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Abstract

Background—Statins substantially reduce cardiovascular mortality and appear to have
beneficial effects independent of their lipid lowering properties. We evaluated the hypothesis
that statin use may modulate the secretion of aldosterone, a well-known contributor to
cardiovascular disease.

Methods and Results—We measured adrenal hormones in two intervention studies. In study 1 in
hypertensive subjects, aldosterone was analyzed at baseline and after angiotensin-I1 stimulation
(Angll) on both high (HS) and low sodium (LS) diets (1122 observations, 15% on statins > 3
months). Statin users had 33% lower aldosterone levels in adjusted models (p < 0.001). Cortisol
was not modified by statins. In secondary analyses, the lowest aldosterone levels were seen with
lipophilic statins and with higher doses. Statin users had lower blood pressure (BP) and reduced
salt sensitivity of BP (p=0.001). In study 2, aldosterone was measured in diabetic patients on a
HS diet, before and after Angll stimulation (143 observations, 79% statin users). Again, statin
users had 26% lower aldosterone levels (p =0.006), particularly those using lipophilic statins. Ex
vivo studies in rat adrenal glomerulosa cells confirmed that lipophilic statins acutely inhibited
aldosterone, but not corticosterone, in response to different secretagogues.

Conclusions—Statin use among hypertensive and diabetic subjects was associated with lower
aldosterone secretion in response to Angll and LS diet in two human intervention studies. This
effect appeared to be most pronounced with lipophilic statins and higher doses. Future studies to
evaluate whether aldosterone inhibition may partially explain the robust cardioprotective effects
of statins are warranted.

Key words: statin; aldosterone; salt sensitivity hypertension; sodium; hormones; cortisol;
adrenal
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Introduction
Statins are an established first line treatment for hypercholesterolemia and the most widely
prescribed class of drug in the world, with more than 20 million users among the US population®.
Randomized trials provide strong evidence that statins reduces the incidence of major coronary
events, ischemic stroke and mortality, even in subjects without established cardiovascular
disease? *. Recent studies provide evidence that some of the clinical benefits of statins may be
related to mechanisms independent of their lipid lowering effects that could be specific for
certain statins *. Supporting the concept of pleiotropic actions are the described positive
cardiovascular outcomes observed with acute, short-term statin treatment before coronary
procedures or early treatment in acute coronary syndromes ° . Also, in a recent randomized trial,
atorvastatin (a lipophilic statin) outperformed rosuvastatin (hydrophilic statin) in renoprotective
effects in diabetic subjects despite lower lipid concentrations in the latter arm ’. The so called
pleiotropic effects of statins involve plaque stabilization, myocardial remodeling and
immunomodulation®. The clinical translation of these effects is well documented by high-
quality studies showing that statins improve endothelial and cardiac function®, prevent atrial
fibrillation™, deep vein thrombosis** and microalbuminuria’ , decrease blood pressure (BP)* and
reduce inflammation™. Interestingly, these statin effects are not consistently observed with low
cholesterol diets™*, nor with other lipid lowering medications such as niacin, ezetimibe, CETP
inhibitors or fibrates™ ** *°. To date the multifactorial mechanisms involved in statin’s
antithrombotic, antiinflammatory and cardioprotective effects have not been fully elucidated and
the hypothetical pleiotropic effect of statins are still a matter of debate.

In addition to dyslipidemia, there is strong evidence supporting a role for renin-

angiotensin-aldosterone system (RAAS) dysregulation and mineralocorticoid receptor (MR)
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activation in the pathogenesis of atherosclerosis, coronary disease, atrial fibrillation and heart
failure. These effects are in addition to the well-known role of aldosterone signaling on salt
sensitivity of BP and hypertension.'”*® For instance, in patients with coronary disease,
aldosterone levels predict ischemic events and long-term mortality™. Consistently, lower
aldosterone levels predict better cardiovascular health in a non-high risk community study such
as the Framingham cohort %°. Further, several trials have shown that the inhibition of RAAS -
particularly MR blockade- has remarkable similarities with the described pleiotropic effects of
statins, specifically related to improvements in atherosclerotic plaque, cardiovascular
remodeling, BP and endothelial dysfunction®. Despite these clinical similarities, there is
insufficient information related to a potential aldosterone inhibitory effect of statins.

In the present study, our primary aim was to evaluate the hypothesis that chronic statin
use is associated with lower aldosterone levels. Further, using ex vivo experiments in adrenal
zona glomerulosa (ZG) cells we provide complementary information demonstrating a novel role

of statins in modulating aldosterone secretion.

Materials and Methods

Human studies

Study 1: Discovery Cohort

Participants were studied within the HyperPATH Protocol, consisting of individuals with mild to
moderate hypertension (HTN) evaluated in response to sodium intake and adrenal secretagogues.
The protocol includes rigorous control of several factors that influence RAAS, incorporating
antihypertensive medication washout, body positioning and diurnal variation under strictly

controlled diets.
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We excluded in this study participants with known or suspected secondary HTN such as
primary hyperaldosteronism, Cushing syndrome or renovascular HTN. Participants with
coronary disease, stroke, psychiatric illness, drug abuse and severe HTN were also excluded as
previously described?. Users of other non-statin medication for dyslipidemia were excluded.
Also, to avoid confounding by indication, we excluded in study 1 all diabetic subjects. Each
institutional review board approved the protocol and informed consent was obtained before
enrollment.

Chronic statin use was considered if participants were on a statin for at least three months
prior to the study interventions. Since, lipophilic statins are taken up by many tissues, including
adrenal cells #, we determined whether lipophilicity influenced adrenal secretion by classifying
subjects in three groups: no statin use, low-moderate lipophilic statin (atorvastatin, fluvastatin,
lovastatin) or high lipophilic statin (simvastatin) * . Hydrophilic statins were excluded in this
categorization because of the small sample size in study 1. To explore a dose-dependent effect,
statins users were classified according to their LDL reduction capacity % (See Supplemental
Material for expanded methods section ).

Human Protocol

Details of this protocol have been published previously?? 2® #'. For the run in phase, all recruited
subjects completed a screening visit. To control for the influence that medications may play in
aldosterone secretion, all angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor
blockers (ARB) or mineralocorticoid receptor antagonists (MRA) were discontinued 1 month
and all other anti-hypertensive medications were discontinued at least 2 weeks prior the start of
the study. Only if necessary, subjects were placed on amlodipine for BP control due to the

neutral effect on aldosterone.
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During the intervention phase, each subject was provided with a caffeine-alcohol-free
diet containing 100-mEg/day potassium, 1000 mg/day calcium, and 200-mEg/day sodium. On
the sixth day of this high salt (HS) diet, participants were admitted to an inpatient research unit.
Blood samples were obtained at 0800 h to measure aldosterone, cortisol, plasma renin activity
(PRA), electrolytes, lipid profile, glucose and insulin using standardized and validated methods
as previously described (HS baseline, intervention 1)?? % ?”. To examine the adrenal response of
aldosterone to the physiologic secretagogue, Angiotensin Il infusion (Angll, Bachem AG,
Switzerland) was then administered (3 ng/kg per min for 60 min, HS stimulation, intervention 2).
After completion of 5-7 days on HS, the same subject was placed on the same diet with reduced
sodium to 10 mEq/ day (low sodium (LS) diet 10 mEq/ day) in a crossover intervention (LS
baseline, intervention 3), that also increases aldosterone secretion. After 1 week of LS diet we
measured adrenal steroids after Angll infusion (LS stimulation, intervention 4).

Sodium balance was confirmed by urinary sodium (HS > 150 mEqg/24h and LS < 30
mEq/24h). Also, 24h urinary aldosterone and cortisol were collected as an estimation of adrenal
daily production. The protocols were standardized across all study sites (Boston, Salt Lake City,
Paris).

Analysis of blood pressure and other hemodynamic measures

BP was examined using systolic arterial pressure in repeated measure analysis. Also, we
analyzed the effect of statins on salt sensitivity of BP by comparing the difference between
baseline HS and LS measurements. We calculated pulse pressure (PP, systolic BP minus
diastolic BP) as a surrogate marker of peripheral vascular compliance on HS and LS diets.
Study 2: Replication cohort

Enrolled subjects were part of a randomized trial evaluating the role of MRA in diabetic
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cardiovascular disease (ClinicalTrials.gov NCT00865124). We included these participants, prior
spironolactone randomization, as they were evaluated using the same protocol regarding sodium
and Angll interventions.

Description of this protocol has been published previously . The main differences
compared to protocol in Study 1 is that all subjects had well-controlled type 2 diabetes and were
on an ACE inhibitor. At the start of the 3-month run-in phase, subjects started enalapril 20
mg/day, other anti-hypertensive medications were tapered off, and amlodipine 5-10 mg/day was
added if needed. Simvastatin was started if the subject was not on a statin and LDL was >100
mg/dl at the screening visit. In the context of the run-in-phase of a randomized trial, all subjects
were evaluated with the same criteria for starting statin therapy, avoiding a selection bias.
Diabetic medications were adjusted to target HbAlc level < 7%.

Study participants received the same controlled HS diet described in Study 1 five days
before admission to an inpatient unit. Baseline adrenal steroids measurements (HS baseline,
intervention 1), and after Angll infusion were performed (HS stimulation, intervention 2) as
described in Study 1. Subjects were categorized as no statin use, hydrophilic (pravastatin and
rosuvastatin) or lipophilic statin use (atorvastatin, fluvastatin, lovastatin and simvastatin)?“.
Statins were again classified according to their LDL reduction capacity, including now
rosuvastatin users 2.

Laboratory analysis
Brigham and Women’s Hospital served as the central laboratory for all lab processing and all

22 26 27 A”

assays used have been extensively reported previously subjects had PRA, aldosterone

and cortisol measured in triplicate in each of the intervention points.
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Animal protocol and in vitro studies

Ex vivo adrenal studies were designed to determine whether statins would acutely modulate
aldosterone production. Adrenals were isolated from male Wistar rats maintained on HS
(Na=1.6%) for 1 week. ZG cells were isolated from adrenal tissues as previously described by
carefully dissecting the capsular (glomerulosa) portion 2°. In brief, ZG cells were incubated for
digestion at 37°C for 50 minutes in modified Krebs-Ringer bicarbonate solution, centrifuged for
10 minutes at 4°C, washed and re-suspended for another 30 minutes at 37°C. Final cell
suspension with pellet dilution obtained 1 to 2x105-isolated cells/0.5ml with a potassium content
of 3.7 mM. Cells were incubated in duplicate, measuring basal and stimulated aldosterone in the
presence of Angll (107 M, N = 20 experiments) and Potassium (4.7 mM, N = 6 experiments).
Samples were pre-incubated for 15 min with one of three different statins, and: pravastatin (107
M=10 uM), atorvastatin (10~ M) obtained from Sigma and hydroxy acid simvastatin (active
metabolite of simvastatin, 10 M, Santa Cruz Biotechnology). To the best of our knowledge this
is the first study exploring the effect of statins on aldosterone secretion in adrenal cells ex-vivo.
Thus, the statin concentrations used in our studies were based on those concentrations used in

%031 and on our initial observation that

previously published in vitro studies in other tissues
different statin doses had similar effects on aldosterone production, thus we chose and
intermediate dose. Of note, this ex-vivo protocol was an exploratory study to help understand the
potential mechanism of our human results and was not intended to mimic usual plasma levels of
Angll or statins levels achieved in humans.

Aldosterone was measured at baseline and 1 hour after stimulation using RIA Kit

(SIEMENS, Los Angeles, CA) as described by our group 2°. Data were normalized to the number

of cells in each incubate and reported as percentage of change. Zona fasciculata (ZF) cells were
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isolated following the same protocol measuring basal and stimulated corticosterone in the
presence of ACTH (102 M) *. The Animal Care Committee at Harvard approved all of the
experimental procedures.

Statistical analyses

Baseline analyses included Student’s t test and Chi-square; continuous variables are presented as
mean +/- standard deviation (SD) and categorical variables as percentage of the total sample.
Due to the unique characteristic of our protocol where several measurements are available in the
same subject in four different intervention settings, we performed a mixed model linear
regression analysis, thus allowing adjustment for confounders and addressing the effect of statin
within and between subjects. Two models were tested and these covariates (fixed effects) were
chosen for their clinical importance and significance in univariate analysis whereas identity was
the random effect (See Supplemental Material). In study 2, similar repeated measure analyses
were performed (See Supplemental Material). P values < 0.05 were considered statistically
significant. All human analyses were performed using STATA 13. Animal data were analyzed
using one-way ANOVA, followed by Tukey’s post hoc analysis, using the GraphPad Prism 6

software.

Results

Study 1: Adrenal secretion in hypertensive subjects by statin use

Characteristics of hypertensive participants

After applying the inclusion-exclusion criteria, a total of 1122 aldosterone measurements were
available from the HyperPATH cohort. These measurements represent available repeated

analyses from 317 subjects at 4 different intervention points (26% on HS baseline, 18% HS
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Angll stimulation, 28% LS baseline and 28% LS Angll stimulation). 175 out of the 1122-
aldosterone measurements (15.6 %) were obtained in individuals with confirmed chronic statin
use. The proportions of patients on the different statins were simvastatin 43%, atorvastatin 23%,
lovastatin 19%, pravastatin 9% and fluvastatin 6%. When categorized by type of treatment,
84.8% of the observations were in individuals without statin treatment, and 8.3% in those on a
low-moderate lipophilic statin (atorvastatin, fluvastatin or lovastatin) and a 6.9% on a high
lipophilic statin treatment (simvastatin). When categorized by dose, an 84.% of aldosterone
measurements where categorized as no statin use, 7.8% a low statin dose and a 7.7% as
moderate/high statin dose.

Subjects on statins were similar to those without statin treatment regarding gender, race,
sodium intake, potassium and PRA on HS and LS diet (Table 1). Subjects using statins were
slightly older and heavier thus age and BMI were included as covariates in the adjusted models.

When compared to participants with no treatment, statin users had significantly lower
values of unadjusted baseline aldosterone, Angll-stimulated aldosterone and 24h urinary
aldosterone on a HS diet (all p <0.001). While on LS diet the effect of statins resembled the
effect seen on a HS diet (Table 2, Supplemental Figure). Aldosterone to renin ratio was not
different when analyzed by statin use on both HS and LS diet. Of note, cortisol levels had no
significant changes when comparing by statin use groups in all measurements (baseline,
stimulated, and 24h urinary collection on both diets (Table 2).

Repeated measures analyses in hypertensive patients by statin use
As a formal test of our hypothesis we examined the effect of statin use on aldosterone levels in
repeated measures analysis using all four measurements of aldosterone while adjusting for

potential confounders. Statins users had lower aldosterone levels in repeated measures analysis,
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with a predicted decrease by 33% in model 1 and by 32% in model 2 (both p <0.001) (Table 3).
We also confirmed that the aldosterone levels were significantly decreased by statins when
categorizing by HS (baseline and Angll stimulated, a decrease of 18% in both models) or LS
(baseline and Angll stimulated, a decrease of 35%) with a higher effect on LS (Table 3).
Consistently, we found a significant interaction for the effect of statin use by dietary sodium
type, with greater aldosterone differences while on LS, both at baseline (p=0.02 for interaction)
and after Angll stimulation (p< 0.001 for the interaction). In contrast, cortisol levels were not
affected by statin use. Further, we observed that available LDL levels or systolic BP did not
modify the effect of statins on aldosterone when included in the model as a sensitivity analysis.
No interaction between statin use on aldosterone with age, BMI, gender or race was observed.
Non-invasive hemodynamic measurements by statin use

Use of statins was significantly associated with a decrease in systolic BP in repeated measure
analysis (BP at baseline and after Angll on both HS and LS, combined effect of 5.57 mmHg,
p=0.001) even when adjusted by confounders, and when analyzed on each diet. Further, statin
users had reduced salt sensitivity of BP (systolic HS — systolic LS,  -5.85 mmHg, p<0.001,
Table 4). Also, pulse pressure was significantly decreased in statin users when combining the
four intervention measurements (B -2.95 mmHg, p=0.004, Table 4).

Effect of type and dose of statin

We observed a significant decrease in aldosterone levels related to higher lipophilicity
characteristics (1050 observations, f -3.11 ng/mL, p-trend <0.001). In addition, we observed a
significant decrease in aldosterone upon adjusted repeated measures analysis, comparing high
lipophilic statin users to non statin users (= -6.26 ng/mL, p <0.001) and low-moderate lipophilic

statin to non statin users (f=-3.04 ng/mL, p =0.001) as observed in Figure 1. Also, high
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lipophilic statin users had lower aldosterone levels than low-moderate lipophilic statin users (p=
-3.23 ng/mL, p =0.015, Figure 1). Regarding a dose effect, we observed a consistent effect on
aldosterone levels (1045 observations, = -2.87 ng/mL, p-trend <0.001) and when comparing
moderate-high dose to no statin use (f=-5.81 ng/mL, p <0.001) and low dose to no statin use (=
-2.71 ng/mL, p =0.004). Interestingly, when both lipophilicity and dose were included as
explanatory variables in the adjusted model, only lipophilicity remained significant. Neither type
nor dose of statin was associated with changes in cortisol levels.

Study 2: Adrenal secretion in diabetic subjects on liberal sodium diet by statin use
Characteristics of Type 2 diabetic participants

After the inclusion-exclusion criteria were applied, a total of 143 observations in 79 diabetic
subjects were available for analysis. As expected in this population, chronic statin use was highly
prevalent (69%). The proportion of subjects on the different statins were similar to those in study
1 with simvastatin being the most commonly used (65%), followed by atorvastatin (14%),
rosuvastatin (8%), pravastatin (5%) and lovastatin (3%). Subjects on statins were comparable to
those without statin treatment regarding age, gender, race, BMI, sodium intake and years of
diabetes (Supplementary Table 1).

Adrenal hormones secretion on liberal sodium intake in diabetic patients by statin use
Consistent with the findings in study 1, statin use was associated with lower unadjusted
aldosterone levels at baseline and after Angll stimulation on HS diet (Supplementary Table 1).
As all subjects in study 2 were on an ACEI, these results suggest that statins may act downstream
from the angiotensin Il receptor (AT1R). Again, cortisol levels were similar (baseline and
stimulated) when comparing diabetic subjects with or without statin use (Supplementary Table

1). Plasma renin levels and potassium levels were not different by statin use.
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Repeated measures analysis in diabetic patients by statin use

As in study 1, we tested the effect of statin use on aldosterone levels using repeated
measurements of aldosterone (baseline aldosterone and Angll-stimulated aldosterone) for each
subject on HS diet. Statin use associated with decreased aldosterone levels even when adjusted
by confounders in both models 1 and 2 (Table 5). This effect was maintained when including
LDL levels and systolic BP in the model as a sensitivity analysis. Consistently, cortisol levels
were not modified by statin use (Table 5). Similar to the results in study 1, lower aldosterone
levels were related in a stepwise fashion to higher lipophilicity (adjusted  -1.11 ng/mL, p-trend
=0.003). Further, aldosterone levels in diabetic subjects were lower in those receiving a
lipophilic statin as compared with those not on a statin (adjusted  -2.19 ng/mL, p =0.002,
Figure 1) but not when comparing hydrophilic statin to non user (adjusted  -1.63 ng/mL, p
=0.15, Figure 1). We also observed a dose response effect when subjects were classified into the
following 3 groups: no statin, low dose statin or moderate-high dose statin, (§ -1.15 ng/mL, p for
the trend = 0.002). When comparing only the moderate-high dose statin to non-users we
observed 30% lower adjusted aldosterone levels (p= 0.002), but again no effect on cortisol.

EXx vivo Studies

To confirm whether the lower aldosterone levels observed in statin users could be explained by a
direct effect of statins on adrenal secretion (as opposed to an increased aldosterone metabolism
in response to statins), we performed ex vivo studies in rodent adrenal cells. In this system, zona
glomerulosa (ZG) aldosterone production is increased in response to various secretagogues,
including Angll (which uses the AT1R pathway) and potassium (which acts via an AT1R-
independent mechanism). Notably we observed that the acute statin effect on aldosterone

secretion was dependent on type of statin. Of note, the lipophilic statins, simvastatin and
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atorvastatin, reduced both potassium- and Angll-stimulated aldosterone production, whereas the
hydrophilic statin pravastatin did not have a significant effect on aldosterone acute secretion
(Figure 2). In the potassium stimulated aldosterone studies, simvastatin had significantly greater
blocking effect than pravastatin and atorvastatin.

In addition, we verified that statins did not acutely affect corticosterone production in
zona fasciculata cells. Further, statins did not decrease the precursor of aldosterone
(corticosterone) in ZG cells, thus suggesting that statins could be modulating the late pathway of

aldosterone steroidogenesis.

Discussion

In these short-term RAAS intervention studies, we demonstrate that chronic statin use is
associated with reduced aldosterone levels in both hypertensive and diabetic subjects. This
association is evident on both high and low sodium diets, in response to an infusion of the
aldosterone secretagogue Angll and when measured in 24h urine samples. The effect on
aldosterone was specific, as cortisol levels were not modified in any intervention setting.
Interestingly, both human cohort data suggest that lipophilic statins could be more efficient in
blocking aldosterone secretion, results that were confirmed ex vivo.

In the past decades, accumulating evidence has shown that aldosterone dysregulation
participates in hypertension, coronary disease, vascular injury and heart failure’ 2*. Since statins
are one of the most studied drugs in cardiovascular prevention and treatment, there is growing
literature discussing the potential interaction between statins, the RAAS and related medications,
beyond the well described anti-inflammatory and cardioprotective effects of statins 2*. For

instance, a synergistic and beneficial effect of statins with both Angll blockers and ACE
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inhibitors has been described in patients with hypertension, diabetes and heart failure®* 3* .

Further, atorvastatin and simvastatin in humans, both lipophilic statins, reduced angiotensin 11
sensitivity and downregulate AT1R *. Thus, it has been assumed that this synergistic effect is
secondary to an effect mediated directly by angiotensin Il. However, previous studies have not
considered the possibility that this potential synergism maybe secondary to an effect on
aldosterone production.

To the best of our knowledge our study is the first to analyze adrenal secretion of
aldosterone and cortisol by statin use in the setting of prolonged washout of medications that
affect the RAAS, strictly controlled sodium diet and Angll infusion. However, our results
showing a specific effect on aldosterone secretion but not cortisol, as shown by our human and
ex vivo data, are supported by several previous studies. An early report, evaluating whether
statins impaired adrenal steroidogenesis, showed that nine months of simvastatin significantly
decreased aldosterone but not cortisol levels*’. Moreover, in an animal intervention study, long-
term simvastatin treatment on a high sodium diet significantly reduced plasma aldosterone
levels®. More recently, Palmer et al observed that starting a statin post-myocardial infarction
was associated with a significant decrease in aldosterone levels, though values were not adjusted
by sodium intake or medications affecting the RAAS™®. Of note, torcetrapib, a CETP inhibitor
for dyslipidemia, was halted from clinical use because of higher mortality. Treatment with the
CETP inhibitor led to increased aldosterone levels and subsequent studies showed that the CETP
inhibitor induces aldosterone synthase in adrenal cells. “°. On the other hand, fenofibrate did not
changed aldosterone levels in a similar protocol of high sodium diet intervention*". In relation to
cortisol, there are numerous well-designed studies, including cortisol levels after ACTH

stimulation, that demonstrate that typical statin use does not affect cortisol levels*. Intriguingly
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renin levels did not change despite a consistent decrease in aldosterone levels. Even though a
moderate decrease in aldosterone could be insufficient to upregulate renin secretion, the specific
mechanism(s) for the apparent impaired negative feedback warrant further assessment.

There are several novel and exciting results in our work that support a potential role for
statins in modulating aldosterone secretion. First, the results are consistent in different
intervention settings within the same subjects as well as in different clinical settings, such as
hypertension and diabetes. Also, we found dose-response effect for statin use with lower
aldosterone levels at higher doses, providing greater evidence for causality. In relation to the type
of statins, our data suggest that lipophilic statins, particularly simvastatin, rather than hydrophilic
statins, are associated with lower aldosterone levels. The biological plausibility of this finding is
supported by the following: 1) different affinity for adrenal tissue described by type of statin
showing that radiolabeled simvastatin has a high adrenal uptake (even higher than liver)
compared to pravastatin®; 2) previous preliminary reports showing aldosterone levels were
modified by simvastatin®’ but not pravastatin **; 3) our ability to replicate our initial findings in a
second cohort; and 4) our demonstration that only certain type of statins acutely reduce
aldosterone secretion ex vivo.

In relation to our exploratory ex vivo experiments, we observed in adrenal cells that the
type of statin affected acute aldosterone production. Lipophilic statins had a greater effect in
blocking aldosterone production than pravastatin, a hydrophilic statin. Further, our finding that
potassium-stimulated aldosterone could be blocked acutely by statins (up to a 33% reduction),
with simvastatin as the most potent and pravastatin the least potent, suggests that statins act
downstream from the AT1R to decrease aldosterone production. Consistent with this concept,

we found that statin use was associated with lower aldosterone levels in our replication cohort
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where all individuals were being treated with the same type and dose of ACE inhibition drug.
Although we did not find previous studies examining the effect of statins in adrenal cells, our
results are consistent with an in vitro study in human mesangial cells showing that atorvastatin
suppressed acute aldosterone production induced by angiotensin 11*. The specific mechanism
for aldosterone inhibition, which is beyond the scope of this initial study, remains to be
elucidated, but in rats long-term pitavastatin treatment suppressed the expression of aldosterone
synthase in the kidney *. Reduced cholesterol availability and/or isoprenylation of signaling
proteins have been postulated as potential mechanisms for statins modulating steroidogenesis®.
Consistent with the concept that statins affect steroidogenesis, a recent meta-analysis showed
that statins could lower testosterone in men and in women with polycystic ovary syndrome *'.
The mechanisms by which statins affect aldosterone production remain to be elucidated and
these studies will need to examine and contrast the acute effects of statins on adrenal
steroidogenesis as well as chronic in vivo effects.

We additionally showed that statins were associated with lower BP, as previously
reported, but also with less salt sensitivity of BP and pulse pressure. As both sodium
reabsorption and arterial stiffness have been related to aldosterone dysregulation, these
observations could be, at least in part, secondary to aldosterone secretion modulation by statins
8. A recent study showed that simvastatin outperformed pravastatin in reducing Angll induced
hypertension, which is consistent with our human and ex vivo results *.

From a clinical perspective we believe that even a moderate decrease of aldosterone may
be relevant. For example, the LURIC study showed that a quartile increase in normal aldosterone
levels significantly increased cardiovascular mortality after 7 years of follow up *°. It could be

that a modest decrease in aldosterone secretion may be a new and non-traditional effect of statins
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that may partially explain their robust cardioprotective actions not consistently observed with
other lipid lowering interventions.

Despite novel findings our study has some limitations. First, statin intervention was not
randomized and unmeasured confounding variables associated with statin users cannot be ruled.
Second, the acute dietary interventions and Angll infusions have no long term follow up, despite
the fact our protocols are the ideal setting to measure aldosterone since they were designed to
control all factors that could modulate adrenal secretion. Future studies should make sure that
there is not a compensatory increase in ACTH to maintain cortisol levels. In addition, while
initial data suggest that statins may modulate the late pathway of aldosterone synthesis, the
specific mechanism for the aldosterone decreasing effect of chronic statin use needs to be fully
elucidated. Finally, these results should be validated in prospective randomized studies with

controlled RAAS modulators and in different populations where statins are routinely used.

Conclusions

In the present study we demonstrate that chronic statin users have lower aldosterone levels in
two studies that evaluate RAAS modulation by sodium diet and Angll. The effect of statins on
adrenal secretion appears to be specific for aldosterone and related to the lipophilicity and dose
of statin. Future confirmation studies and the assessment of potential mechanisms for this novel

finding are warranted.
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Table 1. Baseline characteristics of hypertensive subjects categorized by statin use on high and

low sodium diets.

No Statin Group  Statin Group

n=317 (85%) (15%) p value
Age (years) 401+71 53.9+6.6 0.001
Female (%) 43.5 46.3 0.76
Body Mass Index (kg/m?) 28.6 +4.4 30.8 +4.2 0.001
Systolic Blood Pressure on HS 146.6 + 18.6 141.0+ 184 0.07
Systolic Blood Pressure on LS 131.4+16.1 1279+ 14.4 0.16
Urinary sodium on HS™ diet (24h mmol) 232.9+68.4 228.6 £70.2 0.70
Urinary sodium on LS diet (24h mmol) 13.9+7.6 147+7.38 0.54
HS plasma potassium (mmol/L) 415+0.3 414+0.3 0.87
LS plasma potassium (mmol/L) 417+0.3 412+0.3 0.32
HS Plasma renin activity (ng/mL*h) 051+04 0.35+0.3 0.18
LS Plasma renin activity (ng/mL*h) 249+28 191+17 0.34
HS LDL Cholesterol mmol/L 3.21+£0.9 316+1.1 0.80

Data reported as mean £ SD, except as noted. HS indicates high sodium; LS, low sodium
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Table 2. Unadjusted effects of statin use on aldosterone and cortisol levels on sodium diet and angiotensin Il interventions.

Control group  Statin Group Control group Statin Group

Hormonal measurements on HS” on HS” p value on LS* on LS p value
317 subjects (85%0) (15%) (85%0) (15%0)

Baseline Aldosterone nmol//L 0.14 £0.09 0.09 £ 0.04 0.008 0.47 £0.27 0.29+£0.16 <0.001
(ng/mL) (5.0+£3.3) (3.6+15) (17.3£9.9) (10.5+5.9)

Baseline Cortisol nmol/L 278.7 £ 113.1 289.7 £93.8 0.69 3145+934 10.1+4.1 0.70
(ug/dL) (10.1+4.1) (10.5+3.4) (11.4+£3.8) 11.1+3.1

Stimulated Aldo nmol//L 0.39 +0.21 0.30£0.13 0.003 1.08 + 0.54 0.70 +0.33 <0.001
(ng/mL) (13.9+7.7) (11.0 + 4.8) (39.0 + 19.5) (25.3 + 11.9)

Stimulated Cortisol nmol/L 259.3+124.2 251.1+91.0 0.74 262,1 +113.1 223.8 + 66.2 0.26
(ug/dL ) (9.4 + 4.5) (9.1 +3.3) (9.5 +3.2) (9.10 + 2.4)

Urinary Aldosterone ug/24h 11.7+£7.8 8.3+46 <0.001 38.4+23.3 27.0 £13.7 <0.001
Urinary Cortisol ug/24h 68.5+32.2 66.2 + 48.3 0.69 49.4 +24.8 50.0 £ 34.5 0.90

Data reported as mean £ SD, except as noted. HS indicates high sodium; LS, low sodium
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Table 3. Effect of statins on aldosterone and cortisol levels in repeated measures analysis
adjusted by confounders in hypertensive subjects.

Model 1° Model 2"
Adrenal hormones . :
Statin effect:p Statin effect:p
1122 observations (Predicted p value (Predicted p value
change) change)
Aldosterone ng/dl -4.61 (| 33%) p<0.001 -4.29(!32%) p<0.001
(HSb, HSstim, LSb, LSstim)*
Cortisol ug/dL -0.23 p =0.667 -1.64 p =0.763
(HSb, HSstim, LSb, LSstim)*
Aldostegone ng/dl on HS -1.72 (1 18%) p<0.001 -1.53(|18%) p<0.001
(b,stim)

Aldosterone ng/dl on LS bstim)! ~ -6.67 (J35%) p<0.001 -6.17 (|34%) p <0.001

* Mixed Model 1: adjusted by age, BMI, gender and urinary sodium.

T Mixed Model 2: covariates in model 1 plus race, site, and sodium diet order

1 High sodium (HS) baseline (b), HS Angiotensin Il stimulation (stim), Low sodium (LS) b, LS stim (1122
observations)

8 High sodium baseline (b), HS Angiotensin Il stimulation (stim) (494 observations)

[| Low sodium baseline (b), LS Angiotensin Il stimulation (stim) (628 observations)

Table 4. Effect of statin use on systolic blood pressure, salt sensitivity and pulse pressure.

Model 27

Blood Pressure (BP) analysis

1070 observations Statin effect

(Adjusted p) P Value
Systolic BP in all 4 measurements =5k p =0.001
(HSbase,HSstim,LSbase,LSstim)” mmHg
Systolic BP on HS (HSbase,HSstim) mmHg -6.03 p =0.001
Systolic BP on LS (LSbase,LSstim) mmHg -5.46 p =0.001
Salt sensitivity of BP (Systolic HSbase — Systolic LSbase) mmHg -5.85 p <0.001
Pulse pressure in all 4 measurements (Systolic-Diastolic) mmHg -2.95 p =0.004

* High sodium (HS) baseline (base), HS Angiotensin Il stimulation (stim), Low sodium (LS)
T Mixed Model adjusted by age, BMI, gender, urinary sodium (LS, HS), race, site and randomization order.
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Table 5. Effect of statins on aldosterone and cortisol levels in repeated measures analysis
adjusted by confounders (Diabetes replication study).

Model 1° Model 2'
143 observations Statin effect:p | Statin effect:p |
(Predicted change) b value (Predicted change) b vaiue
Aldosterone ng/dl -2.13 (126%0) p =0.009 -2.20 (126%0) p =0.006
(baseline, Angll stim)
Cortisol ug/dL -0.24 p =0.78 0.14 p =0.87

(baseline, Angll stim)
* Mixed Model 1: adjusted by age, BMI, gender and urinary sodium.
tMixed Model 2: covariates in model 1 plus race, diabetes duration and amlodipine use for hypertension control.

Figure Legends:

Figure 1. Adjusted mean + SD changes in aldosterone levels categorized by type of statins in
hypertensive and diabetic subjects. HyperPATH: 1050 observations; Diabetes Trial: 143

observations.

Figure 2. Effects of acute statin treatment on aldosterone secretion in ex vivo mouse zona
glomerulosa cells (ZG). Aldosterone levels were assessed in response to Angll 10-7 M or
potassium (K+) 4.7 mM in the absence or presence of 3 different statins (all 10-5 M). Data
represents means = SD. *p<0.001 compared to Angll or K+; # P<0.001 compared between type

of statin.
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SUPPLEMENTAL MATERIAL
1. Supplemental Methods

A. Study 1: Discovery Cohort

Statins users were classified according to their LDL reduction capacity in three groups, no statin
use (Group 1), low dose use (Group 2: atorvastatin 5 mg, lovastatin <20 mg, pravastatin <20 mg,
simvastatin <10 mg and fluvastatin 20mg) or regular-high dose use (Group 3: atorvastatin > 10
mg, lovastatin > 40 mg, pravastatin > 40 mg, simvastatin > 20 mg and fluvastatin > 40 mg) !

In the regression model 1 in HyperPATH cohort, statin use effect was adjusted by age, BMI,
gender, 24h urinary sodium (LS and HS) and including the effect of time (intervention points) in
the model (1=HS baseline, 2=HS Angll stimulation, 3=LS baseline, 4=LS Angll stimulation).
The second model included more potential confounders including those in model 1 plus race
(Caucasian, African-American, Other), site (Boston, Salt Lake City, Paris) and intervention order
(LS vs HS first). We also perform sensitivity analysis including LDL levels and systolic BP in the
model (probably intermediary variables and not confounders). In order to test the robustness of
the model we searched for effect measure modification introducing a priori interaction terms and

tested for eventual collinearity

B) Study 2: Replication cohort
In the regression model 1 in the diabetes trial, aldosterone levels were adjusted by age, BMI,
gender, and HS urinary sodium. In model 2, we included model 1 covariates plus race, T2DM
duration and amlodipine use for hypertension control. Bootstrapping with 1000 iterations was
performed to all regression models in both studies since this non-parametric methodology does
not require normality assumptions, prevents false positive results by outliers and indicates our
models were not over-fitted. Further analysis to check for residuals normality and non-linearity

effect modification were performed.



1. Schachter M. Chemical, pharmacokinetic and pharmacodynamic properties of
statins: An update. Fundam Clin Pharmacol. 2005;19:117-125



Supplementary Table. Baseline characteristics of diabetic participants categorized by statin

use.
Ih=79 No St(aztir")l/o ()Broup Stat(i;g;)r)oup o value
Age (years) 52.2+8.9 54.2+75 0.37
Female (%) 38 37 0.94
BMI (kg/m?) 329+55 31.8+4.4 0.37
Years of Diabetes 9.1+76 7.6+6.0 0.39
HS urinary sodium (24h mEq) 270.4 £90.2 272.3+71.7 0.94
Aldosterone ng/dl (baseline) 418+2.4 312+1.1 0.01
|Plasma renin activity (ng/mL*h) 289+4.1 14825 0.19
Aldosterone ng/dl (Angll stim) 1247+ 7.8 9.22+3.64 0.02
Cortisol ug/dL (baseline) 10.73+ 3.6 10.09 £ 3.44 0.51

Data reported as mean £ SD, except as noted. HS indicates high sodium diet.



Supplementary Figure

Legend:
Aldosterone levels (mean + SD) categorized by statin use after sodium diet interventions and
angiotensin Il infusions in 317 hypertensive subjects from the HyperPATH protocol
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