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There is a need to increase the armamentarium of pharmacotherapies for alcohol use disorder (AUD). Recent research suggests that
mineralocorticoid receptor (MR) antagonism via spironolactone may represent a novel pharmacological treatment for AUD. We
conducted a pharmacoepidemiologic retrospective cohort study (June 1, 2014 to May 31, 2018) to examine whether spironolactone
dispensation (≥90 continuous days), for any indication, is associated with changes in weekly alcohol use about 6 months later. We
compared 523 spironolactone-treated adults and 2305 untreated adults, matched on high-dimensional propensity scores created from
a set of predefined (sociodemographic and health characteristics, diagnoses, and service utilization) and empirical electronic health
record-derived covariates. The sample was 57% female and 27% non-White with a mean age of 59.2 years (SD= 19.3). Treated patients
reduced their weekly alcohol use by 3.50 drinks (95% CI=−4.22, −2.79), while untreated patients reduced by 2.74 drinks (95% CI=
−3.22,−2.26), yielding a significant difference of 0.76 fewer drinks (95% CI=−1.43,−0.11). Among those who drank >7 drinks/week at
baseline, treated patients, compared to untreated patients, reported a greater reduction in weekly alcohol use by 4.18 drinks (95% CI=
−5.38, −2.97), while there was no significant difference among those who drank less. There was a significant dose-response
relationship between spironolactone dosage and change in drinks/week. Pending additional evidence on its safety and efficacy in
individuals with AUD, spironolactone (and MR blockade, at large) may hold promise as a pharmacotherapy for AUD.
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INTRODUCTION
The past-year and lifetime prevalence of alcohol use disorder
(AUD) was 13.9% and 29.1% in 2012–2013 in the U.S. [1]. Excessive
alcohol use was associated with $249 billion in costs in 2010 and
with 255 deaths per day between 2011 and 2015 in the U.S. [2].
AUD treatment, especially pharmacotherapy, is highly under-
utilized. For example, among individuals aged 12 or older from the
National Survey on Drug Use and Health in 2019, only 1.9% of
those who needed treatment for AUD and 19.8% of those who
received AUD treatment, received pharmacotherapy for AUD [3].
Currently, there are only three medications approved by the U.S.

Food and Drug Administration for AUD treatment: acamprosate,
disulfiram, and naltrexone (oral and intramuscular). A recent
review found that naltrexone can reduce the risk of binge-
drinking, and that acamprosate and disulfiram can maintain
abstinence, yet effect sizes across meta-analyses were small [4].
Another recent review found that the use of naltrexone and

acamprosate to control alcohol consumption had only low to
moderate efficacy [5]. Therefore, there is a need to investigate
novel targets to increase the armamentarium of pharmacothera-
pies for AUD [6].
Prior research suggests that neuroendocrine pathways play

critical roles in the development and maintenance of AUD. For
example, the hormone aldosterone, which regulates electrolyte
and fluid homeostasis through binding to mineralocorticoid
receptors (MRs), has been shown to modulate stress-related
behaviors and alcohol use across studies of animals and humans.
Specifically, in AUD patients, blood aldosterone levels increase
during early alcohol withdrawal and normalize during recovery [7],
and have been found to be positively correlated with anxiety,
craving, and drinking levels [8, 9]. Consistent with these findings in
humans, a study of nonhuman primates found that aldosterone
levels significantly increased after sub-chronic alcohol self-
administration and that MR gene (Nr3c2) expression in the central
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nucleus of the amygdala (CeA) was negatively correlated with
average alcohol intake [9]. In addition, low Nr3c2 expression levels
in the CeA were associated with greater anxiety and compulsive
drinking in alcohol-dependent, but not in nondependent, rats [9].
Furthermore, recent rodent studies found that intraperitoneal
injection of the MR antagonist spironolactone, as well as CeA
injection of the MR antagonist eplerenone, significantly reduced
alcohol self-administration [10, 11]. These cross-species findings
provide evidence that high functional activity in the aldosterone/
MR pathway may contribute to excessive drinking and that
pharmacological blockade of the MR may serve as a novel
approach for AUD pharmacotherapy.
Spironolactone is widely used in primary care and specialty

settings to treat various health conditions (e.g., essential
hypertension, heart failure, primary hypoaldosteronism, hypoka-
lemia, and nephrotic syndrome). Notwithstanding spironolac-
tone’s frequent and serious side effects (e.g., hyperkalemia,
gynecomastia, and hypotension), the drug has an overall
acceptable safety and tolerability profile, especially with proper
dose management and close monitoring [12–17], which are

factors that can facilitate repurposing of this drug and potentially
other MR antagonists (e.g., eplerenone) for AUD treatment,
pending efficacy studies. The objective of this study was to
examine whether spironolactone dispensation for any indication is
associated with changes in self-reported weekly alcohol use, using
electronic health record (EHR)-based data from Kaiser Permanente
Northern California (KPNC), a large integrated health care system,
where spironolactone is commonly prescribed and over 90% of
outpatient prescriptions are filled at in-house pharmacies.

PATIENTS AND METHODS
Setting
KPNC serves 4.3 million members, about one-third of the population in
Northern California. The membership is diverse and reflects the U.S.
population with access to care [18]. Membership includes enrollees from
Medicaid, Medicare, employer-based plans, and health insurance
exchanges. The KPNC Institutional Review Board reviewed the study and
granted a waiver of informed consent to examine EHR data.
In June 2013, KPNC implemented systematic alcohol screening in adult

primary care and has maintained an average 80% screening rate [19]. As

Fig. 1 Study cohort flow diagram. Exclusion criteria are sequential.
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part of the screening, patients are asked three questions embedded in the
EHR about their alcohol use, including a modified version of the evidence-
based National Institute on Alcohol Abuse and Alcoholism (NIAAA) single-
item screening question [20] (tailored to the patient’s age and sex) to
determine whether patients had any heavy drinking days: (1) “How many
times in the past 3 months have you had 5 or more drinks containing
alcohol in a day?” (for men aged 18–65 years), or “4 or more drinks” (for
women of any age and men aged 66 or older); and two questions for
calculating the average number of alcoholic drinks consumed per week: (2)
“On average, how many days per week do you have an alcoholic drink?”;
and (3) “On a typical drinking day, how many drinks do you have?”

Study sample and exposure
We identified patients who received (treated) or did not receive
(untreated) spironolactone dispensed from outpatient KPNC pharmacies.
The treated group consisted of 38,466 patients who filled spironolactone
prescriptions for any indication between June 1, 2014 and May 31, 2018;
the index date was the first dispensation of spironolactone during the
inception period. For the untreated group, we identified 5,003,201 patients
with at least one outpatient visit during the inception period, and
randomly selected one visit as the index date. Treated patients who filled
spironolactone prescriptions that supplied <90 continuous days of
treatment over a 6-month period post-index (n= 7857), and untreated
patients who received spironolactone anytime between June 1, 2014 and
May 31, 2019 (n= 46,959) were excluded (Fig. 1). We also sequentially
excluded patients if they received spironolactone in the 120 days before
the index date (treated= 5782; untreated= 181), had noncontinuous
KPNC membership or drug coverage in the year before the index date
(allowing 30 day gaps) (treated= 6228; untreated= 1,646,274), did not
complete an alcohol screening in the year before the index date (treated
= 4810; untreated= 1,440,980), or did not report any alcohol use at the
baseline screening (treated= 10,617; untreated= 1,298,726).

Outcome measure and follow-up
The outcome measure was change in alcoholic drinks consumed per week
(drinks/week), a discrete measure calculated by subtracting the number of
drinks/week reported at the follow-up alcohol screening from the number
reported at the baseline screening. We identified the baseline alcohol
screening as any in the year before the index date; if the patient had
multiple, then the screening closest to the index date was chosen
(Supplementary Fig. 1). To emulate a 6-month clinical trial, we identified
follow-up alcohol screenings between 120 and 240 days post-index date; if
a patient had more than one screening during this period, the one closest
to 180 days was chosen. Patients in both groups were sequentially
excluded if they were lost to follow-up [treated= 2610 (130 died, 157
disenrolled, and 2323 without a screening); untreated= 510,413 (3720
died, 52,018 disenrolled, and 454,675 without a screening)], or received
alcohol treatment during follow-up (i.e., had any visits to specialty
addiction medicine or filled a prescription of acamprosate, disulfiram, or
naltrexone) (treated= 35; untreated= 1061) (Fig. 1). Thus, there were 527
eligible treated patients and 58,607 eligible untreated patients.

Spironolactone daily dosage
For treated patients, we extracted all outpatient spironolactone prescrip-
tion fills post-index through follow-up. We constructed a dataset of daily
use with one record per patient per day to indicate whether spirono-
lactone was used and the total daily dosage in mg [21]. We assumed that
patients took spironolactone according to the days’ supply indicated by
the provider on the prescription. If a patient filled a prescription with 7 or
more days remaining on a prior fill, then we assumed that the new fill was
used concurrently, otherwise it was treated as a fill in stock. Patients could
have up to 3 fills in stock, which were assumed to be used consecutively
with no gaps. Episodes of spironolactone use (defined as the period from
the dispensation date until a gap in days’ supply of more than 30 days)
were then generated from the daily use dataset. Mean spironolactone daily
dosage was calculated across the duration of the episode, and only the first
episode was used if there was more than one during follow-up.

High-dimensional propensity score model and matching
Among the sample of treated (n= 527) and untreated patients (n=
58,607), we generated high-dimensional propensity scores (HDPS) using
the Pharmacoepidemiology Toolbox macro to adjust for the conditional

probability of exposure (i.e., outpatient spironolactone dispensation to
supply at least 90 continuous days of treatment for any indication), given
a set of predefined and empirical covariates derived from EHR-based
data [22]. In comparison to hypothesis-driven approaches, the HDPS
algorithm performs just as well in controlling for confounding and is
highly efficient [23]. Briefly, the algorithm takes p data elements,
identifies n candidate empirical covariates based on prevalence, and
prioritizes the top k covariates based on a selected metric (e.g., Bross
formula [24], or association with exposure). We extracted the following 5
data elements (p) from the EHR and included all data in the year before
the index date (as early as June 1, 2013 and as late as May 31, 2017): all
International Classification of Diseases (ICD) diagnosis codes from
outpatient encounters, all ICD diagnosis codes from inpatient hospita-
lizations, all procedure codes, all generic names of outpatient prescrip-
tions filled at KPNC pharmacies (excluding spironolactone), and all
outpatient departments visited. Since KPNC began using ICD-10
diagnosis codes in October 2015, all ICD-9 diagnosis codes
were converted to their best ICD-10 equivalent. We identified 300
empirical covariates (n) and prioritized the top 100 covariates (k)
based on their association with spironolactone dispensation. HDPS (i.e.,
the predicted probability of exposure) were estimated using a logistic
regression model that included the top 100 empirical covariates and the
following predefined covariates: age at index date; sex; race/ethnicity;
year of index date; month of index date; smoking status (current or
never/former); body mass index [underweight (<18.5), normal
weight (18.5–24.9), overweight (25.0–29.9), or obese (≥30.0)] [25];
household income based on geocoded 2017 U.S. Census data [low
(≤$74,883), middle ($74,884–$108,988), or high (≥$108,989), based on
tertiles of the overall distribution]; number of outpatient, inpatient, and
emergency department visits in the year prior to the index date; whether
patients had an AUD diagnosis in the year before the index date; and
whether patients had a diagnosis indicated for spironolactone treatment
in the year before the index date (heart failure, hypertension,
hyperaldosteronism, hypokalemia, liver cirrhosis, and nephrotic syn-
drome) [12].
Using the logit of the HDPS, treated patients were matched to up to 5

untreated patients, using a greedy nearest neighbor algorithm without
replacement and within a caliper distance of 0.2 of the standard deviation
of the logit of the HDPS [26, 27].

Statistical analysis
We calculated standardized mean differences (SMDs) to examine balance
of patient characteristics and health service utilization between treated
and untreated patients in the sample, before and after HDPS matching.
Characteristics with absolute SMDs < 0.1 were considered to be sufficiently
balanced [28].
We estimated the average change in drinks/week associated with

spironolactone dispensation (difference-in-difference) using ordinary least
squares regression. We also evaluated whether baseline alcohol use (≤7
drinks/week or >7 drinks/week [29]) moderated the association between
spironolactone dispensation and alcohol use by including an interaction
term with exposure group in the regression model. Models were fit to
obtain unadjusted estimates and then were adjusted for patient
characteristics that remained imbalanced after matching based on SMD
> 0.1 (i.e., sex, heart failure, and hypokalemia), a method that has been
shown to successfully remove residual confounding bias [30]. To
characterize effect sizes, we calculated Cohen’s d based on the
difference-in-difference estimates, where d= 0.2 was considered small,
d= 0.5 was moderate, and d= 0.8 was large [31].
To evaluate potential residual differences in the matched groups on

illness severity, we calculated the Charlson comorbidity index, a measure
that estimates 1-year mortality risk based on a weighted score of 17
medical conditions [32]. We found that the treated group had a higher
mean score (mean= 2.45, SD= 2.64) than the untreated group (mean=
2.23, SD= 1.22), with a SMD of −0.136. Thus, as a sensitivity analysis, we
added the Charlson index as a covariate in the regression models.
Among the treated sample, we estimated the average dose-response

relationship of spironolactone dosage on the change in drinks/week, using
ordinary least squares regression, adjusting for all baseline patient
characteristics and health service utilization covariates. As a sensitivity
analysis, we excluded patients with standardized residuals ≥5, representing
extreme values for change in drinks/week.
All statistical analyses were conducted using SAS software, Version 9.4 of

the SAS System for Unix (SAS Institute Inc., Cary, NC).
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RESULTS
Prior to HDPS-matching, the treated (n= 527) and untreated (n=
58,607) groups differed significantly on most baseline character-
istics and past-year utilization (Table 1). A total of 523 treated
patients were HDPS-matched to 2305 untreated patients (Table 1):
410 (78%) matched to five, 15 (3%) matched to four, 39 (7%)
matched to three, 19 (4%) matched to two, and 40 (8%) matched
to one. Unmatched treated patients (n= 4) had higher HDPS
(mean= 0.93, SD= 0.12) than those who were matched (n= 523,
mean= 0.13, SD= 0.20).
Overall, the aggregate HDPS-matched sample (n= 2828) was

57% female and 27% non-White with a mean age of 59.2 years
(SD= 19.3) (data not shown). Distributions of most baseline
characteristics were balanced between the treated and untreated
groups after HDPS-matching, except for sex (54% versus 59%
female), heart failure (33% versus 28%), and hypokalemia (9%
versus 7%) (Table 1). There were no differences in baseline weekly
alcohol use between the matched groups. The average number of
days between the baseline and follow-up screenings was
395.3 days (SD= 99.8).
Spironolactone was prescribed for a variety of health

conditions. Among the 523 matched treated patients, 351
(67%) had one diagnosis associated with their index prescrip-
tion, 77 (15%) had more than one, and 95 (18%) had none.
Specifically, 297 (57%) patients were prescribed spironolactone
for cardiovascular conditions (e.g., hypertension, heart failure,
cardiomyopathy), 101 (19%) for acne or other skin conditions, 31
(6%) for cirrhosis or liver disease, 24 (5%) for ascites, 23 (4%) for
edema, 11 (2%) for chronic kidney disease, and 66 (13%) for
other conditions (e.g., polycystic ovarian syndrome, hypokale-
mia, hyperaldosteronism). The average duration of treatment
(from index date to the end of the treatment episode) was
144.5 days (SD= 45.3). There were 250 patients (48%) who were
still taking spironolactone at the time of their follow-up alcohol
screening, and the remaining 273 patients had a mean of
69.1 days (SD= 38.0) between the end of their treatment
episode and follow-up screening.

Changes in alcohol use
Weekly alcohol use decreased from baseline to follow-up in both
the spironolactone-treated and untreated groups; however,
spironolactone-treated patients had a significantly greater reduc-
tion in their drinking, compared to untreated patients. Unadjusted
and adjusted estimates of the change in drinks/week (the latter
acquired from the model adjusting for sex, heart failure, and
hypokalemia) were similar (Table 2), thus only adjusted estimates
are discussed. On average, spironolactone-treated patients
reduced alcohol use by 3.50 drinks/week (95% CI=−4.22,
−2.79), while untreated patients reduced alcohol use by 2.74
drinks/week (95% CI=−3.22, −2.26), signifying a difference-in-
difference of −0.76 drinks/week (95% CI=−1.43, −0.11) and a
Cohen’s d of 0.2.
Baseline alcohol use moderated the association between

spironolactone dispensation and change in alcohol use. Among
those who reported >7 drinks/week at baseline, treated patients
(mean difference=−10.82; 95% CI=−11.96, −9.68) reported a
greater reduction in weekly drinking than untreated patients
(mean difference=−6.64; 95% CI=−7.23, −6.05), yielding a
difference-in-difference of −4.18 drinks (95% CI=−5.38, −2.97)
and a Cohen’s d of 0.6. However, among patients who reported ≤7
drinks/week at baseline, there was no significant difference-in-
difference of weekly drinking, comparing treated (mean differ-
ence=−0.52; 95% CI=−1.24, 0.19) and untreated groups (mean
difference=−0.65; 95% CI=−1.12, −0.17).
In sensitivity analyses, we additionally adjusted for the Charlson

comorbidity index in the regression models (Supplementary
Table 1). The difference-in-difference estimates did not mean-
ingfully differ from those presented in Table 2 (i.e., <10% change).

Dose-response relationship
Among spironolactone-treated patients (n= 523), there was a
significant dose-response relationship between spironolactone
dosage and change in weekly alcohol use. After adjusting for all
baseline characteristics, each additional 10mg of spironolactone
dispensed was associated with a reduction of 0.89 drinks/week
(95% CI=−1.46, −0.31) (Fig. 2). We next conducted a sensitivity
analysis excluding 3 extreme outliers with standardized residuals
>5 for the change in alcohol use, and found a weaker, yet
significant, dose-response relationship; each additional 10 mg of
spironolactone prescribed was associated with a reduction of 0.40
drinks/week (95% CI=−0.77, −0.03).

DISCUSSION
In this pharmacoepidemiologic study, we found a small, yet
significant association between spironolactone dispensation
and reduction in self-reported weekly alcohol use among
patients with a range of drinking behaviors. The results were
more robust among those with higher baseline alcohol use.
Specifically, among patients who reported drinking more than 7
drinks/week at baseline (a conservative threshold indicating the
potential for alcohol-related harm in both men and women
[29]), we found a moderate association between spironolactone
dispensation and reduction in weekly alcohol use, suggesting
these results may be meaningful from a clinical standpoint. This
could be because those who drank ≤7 drinks/week at baseline
had a lower baseline drinking level from which they could
reduce, or spironolactone was more effective among patients
with heavier drinking. Moreover, we found a significant dose-
response relationship between spironolactone dosage and
change in alcohol use, suggesting a potential causal relation-
ship. While randomized controlled trials are needed to confirm
these results, the present pharmacoepidemiologic findings are
consistent with recent preclinical work [10, 11] and provide the
first preliminary human evidence, to our knowledge, that MR
antagonism via spironolactone (and possibly more selective MR
antagonists such as eplerenone) could be further studied as a
potential novel pharmacotherapy for AUD. Given the potential
for spironolactone dose-related side effects [17], results of this
study should be interpreted in the context of the risk-benefit
ratio and therapeutic index as related to the use of spirono-
lactone in patients with AUD.
In addition to psychosocial and behavioral interventions,

medications play a key role in AUD treatment [33]. Considering
the unmet need for more efficacious pharmacological options
and the complexity of de novo medication development, drug
repurposing can facilitate and accelerate this process [34].
Spironolactone is an old drug that is relatively safe, affordable,
well-known to clinicians, and widely used to treat several
medical conditions in clinical practice, including the hemody-
namic complications related to decompensated liver disease.
Notably, some patients with AUD develop liver disease, which
complicates the management of pharmacotherapy for AUD
from a safety standpoint [35]. Furthermore, evidence from a
rodent study suggests lack of alcohol-spironolactone interac-
tions, as co-administration of spironolactone and alcohol did
not alter alcohol-induced motor impairment [36]. These con-
siderations provide preliminary support in favor of repurposing
MR antagonists for AUD treatment; however, much more
research is needed to understand their efficacy and safety in
this context.
In this study, spironolactone was prescribed mainly in primary

care settings. Pending confirmation of efficacy and safety in
prospective randomized controlled trials, this aspect suggests
the potential feasibility of large-scale implementation of
spironolactone treatment for AUD in primary care, a health care
setting that is well-positioned to monitor alcohol use through

V.A. Palzes et al.

2143

Neuropsychopharmacology (2021) 46:2140 – 2147



Table 1. Distribution of baseline characteristics in spironolactone-treated and untreated patients before and after high-dimensional propensity score
(HDPS) matching, Kaiser Permanente Northern California, from June 1, 2014 to May 31, 2018.

Characteristic Before HDPS matching After HDPS matching

Treated
(n= 527)

Untreated
(n= 58,607)

SMDa Treated (n= 523) Untreated (n= 523)b SMDa

Sex, n (%) −0.168 0.113

Male 245 (46.5) 32,158 (54.9) 242 (46.3) 213 (40.6)

Female 282 (53.5) 26,449 (45.1) 281 (53.7) 310 (59.4)

Age group, n (%)

18–34 years 81 (15.4) 11,346 (19.4) 0.105 80 (15.3) 75 (14.4) −0.023

35–49 years 63 (12.0) 12,146 (20.7) 0.239 63 (12.0) 65 (12.5) 0.013

50–64 years 116 (22.0) 16,340 (27.9) 0.136 115 (22.0) 128 (24.5) 0.059

≥65 years 267 (50.7) 18,775 (32.0) −0.385 265 (50.7) 254 (48.5) −0.044

Race/ethnicity, n (%)

White 385 (73.1) 40,077 (68.4) −0.103 382 (73.0) 386 (73.8) 0.018

Asian, Native Hawaiian, or Pacific Islander 33 (6.3) 5512 (9.4) 0.117 33 (6.3) 29 (5.5) −0.030

Black 38 (7.2) 3469 (5.9) −0.052 38 (7.3) 51 (9.7) 0.099

Latino/Hispanic 55 (10.4) 7884 (13.5) 0.093 54 (10.3) 47 (9.1) −0.039

Other/Unknown 16 (3.0) 1665 (2.8) −0.012 16 (3.1) 10 (1.9) −0.070

Geocoded household income, n (%)

Low (≤$74,883) 183 (34.7) 19,371 (33.1) −0.035 181 (34.6) 183 (35.0) 0.007

Middle ($74,884–$108,988) 170 (32.3) 19,145 (32.7) −0.009 168 (32.1) 169 (32.3) 0.004

High (≥$108,989) 168 (31.9) 19,390 (33.1) 0.026 168 (32.1) 162 (30.9) −0.025

Unknown 6 (1.1) 701 (1.2) 0.005 6 (1.1) 9 (1.8) 0.058

Body mass index, n (%)

Underweight (<18.5) 8 (1.5) 621 (1.1) −0.041 8 (1.5) 7 (1.3) −0.017

Normal weight (18.5–24.9) 163 (30.9) 17,802 (30.4) −0.012 161 (30.8) 155 (29.7) −0.023

Overweight (25.0–29.9) 167 (31.7) 22,145 (37.8) 0.128 166 (31.7) 159 (30.5) −0.026

Obese (≥30.0) 187 (35.5) 17,632 (30.1) −0.115 186 (35.6) 199 (38.1) 0.054

Unknown 2 (0.4) 407 (0.7) 0.043 2 (0.4) 2 (0.3) −0.005

Smoking status, n (%)

Never or former 485 (92.0) 52,987 (90.4) −0.057 481 (92.0) 483 (92.4) 0.015

Current 40 (7.6) 5227 (8.9) 0.048 40 (7.6) 39 (7.4) −0.008

Unknown 2 (0.4) 393 (0.7) 0.040 2 (0.4) 1 (0.2) −0.028

Baseline drinks/week, mean (SD) 7.0 (8.8) 6.3 (6.7) 0.084 6.9 (8.8) 6.1 (6.2) 0.094

Baseline drinks/week, n (%) 0.045 0.026

≤7 398 (75.5) 43,119 (73.6) 397 (75.9) 391 (74.8)

>7 129 (24.5) 15,488 (26.4) 126 (24.1) 132 (25.2)

Alcohol use disorder diagnosis, n (%) 64 (12.1) 1262 (2.2) −0.395 63 (12.0) 51 (9.7) −0.092

Liver cirrhosis, n (%) 90 (17.1) 2107 (3.6) −0.454 87 (16.6) 96 (18.3) 0.057

Heart failure, n (%) 175 (33.2) 1060 (1.8) −0.907 171 (32.7) 146 (27.9) −0.139

Hyperaldosteronism, n (%) 1 (0.2) 2 (<0.1) NA 1 (0.2) 0 (<.1) NA

Hypertension, n (%) 351 (66.6) 20,222 (34.5) −0.678 347 (66.3) 356 (68.1) 0.037

Hypokalemia, n (%) 50 (9.5) 471 (0.8) −0.401 49 (9.4) 37 (7.0) −0.110

Nephrotic syndrome, n (%) 0 (0) 15 (<0.1) NA 0 (0) 3 (0.5) NA

Prior-year health service utilization

Number of outpatient visits, median (IQR) 11.0 (11.0) 6.0 (7.0) 0.497 13.4 (10.5) 13.0 (14.7) −0.022

Any hospitalization, n (%) 135 (25.6) 3597 (6.1) −0.553 132 (25.2) 122 (23.3) −0.056

Any emergency department visit, n (%) 246 (46.7) 13,516 (23.1) −0.511 243 (46.5) 237 (45.3) −0.025

NA not applicable.
aThe standardized mean difference (SMD) for each characteristic was calculated to determine whether the distribution was balanced among treated and
untreated groups before and after HDPS matching. A characteristic with an absolute SMD < 0.1 was considered to have a negligible difference between the
treatment groups.
bUntreated patients (n= 2305) were weighted according to the number of matches.
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systematic screening and to manage pharmacotherapy. Primary
care engagement has also been shown to be an important
component of continuing care for AUD and the recovery process
[37, 38].
Patients in both the spironolactone-treated and untreated

groups reduced alcohol consumption meaningfully from base-
line to follow-up, which could be because they received brief
advice to limit their drinking by their provider or due to the high
prevalence of medical conditions (i.e., hypertension, heart
failure) in this matched cohort. Health concerns are among
the main reasons why individuals decrease or quit drinking [39],
which may explain why both groups reduced the number of

drinks consumed per week about in half. Our sensitivity analysis
showed that any residual confounding bias due to illness
severity was minimal, therefore, the differential reduction in
drinking observed is likely not due to health status differences
between groups.

Strengths and limitations
By leveraging EHR-based data collected as part of clinical care in
an integrated health care system, we examined associations
between spironolactone dispensation and changes in alcohol
use among a large and diverse sample. Retrospective analysis of
EHR data has been used as one of the main approaches to
inform drug repurposing endeavors [40]. While the availability of
clinical and therapeutic data drawn from population-based EHR
data offer great opportunities for pharmacoepidemiologic
research, ascertainment of exposure and outcome in such type
of studies has some level of uncertainty [41]. For example, data
on spironolactone dispensation was acquired retrospectively
from past pharmacy fills; therefore, direct assessment of
compliance was not feasible. Social desirability bias and recall
bias represent other potential limitations of self-reported
alcohol use data. For example, prior research has found that
self-reported volume of alcohol only accounted for 40% of total
sales volume of alcohol [42]. The healthcare system in this study
conducted an implementation trial to determine the best
workflow for alcohol screening that would minimize stigma
and optimize patient comfort in disclosing alcohol use [19], so
while underreporting is possible, more in-depth qualitative data
is needed to understand the extent of these potential biases on
study findings. Additionally, about half of the treated group in
this study had follow-up alcohol screenings after completion of
their spironolactone fills. While the duration of this gap was
unlikely to affect the representativeness of the follow-up
screening in measuring alcohol use at time of exposure, a
future study with a large enough sample should consider
examining whether effect sizes differ by duration and timing of
use at follow-up. We did not have data on adverse side effects
(e.g., dizziness, headache, lightheadedness, fainting) or other
forms of alcohol treatment (e.g., 12-Step, Alcoholics Anon-
ymous), so we could not adjust for these factors in our analyses;
however, patients who received specialty addiction treatment
were excluded from the study.
Although we cannot infer causality with our observational study

design, we utilized methods that appropriately adjusted for
potential bias and confounding. Similar to a prior study that
examined the effects of gabapentin on alcohol consumption in

Table 2. Mean changes in alcoholic drinks consumed per week in spironolactone-treated and untreated patients and group differences in the full
sample and by baseline alcohol use.

Drinks per week Overall ≤7 drinks/week >7 drinks/week

Treated
n= 523

Untreated
n= 2305

Treated
n= 397

Untreated
n= 1735

Treated
n= 126

Untreated
n= 570

Unadjusted

Baseline, mean (SD) 6.93 (8.76) 6.12 (6.19) 3.54 (2.21) 3.43 (2.21) 17.59 (12.43) 14.29 (7.16)

Follow-up, mean (SD) 3.64 (7.70) 3.80 (5.57) 2.75 (7.30) 2.60 (3.65) 6.44 (8.26) 7.44 (8.20)

Change, mean (95% CI) −3.29
(−3.88, −2.69)

−2.32
(−2.60, −2.04)

−0.79
(−1.40, −0.18)

−0.83
(−1.12, −0.54)

−11.15 (−12.24,
−10.06)

−6.85
(−7.36, −6.34)

Difference-in-difference, mean
(95% CI)

−0.97 (−1.62, −0.31) 0.04 (−0.64, 0.72) −4.30 (−5.50, −3.10)

Adjusteda

Change, mean (95% CI) −3.50
(−4.22, −2.79)

−2.74
(−3.22, −2.26)

−0.52 (−1.24, 0.19) −0.65
(−1.12, −0.17)

−10.82
(−11.96, −9.68)

−6.64
(−7.23, −6.05)

Difference-in-difference, mean
(95% CI)

−0.76 (−1.43, −0.11) 0.12 (−0.56, 0.81) −4.18 (−5.38, −2.97)

aModels were adjusted for sex, heart failure, and hypokalemia.

Fig. 2 Unadjusted (solid line) and adjusted (short dash line) dose-
response relationships between spironolactone dosage (mg/day)
and change in drinks consumed per week among spironolactone-
treated patients who reported drinking ≤7 drinks/week (purple,
n= 397) versus spironolactone-treated patients who reported
drinking >7 drinks/week (orange, n= 126) at baseline. In a
sensitivity analysis, extreme outliers with standardized residuals >5
for the change in drinks/week (n= 2 in the ≤7 drinks/week group,
i= 1 in the >7 drinks/week group) were excluded (long dash line).
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veterans with and without AUD, we used propensity score
matching to assemble an untreated group with similar character-
istics as the treated group [43]. In addition to predefined
covariates, we generated empirical covariates from the EHR (e.g.,
all generic names of outpatient prescriptions and all departments
visited in the prior year) to calculate HDPS. While treatment
groups differed significantly on nearly all predefined variables
before matching (as expected given the clinical indications for
which spironolactone is prescribed), balance was achieved on
nearly all variables after HDPS matching, except a few, which were
added as covariates in the models. Additionally, we examined
spironolactone dispensation among patients who did not
previously fill a prescription in the prior 4 months, which is
important for assuring temporality of the association between
spironolactone dispensation and change in alcohol consumption.
The presence of a meaningful dose-response relationship adds
support, albeit preliminary, for a potential causal relationship
between spironolactone dispensation and change in alcohol use.
Since there was a low proportion of patients with a daily dosage
greater than 200mg/day, extrapolation of the dose-response
relationship for high dosages is not possible. From a mechanistic
standpoint, it is important to note that spironolactone binds to
other receptors and is thus not selective for the MR; however, a
recent rodent study has demonstrated that the MR-selective
antagonist eplerenone led to similar reductions in alcohol use as
spironolactone [11].
Unlike a prior gabapentin study in veterans [43], we were

unable to examine whether AUD moderated the association
between spironolactone dispensation and change in alcohol use
due to the small number of patients with AUD in our study (n=
64); however, we found that higher baseline alcohol use was a
significant moderator. A future prospective randomized controlled
study should examine both abstinence and reduction in alcohol
use as outcomes in assessing the efficacy of spironolactone in
treating AUD [44].

CONCLUSION
Findings suggest that MR antagonism via spironolactone or
possibly other compounds blocking MR could be further studied
as a potential pharmacotherapeutic option for AUD treatment.
While future preclinical studies should examine the underlying
mechanisms of action, randomized controlled trials in humans are
needed to evaluate the safety and efficacy of MR antagonists for
AUD treatment.
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