypothesized that canrenone and 7α-TMS did not reach their 
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anticipated concentrations early during the study in the high-dose group, thus contributing to 

the neutral results of the trial.

METHODS

Overview of the study design

The methods and results of ATHENA-HF (clinicaltrials.gov Identifier: NCT02235077) 

which was conducted by the Heart Failure Clinical Research Network and sponsored by the 

National Heart, Lung, and Blood Institute, have been reported previously.7, 15 Briefly, 

ATHENA-HF was a multicenter, randomized, placebo-controlled trial investigating the 

impact of high-dose spironolactone (100 mg once daily) compared to usual care in patients 

aged 21 years or older with at least one sign and one symptom of acute HF and NT-proBNP 

≥1000 pg/ml or BNP ≥250 pg/ml measured within 24 hours of randomization. Patients were 

included irrespective of left ventricular ejection fraction (LVEF). Patients receiving low-dose 

spironolactone (12.5 or 25 mg daily) were allowed, but those receiving >25 mg daily were 

excluded, as were patients receiving eplerenone.

Patients not previously taking spironolactone were randomized to 100 mg of spironolactone 

or placebo, while individuals taking low-dose spironolactone prior to admission were 

randomized to 100 mg or 25 mg per day. Randomization was double-blinded for both strata. 

The study drug was given once daily, at baseline, 24, 48 and 72h after randomization or until 

discharge if the patient was discharged before 72h. The daily dose was adjusted based on 

daily serum potassium, renal function and congestion status, as detailed previously.15

The primary endpoint was change in NT-proBNP from randomization to 96h or discharge (if 

earlier than 96h). Several secondary endpoints were evaluated from randomization to 96h or 

discharge. Amongst those, we evaluated clinical congestion score, dyspnea relief, daily 

cumulative net urine output, and net weight loss in the current analysis. Safety endpoints 

included changes in serum potassium and creatinine from baseline to 96h or discharge.

Substudy design

We analyzed samples only from patients who received spironolactone, i.e. patients 

randomized to high-dose (100 mg) spironolactone from both the naïve and previous low-

dose strata and those randomized to continue low-dose (25 mg) spironolactone among the 

previous low-dose stratum. In ATHENA-HF, blood samples for biomarkers were collected at 

±2 hours from baseline, 48h, and 96h, unless the patient was discharged prior to these time 

points, in which case blood samples were collected at discharge (i.e. 24h and 72h). Samples 

were stored locally at −70°C and shipped to the central repository (University of Vermont) 

on dry ice. We included patients who provided informed consent to participate in both the 

genomic/pharmacogenomic and biomarker substudies and who had available serum samples. 

Three patients who had consented to be included in the biomarker substudy with available 

serum had not provided consent for the genomic substudy and two who consented to 

participate in the genomic substudy but not the biomarker substudy were not included. 

ATHENA-HF was approved by all local Institutional Review Boards (IRB).7 All participants 

provided written informed consent to participate. The genomics and pharmacogenomics and 
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biorepository substudies were separately approved in participating centers and all 

participants willing to participate provided separate written informed consents.

Study objectives and endpoints

The primary aim of this substudy was to describe concentrations of canrenone and 7α-TMS 

at 48h and 96h in patients randomized to high-dose (100 mg) spironolactone or continued 

low-dose (25 mg) spironolactone and compare concentrations according to study arm and 

stratum. We grouped patients into three groups: (1) previous low-dose stratum randomized 

to continue low dose (“low-dose”); (2) previous low-dose stratum randomized to high-dose 

(“high-dose-previous”); and (3) naïve stratum randomized to high-dose (“high-dose-naïve”). 

We investigated the association between metabolite concentrations and changes in selected 

efficacy and safety endpoints. Finally, we also measured concentrations of spironolactone 

and the metabolite 6β-Hydroxy-7α-thiomethylspironolactone (6β-OH-7α-TMS).

Measurement of spironolactone and metabolites.

All analyses were performed at the Platform of Biopharmacy, Université de Montréal, 

blinded to arm assignment and dosage. Serum samples (40 μL) were extracted by protein 

precipitation with acetonitrile containing the internal standard (Testosterone-D3, 75 ng/mL, 

80 μL). After centrifugation, the supernatant (75 μL) was diluted with an aqueous 

ammonium formate solution (5 mM, pH 5, 50 μL). A 11-point calibration curve including 

the four compounds and ranging from 0.2 to 500 ng/mL was prepared in blank human serum 

and was extracted the same way. The extracted samples for spironolactone and its 

metabolites were quantified with high pressure liquid chromatography coupled to 

electrospray ionization tandem mass spectrometry in positive ion mode. Calibration curves 

for spironolactone and 6β-OH-7α-TMS were plotted using peak area ratios and for 7α-TMS 

and canrenone using peak height ratios (analyte/internal standard) vs. nominal analyte 

concentration, using a weighted 1/x quadratic regression. The lower limit of quantification 

(LLOQ) were 0.5 ng/mL for spironolactone, 0.2 ng/mL for canrenone (adapted from 16), 1 

ng/mL for 7α-TMS and for 6β-OH-7α-TMS. Additional details are provided in the 

supplementary methods.

Statistical analysis

All patients meeting the selection criteria of the substudy were included in the analyses if 

they had at least one available measurement of spironolactone and its metabolites 

measurement, whether it was at baseline or follow-up. For continuous variables, descriptive 

statistics are presented as median and interquartile range (IQR) or as mean ± standard 

deviation, while categorical variables are presented as counts and percentages of each 

category.

Comparisons between groups and correlations between drug concentrations and study 

endpoints between drug concentrations and study endpoints are provided when a sufficient 

number of patients were available for analysis, that is, only at baseline, 48h and 96h. 

Comparison between groups were conducted using the X2 test or Fisher’s exact test for 

categorical variables. For continuous variables, the Kruskal-Wallis test was used. To 

compare serial concentrations of spironolactone and metabolites, we conducted Wilcoxon 
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signed-rank tests between measurement times. We calculated correlation coefficients using 

Spearman’s rank test, because the concentrations of spironolactone and its metabolites were 

not normally distributed. Per-protocol sensitivity analyses were also conducted at 48 and 96 

hours that were limited to individuals who received all study drug doses from baseline to 

each time point. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc, 

NC, USA).

RESULTS

Study population

A total of 188 of patients were included; 39 patients in the low-dose group, 37 in the high-

dose-previous group, and 112 in the high-dose-naive group (Table 1). Patients from the two 

prior-use groups (high-dose-previous and low-dose) presented no significant differences in 

baseline characteristics and pre-hospital spironolactone doses were similar (21.0±5.9 mg vs 

23.0±4.6 mg, respectively; median: 25 mg in both). Finally, a similar proportion of patients 

were still receiving spironolactone at randomization in the high-dose-previous (62.2%) and 

the low-dose (53.9%) group (p=0.49). Compared with these two groups of prior 

spironolactone users, the high-dose-naive group were older, had a higher LVEF, systolic 

blood pressure, and serum sodium, and a history of hypertension. No significant difference 

between the groups was observed in regard to baseline serum creatinine, eGFR, weight, 

body mass index, or potassium.

Study drug and open-label use

The administration of study drug was similar throughout the study between groups, with 

only modest differences at baseline, with between 89 and 100% of patients receiving the 

study drug at baseline, and 92 to 100% receiving the prescribed dose at baseline 

(Supplemental Table 1). Thereafter, study drug administration and adherence to prescribed 

dose was excellent at 24h and 48h but slightly lower at 72h. The use of open-label 

spironolactone was generally low throughout the study (less than 5% overall at 24, 48 and 

72 hours), but it tended to be slightly higher in those receiving spironolactone prior to the 

hospitalisation (Supplemental Table 2).

Concentration of canrenone and 7α-TMS

Concentrations of canrenone and 7α-TMS throughout the study are presented in Figures 1 

and 2, respectively. At baseline, canrenone levels were similar in the two groups with prior 

spironolactone use (p=0.33). As expected, canrenone levels were higher in these groups vs. 

spironolactone-naïve patients (p<0.0001). Similar observations were made for 7α-TMS.

Concentrations of canrenone and 7α-TMS progressively increased over time in both high-

dose groups (Figures 1 and 2). Concentrations of both metabolites remained more constant 

in the low-dose group. At 48h, both high-dose groups had higher levels than the low-dose 

group for these metabolites (all p<0.0001). Moreover, at 48h, concentrations of both 

canrenone and 7α-TMS in the high-dose-previous group remained higher than in the high-

dose-naïve (both p<0.01), indicating that the impact of the pre-hospitalisation low-dose 

spironolactone use on canrenone concentrations was still significant after 48 hours.
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In patients remaining at the 96h time point, both high-dose groups had higher concentrations 

of canrenone and 7α-TMS vs. the low-dose group (both p≤0.0001). However, differences 

between the high-dose groups were no longer significant for canrenone (p=0.26) or 7α-TMS 

(p=0.11).

In patients with >1 time point available, we evaluated changes between baseline and 48h 

(n=130), baseline and 96h (n=73), and 48h and 96h (n=80). In the high-dose-naive group, 

levels were significantly increased at 48h and 96h compared to baseline (n=79 and n=44 

respectively), as well as between 48h and 96h (n=46) for canrenone and 7α-TMS (all 

p<0.005). In the high-dose-previous group, canrenone levels increased at 48h and 96h 

compared to baseline (n=27 and 15, respectively; both p<0.0005), but the increase between 

48h and 96h was not significant (n=16; p=0.0507). For 7α-TMS, the increase between 

baseline and 48h (p<0.0001), but not between baseline and 96h (p=0.08) or between 48h and 

96h (p=0.71) was significant. Finally, in the low-dose group, a slight increase was observed 

between baseline and 48h (n=24; p=0.03) for canrenone, but not between baseline and 96 

hours (n=14; p=0.63) or between 48 and 96 hours (n=18; p=0.90). No increase in 7α-TMS 

occurred in the low-dose group.

Concentrations of spironolactone and 6β-OH-7α-TMS

Concentrations of spironolactone and 6β-OH-7α-TMS are shown in Supplementary Figures 

1 and 2, respectively. Concentrations of 6β-OH-7α-TMS were consistent with those of 

canrenone, both in terms of progression across time points, as for differences between 

groups at each time point. Results are provided in the supplementary material.

Correlation with study endpoints

We found limited and inconsistent evidence for correlation between concentrations of 

canrenone and study endpoints. Correlations with the primary endpoint (change in NT-

proBNP) are provided in Table 2. No significant correlation was observed at 48h. At 96h, at 

which time the number of patients was lower, canrenone levels were inversely correlated 

with changes in NT-proBNP when considering all three groups together (p=0.03), and in the 

high-dose-naïve group alone (p=0.02). For 7α-TMS, no correlation with the primary 

endpoint was observed. Globally, few correlations were observed between any of the end 

points and spironolactone or its metabolites. These should be interpreted with caution in the 

light of the multiple testing (Table 2 and Supplementary Table 3).

Per-protocol sensitivity analyses

In the per-protocol analysis, 141 and 59 patients were included at 48h and 96h, respectively, 

compared to 160 and 81 of the total patients. The per-protocol analyses provided consistent 

results for the concentrations of spironolactone and its metabolites. For example, median 

concentrations of canrenone at 48h were 20.9 ng/ml in the low-dose; 51.8 ng/ml in the high-

dose-naive (p<0.0001 vs low-dose) and 66.5 ng/ml in the high-dose-previous group 

(p<0.0001 vs low-dose and <0.05 vs high-dose-naïve). At 96h, median concentrations were 

26.2 ng/ml in the low-dose; 74.6 ng/ml in the high-dose-naïve (p<0.0001 vs low-dose) and 

92.0 ng/ml in the high-dose-previous group (p<0.001 vs low-dose and =0.65 vs high-dose 

naïve). The per-protocol analyses provided observations consistent with those in the total 
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population for spironolactone and other metabolites (data not shown) and did not reveal 

substantially different correlations between metabolites and study endpoints (data not 

shown).

DISCUSSION

The results of this substudy bring important insights into the interpretation of ATHENA-HF 

and, more broadly, for the use of spironolactone in patients with HF. First, our results 

indicate that the concentrations of the two primary active metabolites of spironolactone, 

canrenone and 7α-TMS, steadily increased during the study in patients randomized to high-

dose spironolactone. Second, the concentrations of these metabolites were lower than 

anticipated in the high-dose spironolactone groups for at least 48h, particularly in patients 

not previously on spironolactone. This suggests that steady-state concentrations of these 

metabolites had not yet been reached during a significant portion of the study, which could 

explain why the diuretic and the potassium-sparing effects of spironolactone were not 

observed in ATHENA-HF. Third, previous low-dose spironolactone use had a significant 

impact on concentrations of active metabolites for at least 48h. Therefore, inclusion of this 

stratum of patients may have contributed in minimizing the differences between the high-

dose and control (placebo or low-dose) arms. Finally, we did not find consistent evidence of 

correlation between non-steady state metabolite concentrations and the clinical effects of 

spironolactone, as measured by the study endpoints, which is aligned with an absence of a 

clinically significant effect in the ATHENA-HF trial.

Spironolactone dosing and metabolite concentrations

In a previous report from the TOPCAT study, spironolactone daily dose and canrenone levels 

were closely correlated, and spironolactone daily dose in mg and median canrenone levels in 

ng/ml after 12 months were proportionate in a ~1:1 ratio.16 Consistent with this observation, 

in the current study, baseline concentrations of canrenone in both groups of prior 

spironolactone users were of 23.7 ng/ml and 20.2 ng/ml, with previous mean dose of 

21.0±5.9 mg and 23.0±4.6 mg, respectively. Moreover, in patients in the Usual-care group 

randomized to continue low dose spironolactone (25 mg daily), median concentrations of 

19.6 ng/ml and 25.5 ng/ml at 48 and 96 hours, respectively. This consistency is attributable 

to the long half-life of canrenone which translates into stable concentrations over the daily 

dosing interval of spironolactone.

One could thus expect that steady-state concentrations of canrenone following 

administration of 100 mg of spironolactone daily to be ~100 ng/ml. However, median 

canrenone concentrations were 49.6 ng/ml at 48h in the high-dose-naive group, the majority 

of the “High-dose spironolactone” group in ATHENA-HF. Therefore, one could surmise that 

only ~50% of the steady-state concentration of canrenone was reached in these patients by 

mid-study.

Several hypotheses can be proposed to explain these observations. First, one could argue that 

the congestion of the gut and liver, and the decrease in cardiac output patients with HF 

decompensation could significantly reduce spironolactone absorption or hepatic metabolism 

into its active metabolites.14 Yet, canrenone concentrations at baseline in previous low-dose 
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users and throughout the study in those randomized to continue low-dose spironolactone 

were consistent with concentrations measured in stable, chronic spironolactone users, 

therefore arguing against this hypothesis.16

We believe it is more likely that these observations are the result of a much longer than 

anticipated half-life of canrenone, which resulted in a longer time to reach steady-state 

concentrations for canrenone, and potentially, of spironolactone’s other metabolites. 

Although prescribing information for spironolactone and most references state that 

spironolactone, canrenone and 7α-TMS have half-lives of 1.4, 16.5 and 13.8 hours, 

respectively, these values were obtained from 13 healthy men, aged a median of 22 years,17 

a group obviously not representative of ATHENA-HF patients or the wider HF patient 

population.18, 19 An extreme illustration of the importance of liver impairment in prolonging 

the half-lives of spironolactone metabolites is a study of nine individuals with biopsy-proven 

cirrhosis and ascites, in whom the half-lives of canrenone and 7α-TMS were 57.8 and 23.9 

hours, respectively.20

If canrenone half-life was indeed 16h in patients with acute HF, then one would expect that 

canrenone would have reached ~87.5% of its steady-state concentrations by 48h (which 

corresponds to ~3 half-lives, Figure 3)21 in the high-dose-naïve group in ATHENA. Again, 

despite the caveats mentioned, a ~50 ng/mL canrenone concentration at 48h in this group 

suggests that approximately 50% of steady-state was reached, which corresponds to 1 half-

life (Figure 3).21 This would suggest a canrenone half-life of ~48 hours in these patients.21

Among patients remaining in the study at 96h, canrenone concentrations in patients 

randomized to high-dose spironolactone were still increasing, indicating that steady-state 

had not been reached. Furthermore, the naïve group at 96h provides additional evidence for 

a 48-h half-life for canrenone. Indeed, the median concentration of 71.5 ng/ml is extremely 

close to the 75% of steady state concentration expected to be reached after 2 elimination 

half-lives.21 This would be highly concordant with the time since drug initiation in these 

patients; 96h (or two half-lives of 48h). Thus, ultimately, in this patient population, one 

would expect to reach 87.5% (3 half-lives) and 97% of steady state (5 half-lives) only after 6 

and 10 days of treatment, respectively.21 The concentrations of 7α-TMS and 6β-OH-7α-

TMS also point towards a potential lack of early achievement of steady-state concentrations 

in ATHENA-HF spironolactone-naïve patients.

Prior spironolactone use

Another important observation is related to the inclusion of prior spironolactone users. For 

both ethical and safety reasons, spironolactone could not have been halted during the study 

period in previous users. However, canrenone, 7α-TMS, and 6β-OH-7α-TMS 

concentrations all remained higher after 48h in previous users randomized to receive high-

dose spironolactone compared to spironolactone-naïve patients. This indicates that prior use 

may have had a residual effect for at least 48h in ATHENA-HF.

Correlation between spironolactone metabolites and study end points

The lower-than-anticipated concentrations of active metabolites observed at 48h may also 

partially explain why no significant reduction in NT-proBNP or diuresis was observed by 
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that time point, or during the trial. Indeed, chronic doses associated with such low canrenone 

concentrations16 have not been associated with a major diuretic effect in most patients.22 

Moreover, as existing data suggest average delays of two to four days are needed to achieve 

20 to 30% reductions in natriuretic peptides in HF patients undergoing decongestion,23-25 

the complete effect of high-dose spironolactone on efficacy endpoints may not have been 

observed during the timeframe of the study. Thus, measurement of study endpoints beyond 

96 hours may have demonstrated improvements in these parameters. This hypothesis 

requires prospective validation. Finally, considering that ATHENA-HF was neutral with 

respect to efficacy and safety endpoints and that steady-state had not been reached, it is not 

surprising that we saw no clear correlation between the metabolites and the study endpoints.

Broader perspective

A variety of reasons have been suggested to explain the difficulties in developing therapeutic 

approaches for acute HF, including an incomplete understanding of drug pharmacokinetics.
26 This substudy underscores this possibility. Indeed, despite having been used for more than 

six decades, little pharmacokinetic evidence is available for spironolactone for patients with 

HF. Relying on data from healthy individuals may be suboptimal to guide therapy in HF 

patients.14, 27, 28 In the case of spironolactone, only limited pharmacokinetic data from 

patients with stable HF are available29, 30 and these studies were conducted decades ago, 

using fluorometric assays. These assays have since been found to be not specific to 

canrenone, as other metabolites, such as 7α-TMS, were measured concurrently.31 Yet, 

consistent with our findings, two small studies using fluorometric measurements in patients 

with HF showed mean half-lives of 18 and 36.7 hours, respectively, for canrenone.29, 30 An 

assessment of spironolactone pharmacokinetics in HF patients using contemporary 

measurement methods appears necessary.14

Our results could be of interest in the design of future trials. Given the linear 

pharmacokinetics of spironolactone and canrenone, one could estimate that in 

spironolactone-naïve patients, an initial oral bolus of 300 to 400 mg could lead to 

concentrations similar to the steady-state concentrations of 100 mg daily. In fact, such high-

doses doses have been used in patients with cirrhotic ascites.20 This hypothesis requires 

prospective validation. Alternatively, the use of IV MRAs e.g. canrenoate, which is rapidly 

converted to canrenone,32 followed by oral MRA, should also be investigated.

Our results have other potential implications. First, when initiating or titrating 

spironolactone, clinicians should be aware that, in some patients, reaching steady-state 

concentrations might be delayed, particularly when a patient presents with advanced or 

decompensated HF. Thus, this delay should be taken into consideration when individualizing 

the interval between increases in spironolactone dosing. Second, our results support existing 

evidence suggesting that HF patients demonstrate significant differences in the 

pharmacokinetics of both cardiovascular and non-cardiovascular drugs.33 Given that HF 

patients have a heavy burden of prescription medications, and thus are at increased risk of 

drug interactions,34 the impact of HF on pharmacokinetics and dosing requirements warrants 

further investigation.
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Limitations

The measurement of spironolactone and its metabolites in ATHENA included a limited 

number of samples per patient preventing the performance of a true pharmacokinetic study. 

Thus, any pharmacokinetic estimates, such as half-life of canrenone, should be interpreted 

with caution until this evidence is validated by a prospective pharmacokinetic study in HF. 

The small number of patients in the high-dose-previous and low-dose groups, and the small 

number of patients who had drug and metabolite concentrations at 96 hours, also limited our 

ability to perform more complex regression models. Also, not all patients randomized to 

high-dose spironolactone could be included in the substudy. Nevertheless, as the 149 

patients included from the high-dose arm represent 81.9% of patients initially randomized to 

the high-dose arm in ATHENA-HF, we believe that our results are reasonably generalizable 

to the rest of this treatment arm.

Conclusion

In conclusion, the results of the current study suggest that lower than anticipated 

concentrations of spironolactone metabolites in the high-dose spironolactone group may 

have contributed to the absence of pharmacological effects of spironolactone in ATHENA-

HF. More broadly, these results highlight the necessity to conduct comprehensive 

pharmacokinetic studies in HF patients to optimize dosing strategies and guide decisions 

both in daily clinical practice and the design of clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Canrenone concentrations in the ATHENA-HF trial.
A) Previous low-dose stratum randomized to low-dose spironolactone (Low-dose group); B) 

Naïve stratum randomized to high-dose spironolactone group (High-dose-naïve group); C) 

Previous low-dose stratum randomized to high-dose spironolactone group (High-dose-

previous group); D) Between group comparison at baseline, 48 and 96 hours. Data presented 

as median and interquartile range. All between group comparisons performed using Kruskal-

Wallis test. *p < 0.05; # p < 0.005; †p < 0.0001
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Figure 2. 7-α-thiomethyl-spironolactone concentrations in the ATHENA-HF trial
A) Previous low-dose stratum randomized to low-dose spironolactone (Low-dose group); B) 

Naïve stratum randomized to high-dose spironolactone group (High-dose-naïve group); C) 

Previous low-dose stratum randomized to high-dose spironolactone group (High-dose-

previous group); D) Between group comparison at baseline, 48 and 96 hours. Data presented 

as median and interquartile range. All between group comparisons performed using Kruskal-

Wallis test. *p < 0.05; # p < 0.005; †p < 0.0001
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Figure 3. Observed and theoretical canrenone concentrations in patients randomized to high-
dose spironolactone who were not treated with spironolactone prior to hospitalisation.
The figure illustrates anticipated canrenone concentrations in the scenario where canrenone 

would have an elimination half-life of 16 hours (red line) and 48 hours (blue line). The black 

dots represent the median canrenone concentrations measured at baseline, 48 and 96 hours 

in patients randomized to high-dose spironolactone who did not receive spironolactone 

group before hospital admission.
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