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Abstract

Objective—The hippocampus is crucial for paired-associate learning. Obesity is associated with
increased MR activity in peripheral and possibly central tissues, decreased hippocampal size in
humans and impaired hippocampal learning in rodents. The MR is expressed in hippocampal
neurons and MR blockade improves hippocampal learning in obese animals. We sought to
determine whether MR blockade would modulate paired-associate learning in obese men and
women.

Design and Methods—Men and women ages 20-61 years with BMIs between 30-45 kg/m?
were randomly assigned to placebo (n=11; 7 women) or 50 mg spironolactone daily (n=12; 7
women) for six weeks. At baseline and post treatment, subjects underwent a clinical and hormonal
evaluation. They also underwent a computerized task that assesses paired-associate learning and
has been shown by functional magnetic resonance imaging to activate the hippocampus.

Results—In an ANCOVA model that adjusted for baseline paired-associate learning, age, and
race, spironolactone treatment was associated with a significant (p=0.043) improvement in
hippocampal memory as compared to placebo treatment.

Conclusions—Our findings demonstrate, for the first time, that blocking MR with chronic, low-
dose spironolactone treatment improves paired-associate learning in obese individuals, suggesting
that MR activation contributes to hippocampal memory modulation in humans.
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Introduction

The hippocampus is critical for formation of relational memories, or memaories in which
novel associations are formed between at least two previously unrelated items.” In humans,
the hippocampus is also necessary for performing paired-associate learning tasks>" for
example, a task in which a person is presented with combinations of people and places and
is later required to remember the combinations they were presented. Interestingly, obesity
(defined as BMI1=30 mg/kgz)5 and increased waist to hip ratios have been associated with
decreased hippocampal volumes.™ In animal studies, experimentally induced obesity has a
detrimental effect on hippocampus-dependent learning. For example, Zucker obese rats
subjected to a Morris water maze cross the target platform significantly less (p<0.05) than
lean controls, and exhibit higher go/no-go latency ratios on delayed alternation tasks when
faced with longer intertrial intervals (suggesting impairment of hippocampal-dependent
memory).7'8 Obesity is associated with increased mineralocorticoid receptor (MR) activity
in peripheral tissues and possibly in central tissues as We||.9_l4

The MR has similar affinity for aldosterone and cortisol. Due to the 100 to 1000-fold excess
concentration of cortisol versus aldosterone,lsllﬁ, it is primarily occupied by cortisol except
in those cells expressing the enzyme 11-p-hydroxysteroid-dehydrogenase-2 (11-fHSD-2),
which converts active cortisol to inactive cortisone.”'18 The MR is widely expressed in the
hippocampus.19 In conjunction with the glucocorticoid receptor (GR) (which is also found
in selectively higher concentrations in the hippocampuslg), the MR modulates learning and
memory, including that mediated by the hippocampus. The hippocampal MR is involved in
cognitive aspects of the initial stress response, in selection of behavioral responses to novel
situations, in maintenance of a stable excitatory tone, and in regulation of limbic neuronal
proliferation and apoptosis in response to corticosteroid exposure. Meanwhile the GR

dampens the initial stress reaction and facilitates storage of information for future
1518 20
use.”

In C57BL/6 lean, inbred mice, MR blockade reduces impairments in hippocampal function
(measured by performance on a delayed alternation task) induced by exposure to
supraphysiological doses of glucocorticoids (administration of glucocorticoids in the form of
corticosterone conjugated to bovine serum albumin decreases alternation by ~40%, while
MR antagonism with RU-28318 improves alternation 10% beyond baseline).21 Studies of
obese, diabetic KKAy mice additionally suggest that MR activation is an important
determinant of the hippocampal dysfunction associated with obesity, as administration of
spironolactone to such rodents improves their performance in a Morris Water Maze task (as
measured by escape latency and time spent in the platform quadrant).14 However, the
relationship of MR activation to hippocampal function in humans is unclear. Therefore, we
assessed paired-associate learning in obese humans who were treated with placebo or the
MR antagonist spironolactone for six weeks.
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Study Design

This was a double blind, randomized controlled study (ClinicalTrials.gov identifier
NCTO01406015) that enrolled subjects of both genders aged 20-61 years who had body mass
indices (BM1)>30 kg/m? and <45 kg/m?2 and were otherwise in good health as evidenced by
history, physical examination and blood chemistries.” Subjects were recruited via
advertisements on clinical research websites, hospital and clinic bulletin boards, newspapers,
and email postings. Exclusion criteria included: medical illnesses other than treated
hypothyroidism; blood pressures >135/85 mm Hg or systolic blood pressures <90 mm Hg;
hepatic disease (transaminases >3 times normal); renal impairment (creatinine clearance <60
mL/min); baseline serum potassium levels of >5.0 mmol/L; history of drug or alcohol abuse;
allergies to spironolactone; participation in any other concurrent clinical trials; use of oral
contraceptives within the last three months or use of any other prescription medications. The
Partners HealthCare Institutional Review Board approved the study protocol and all
participants provided written informed consent. Details of this clinical study were described
previously.

A baseline assessment was performed during an inpatient stay at the Brigham and Women's
Hospital Center for Clinical Investigation. Participants had consumed an isocaloric,
controlled nutrient diet (2,500 mL of fluid, 200 mEq Na, 100 mEq K, and 1000 mg Ca,
50-55% carbohydrates, 15-20% protein, and 25-30% fat) for 5 days prior to admission.
Participants were kept supine and fasted after midnight and blood samples for assessment of
cortisol and aldosterone were collected in the morning. The hippocampal memory task
(described below) was then administered. Participants were subsequently provided with a
meal and discharged.

After the baseline studies, subjects were randomized to spironolactone 50 mg daily or
placebo daily for six weeks. A second admission occurred six weeks after randomization to
placebo or spironolactone. Randomization was performed by the Investigational Drug
Service at Brigham and Women's Hospital using a random number generator on the website
randomization.com. The placebo and active drug administered in the study were visually
indistinguishable. The protocol for this post treatment assessment was identical to that
described for baseline assessment. Subjects started taking the study drug on the day of
discharge from the first study visit, and took the last dose the evening before the second
admission to the Center for Clinical Investigation.

Hippocampal Memory Test

Hippocampal function is crucial for establishing novel relational memories like those
assessed in paired-associate learning tasks.23 Thus, we used a paired-associate learning task
previously described by Sheridan et al.24 The encoding phase of this task is associated with
hippocampal activation on functional magnetic resonance imaging (fMRI) in human524,
replicating results seen with similar tasks.25’26 In this task, participants viewed 18 pictures
depicting smiling faces alone (items), 18 pictures of the insides of houses alone (items), and
36 pictures of smiling faces superimposed on pictures of the insides of houses (pairs) for a
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total of 72 encoded stimuli (Figure 1). Task order (i.e. whether items or pairs were shown
first) was fixed between participants. Subjects were instructed to remember the people
without houses, the houses without people, and the people and houses they lived in. During
two encoding runs, each picture was presented centrally on a laptop computer for 1.5
seconds, and participants viewed each stimulus 7 times randomly distributed across the
entire duration of encoding runs. Pictures were presented in blocks of either items or pairs,
with the order of presentation fixed between participants. Directly following the encoding
period, a recognition test was administered. During the test, subjects were shown subject-
house pairs previously presented during the encoding period, as well as three types of pair
foils: novel pairs where neither the houses nor faces had been seen before, re-paired items
where houses and faces previously presented alone were presented in combination with each
other; and rearranged pairs where person A, previously seen in house A, was now presented
in house B. Subjects were shown randomly ordered interleaved old pairs and pair foils for
two seconds each. They were instructed to press a button only to indicate the occurrence of
an old pair (“press a button if you see someone in theirhouse”). Stimuli presented at visit 2
were distinct from those presented at visit 1.

To assess performance, each subject's responses to correct, old picture pairs (hit rate) and
responses to incorrect, new picture pairs (false alarms) were normalized and subtracted from
each other (d-prime). In this analysis, d-prime was calculated separately comparing memory
for previously learned (old) pairs to each of the three types of foils: novel stimuli, newly
paired items, and re-arranged pairs. For the purposes of specifically assessing hippocampal
memory, we report on d-prime for previously viewed pairs relative to re-arranged pairs. This
metric is the strictest assessment of hippocampal memory because correctly rejecting
previously re-arranged pairs specifically requires binding together of two previously
unrelated items’. Hereafter in this paper, we refer to this metric simply as “hippocampal
memory.” However, d-prime calculated in this fashion may also capture variance related to
memory that is unrelated to hippocampal function, such as alertness, working memory, or
attention. Therefore we additionally examined the effect of treatment on a variable that
assessed non-hippocampal specific memory processes: d-prime for previously viewed pairs
relative to completely novel stimuli. 1f treatment affected non-hippocampal memory
processes, we would expect to see an effect on both our hippocampal memory and non-
hippocampal memory metrics.

The maximal hippocampal memory d-prime attainable with our test was 6.2, while the
minimum attainable score was -6.2. If a subject correctly pressed a button every time a
previously viewed pair appeared during the test, and additionally took no action when
viewing re-arranged pairs, they would have received the maximum score. If a subject failed
to take any action when a previously viewed pair appeared during the test, and additionally
pressed a button every time they saw a re-arranged pair, they would have received the
minimum score. A score of 0 would have represented a subject taking absolutely no action
during the test or pressing a button for every single stimulus they saw. Similarly, the
maximal non-hippocampal memory d-prime attainable with our test was 6.2, while the
minimum attainable score was -6.2.
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Statistical Methods

Results

Group data were summarized as means + SD, unless noted otherwise. Normality of variables
was assessed via the Kolmogorov-Smironov normality test. Comparisons of treatment arms
for demographic and other baseline variables were performed using independent samples t-
tests (for normally distributed variables: baseline age, hippocampal memory, cortisol, mean
arterial pressure, and BMI), independent samples Mann-Whitney tests (for non-normally
distributed variables: baseline aldosterone, potassium, and non-hippocampal memory) or
chi-square tests (for gender and race).

The primary outcome of this study was change in hippocampal memory between visits 1 and
2. Consistent with the approach to analyzing change proposed by Fitzmaurice et aI27, this
metric was evaluated using a repeated measures analysis of covariance (ANCOVA) model
covering the baseline and six-week visit data. Variables considered for inclusion in the
ANCOVA model were age, baseline hippocampal memory, race, and treatment status
(spironolactone versus placebo). Age was included in the model because normal aging is
known to be associated with deterioration in hippocampal-dependent cognition.28 Race was
included in the model because in the setting of heart failure, African Americans have been
shown to respond differently to spironolactone treatment than whites and thus a differential
effect of spironolactone on hippocampal memory by race is feasible.29 Spironolactone
versus placebo was considered in the primary design. Comparisons of between-visit changes
across groups for all others values were made via independent samples t-tests for normally
distributed variables (serum cortisol, BMI, and MAP) and independent samples Mann-
Whitney tests for non-normally distributed variables (serum aldosterone and potassium).

Nominal p-values are reported. All statistical analyses were performed with SPSS Version
22.

Subject Characteristics

Baseline subject characteristics are summarized in Table 1 (clinical parameters) and Table 2
(memory task results) for the 23 subjects who met inclusion criteria and had both pre and
post treatment hippocampal memory data available for analysis. There were no significant
differences (at a level of p<0.05) between placebo and spironolactone treated patients in
terms of baseline hippocampal memory or any other relevant study parameter (age, race,
BMI, mean arterial pressure, serum cortisol, aldosterone, potassium, gender distribution,
race distribution, or non-hippocampal memory), consistent with our random assignment
approach.

Mean Arterial Pressure and Serum Aldosterone

Treatment with spironolactone significantly increased serum aldosterone levels
(U(2,21)=25.0, p=0.01) and decreased mean arterial pressure (t(2,21)=-2.26, p=0.04) from
visit 1 to visit 2 (Table 1). Spironolactone did not significantly affect BMI, serum cortisol, or
serum potassium levels.
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Hippocampal Memory

As depicted in Table 2, which shows measures of hippocampal memory and non-
hippocampal memory at visits 1 and 2, hippocampal memory scores ranged from -0.2 to 4.7
in this study. These scores are in the range of values previously reported for this task by
Sheridan et aI.24 There was a significant negative correlation between age and baseline
hippocampal memaory (p=0.03), and a significant positive correlation between female gender
and baseline hippocampal memory when analyzing all subjects (p=0.03), but these
associations did not reach significance within individual groups. Baseline hippocampal
memory did not correlate with BMI, mean arterial pressure, race, or aldosterone or cortisol
levels.

Average changes in hippocampal memory between visits 1 and 2 were —0.28 + 0.96 in the
placebo group and 0.34 + 0.53 in the spironolactone group.

An ANCOVA model predicting between-visit change in hippocampal memory revealed a
significant, positive effect of spironolactone treatment (3=0.49, p=0.04) when adjusting for
hippocampal memory at visit 1, age and race (see Figure 2a). Factors that did not
additionally contribute to the model and thus were not included were gender, serum cortisol,
serum aldosterone, serum potassium, mean arterial pressure, and BMI at visits 1 or 2, and
changes in the aforementioned variables between visits. As depicted in Figure 2b, predicted
adjusted post-treatment change in hippocampal memory (+ SE of the estimate) was +0.28
+ 0.15 with spironolactone, and -0.21 + 0.16 with placebo. This beneficial effect of
treatment appeared to be specific for hippocampal-dependent memory since an ANCOVA
model adjusting for visit 1 non-hippocampal memory, age and race showed no effect of
treatment on predicting the between-visit change in non-hippocampal memory.

Discussion

In this randomized controlled pilot study, six weeks of treatment with the MR antagonist
spironolactone improved hippocampal memory as compared with placebo. Since
spironolactone treatment had no effect on non-hippocampal memory, we conclude that the
effects observed are due to spironolactone's effect on hippocampal function rather than on
alertness, working memory, attention, or other non-hippocampal functions. These results
suggest that MR modulates hippocampal function in human obesity.

Our results are consistent with preclinical data showing that MR activation mediates
hippocampal dysfunction in obese rodents. Numerous studies, in which hippocampal MR
activity was manipulated through use of pharmacological and transgenic approaches, have
shown that the MR regulates hippocampal neuronal activity and hippocampal associated
Iearning.ao'21 For example, in a study by Dorey et al., hippocampal administration of the MR
antagonist RU-28318 fifteen minutes before hippocampal corticosterone injection
significantly improved glucocorticoid-induced memory impairment.21

Differing effects of MR blockade in obese versus lean rodents provide further insight into
the role of excess MR activity in hippocampal memory modulation. When female, type 2
diabetic, obese mice were treated with spironolactone (50 mg/kg per day in chow) their
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spatial memory (as measured by time spent in the platform quadrant during a Water Maze
Test) improved.14 A similar effect was not observed in healthy rodents.31

Obesity is associated with increases in MR activity in peripheral tissues. The increase in MR
activation appears to be mediated by multiple mechanisms, including increased MR Ievelsll,
altered 11-fHSD-1 activity leading to tissue-specific increases in cortisol Ievelslz, increased
aldosterone Ievelsg, and increased activity of Racl GTP (which induces the actions of MR
independently of Iigand-binding).lov13 While not clearly established, it is possible that
obesity is also associated with increased MR action in the in the brain, where cortisol, not
aldosterone, is the primary ligand for MR. This could be via increased MR Ievelsll,
increased activity of Racl cTpY (which mediates the rapid, nongenomic actions of MR [as
assessed by the slope of the field excitatory postsynaptic potentials] in rat hippocampal
neuronslg), or altered activity of 11-pHSD-1 activity resulting in increased cortisol
availability.12 MR blockade additionally reduces obesity-related cardiometabolic
abng?zrmalities such as insulin resistance, inflammation, lipid disturbances and excess hepatic
fat.

The finding that MR blockade improved hippocampal function only in obese rodents in the
aforementioned studies suggests that there is increased activity of the MR in obesity (but not
the lean state) possibly mediated through effects on neurons, vasculature, and/or the
neuronal microenvironment, and that this activation mediates hippocampal dysfunction in
animals. We show for the first time that the relationship between MR activation and
hippocampal function also holds in humans with obesity.

Our results lend support to a growing body of evidence regarding the cognitive benefits of
MR antagonism in disease states characterized by increased basal MR activation. In a recent
study of hypertensive subjects, increased plasma aldosterone concentration was associated
with significantly worse performance on a mini-mental state examination (MMSE; which
was used as a measure of general cognitive function). Notably, treatment with the MR
antagonists spironolactone and eplerenone improved MMSE scores. > our findings
supplement the latter results by suggesting that MR blockade counteracts the deleterious
cognitive effects of excess MR activation specifically in the hippocampus. Meanwhile, a
2006 observational study of almost 3,300 patients age 65 years and older showed that use of
potassium-sparing diuretics, including spironolactone, was associated with a significantly
lower incidence of developing Alzheimer's, a disease characterized by hippocampal
dysfunction.34 We provide further support for the concept that MR activation affects brain
function by demonstrating the hippocampal memory benefits of MR antagonism in a
randomized, controlled setting.

A few previous studies in humans failed to show a positive effect of MR antagonist
treatment on cognitive function, but these studies differed significantly from the current
study as they did not specifically assess hippocampal memory, used large doses of
spironolactone, and examined acute, not chronic, effects of spironolactone. Specifically, Otte
et al. reported that administration of 900 mg spironolactone over 5.5 hours impairs selective
attention, visuospatial memory, and mental flexibility/set shifting in healthy young men. >
Cornelisse et al. showed that a single dose of 400 mg spironolactone impairs selective
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attention in a trial of 64 young, healthy men.36 Rimmele et al. demonstrated that
administration of 400 mg of spironolactone (split across two 200 mg doses) to young
healthy men in the nine hours before testing impaired free recall of texts and pictures.37 The
aforementioned studies also differed from ours in that they were conducted in healthy
subjects who are not thought to have increased MR activation. In contrast we studied obese
subjects, and obesity is thought to be associated with increased peripheral and possibly
central MR activity.g—14

Our study has several strengths. We used spironolactone doses (50 mg daily) that are similar
to the clinically relevant doses used in studies showing beneficial effects of spironolactone
on hypertension.38 Blood pressure and aldosterone were measured under conditions in
which environmental factors that could affect these parameters (posture, dietary sodium,
stress) were carefully controlled. The decreases in blood pressure and increases in
aldosterone seen in our study suggest that subjects successfully took their medications, and
that spironolactone effectively blocked the MR in those subjects assigned to it. Finally, the
hippocampal memory task we used, a paired-associate learning task, has been shown to
selectively activate the hippocampus in fMRI studies.”* %> One potential drawback of our
study is that the variance of our groups' baseline hippocampal memory scores differed
significantly. This difference in variance was attributable to one subject in the placebo group
whose baseline performance was two standard deviations above the mean. Concerned by
whether this subject was driving our significant effect, we excluded him from the analysis
for exploratory purposes. We found that when this subject was excluded, the variance of
baseline hippocampal memory no longer differed significantly between groups. Moreover,
our model (in which treatment significantly predicts the between-visit change in
hippocampal memory when adjusting for hippocampal memory at visit 1, age, and race) still
holds, suggesting that the effect of treatment on hippocampal memory is a true one not
driven by outliers.

There are also limitations to the applicability of our findings. Firstly, we studied healthy,
obese subjects, so our results cannot be extrapolated to other populations, for example those
with diabetes or hypertension. Similarly, our study population was relatively young so the
results may not apply to an elderly population. Because our study looked at the effects of six
weeks of spironolactone treatment, we cannot determine whether longer treatment would or
would not have resulted in further improvements in hippocampal memory. Since cortisol
occupies both the MR and GR, it is possible that the effects in our study are due to a change
in the relative amounts of MR versus GR activation in the setting of MR blockade (prior
studies have shown that decreasing the functional balance between MR and GR in the
cerebral cortex and hippocampus by inhibiting MR and/or increasing GR activity leads to
deleterious changes in memory and cognition, among other parameters).16 Additionally,
spironolactone is not selective for the MR, but can block the progesterone and androgen
receptors as well (although much less effectively than the MR), with possible associated
effects on memory; both androgen and progesterone receptors are expressed in the
hippocampus.39 Thus, future larger studies should stratify results by gender and use a more
selective MR antagonist. Although our data does indicate a selective effect of treatment on
hippocampal vs. non-hippocampal function, since we did not use a comprehensive cognitive
battery we cannot specifically assess which non-hippocampal functions (working memory,
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attention) were unaffected by MR blockade. Furthermore, given that MR blockade is known
. .40 . . . -
to improve cerebral vascular remodeling ", it is possible that the beneficial memory effects
of MR antagonism seen in our study involve beneficial effects on brain vasculature. Finally,
we tested the effects of spironolactone on hippocampal memory in a relatively small number
of subjects. However, our treatment groups were well matched at baseline and we observed a
significant effect of spironolactone treatment even after adjusting for baseline
characteristics, which argues for the strength of our effect.

Overall, we have shown that chronic, low-dose MR blockade with spironolactone improves
hippocampal memory in obese subjects. Our findings suggest that MR activation modulates
hippocampal memory in humans, and thus represent an important advancement in the
understanding of the role of the MR in human hippocampal memory regulation.
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What is already known about this subject?

e The mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) are
expressed in the hippocampus and modulate hippocampal function.

»  Obesity is associated with excess MR activity, decreased hippocampal size in
humans and impaired hippocampal learning in rodents.

e Rodent studies suggest that MR activation is an important determinant of the
hippocampal dysfunction associated with obesity.

What this study adds

» In obese subjects, chronic (6 week) blockade of the MR with low-dose
spironolactone treatment improves paired-associate learning — a hippocampal-
dependent function.

»  Consistent with previous rodent work, this result suggests that MR activation
modulates hippocampal memory in humans.

Obesity (Silver Spring). Author manuscript; available in PMC 2016 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rotenstein et al. Page 13

1.5 seconds

— 27 seconds (2 runs):
-18 faces alone
-18 houses alone
-36 face/house pairs
Repeated ~7 times

Figure 1. Example images from hippocampal memory task
During the encoding portion of the task, subjects were presented with “items” (such as the

faces or houses alone seen above) or “pairs” (combinations of faces and houses) over the
course of two runs. Subjects were instructed to remember faces presented alone, houses
presented alone, and pairs of faces and houses. Each image was presented 7 times per
encoding run, for 1.5 seconds each. A recognition test was administered after the encoding
period during which subjects were asked to differentiate pairs they had seen during encoding
from several types of foils. Figure adapted from Sheridan et al., 2013.
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Figure 2. Analysis of covariance model predicting between visit change in hippocampal memory
a. Model adjusts for race, baseline hippocampal memory, and age. b. Spironolactone
treatment improved hippocampal memory as compared with placebo (* p= 0.043). The
predicted adjusted between-visit change in hippocampal memory (x SE of the estimate) was
+0.28 + 0.15 with spironolactone, and -0.21 + 0.16 with placebo.
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Table 1
Baseline demographic and clinical parameters and between visit changes in clinical

parameters displayed by treatment group

Placebo Group Spironolactone Group

Baseline | Between-Visit Change | Baseline | Between-Visit Change

N 11 - 12 R

Mean Age, yr 41+ 14 - 47+ 11 -

Female, n (%) 7 (64%) B 7 (58%) -
Premenopausal 6 (86%) 3 (43%)

Race, n (%) B .

Caucasian 6 (55%) - 9 (75%) -

African American 5 (45%) - 3 (25%) -
Mean Arterial Pressure (mmHg) | 88.2+9.9 19+74 90.6 +6.5 -4.2 £5.6*
BMI (kg/m?) 35.7+54 04%13 385+6.9 02+04
Serum Aldosterone (ng/dL) 32+12 -0.3+13 34+15 52+7.4*
Serum Cortisol (mcg/dL) 73+4.1 24+41 8.9+3.2 09+37
Serum Potassium (mmol/L) 43+05 0.0+0.4 42+0.2 01+04

Data are expressed as mean + SD unless stated otherwise. Changes are calculated as parameter post-treatment minus parameter at baseline for each
group. There were no significant clinical differences between treatment and placebo groups pre-randomization; however between-visit changes in
serum aldosterone and mean arterial pressure were significantly different across treatment groups.

Significant (p<0.05) difference between treatment and placebo groups.
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