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Abstract
Background: Statins are the first-line pharmaceutical agent in the management of hypercholesterolemia and
cardiovascular (CV) risk reduction, and the most commonly prescribed class of drugs worldwide. Studies describing
CV risk reduction independent of LDL-cholesterol lowering have evoked an interest in the pleiotropic mechanisms
of statins’ benefits. We recently demonstrated that administration of statins in animal models lowers aldosterone
levels and observed an association between statin use and reduced aldosterone levels in two human cohorts, with
lipophilic statins displaying a greater effect than hydrophilic statins. Therefore, we designed a randomized, placebocontrolled, double-blinded intervention study to assess whether statin treatment lowers aldosterone in a typedependent manner in humans, with simvastatin (lipophilic) showing a greater effect than pravastatin (hydrophilic).
Methods/design: One hundred five healthy participants will be recruited from the general population to enroll in
a 12-week, randomized, placebo-controlled, double-blinded, 3-arm clinical trial. Ninety participants are anticipated
to complete the protocol. After baseline assessment of aldosterone levels, participants will be randomized to daily
simvastatin, pravastatin, or placebo. Aldosterone levels will be assessed after 2 days on study drug and again after
6 weeks and 12 weeks on study drug. Prior to each aldosterone assessment, participants will consume an isocaloric
sodium and potassium-controlled run-in diet for 5 days. Assessments will occur on an inpatient research unit to control
for diurnal, fasting, and posture conditions. The primary outcome will compare 12-week angiotensin II-stimulated
serum aldosterone by study drug. Secondary outcomes will compare baseline and 12-week 24-h urine aldosterone by
study drug.
Discussion: Results from this rigorous study design should provide strong support that statins lower aldosterone levels
in humans. These results may explain some of the beneficial effects of statins that are not attributed to the
LDL-lowering effect of this important class of medications. Results would demonstrate that statin lipophilicity
is an important attribute in lowering aldosterone levels. The outcomes of this program will have implications
for the design of studies involving statin medications, as well as for the differential use of classes of statins.
Trial registration: ClinicalTrials.gov; NCT02871687; First Posted August 18, 2016.
Keywords: Aldosterone, Statins, Cardiovascular health, Metabolic health, Hypertension, Hyperlipidemia, Mineralocorticoid,
Simvastatin, Pravastatin
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Background
Cardiovascular disease (CVD) is the leading cause of mortality in the United States, and as such, CVD and reduction of its risk factors are important and widespread
subjects for medical research [1]. Hypercholesterolemia is
a major risk factor for CVD, and as the established firstline treatment for it, statins are the most commonly prescribed cholesterol-lowering medications in the U.S. [2].
Randomized trials have robustly demonstrated the benefit
of statin therapy to reduce CVD, including coronary
events, heart failure, and ischemic stroke [2–5]. While this
benefit has been primarily attributed to the LDL-lowering
effect of statins, subsequent studies suggest that the benefits of statin therapy may arise from pleiotropic actions
distinct from the effect on lipid levels [6–8].
Previous research by our group and others has associated increased aldosterone levels with more severe
hypertension, insulin resistance, reduced beta cell function, and exacerbated CVD, as well as higher incidence
of metabolic syndrome and CV injury [9–12]. Thus, elevated aldosterone is considered a CV risk factor (Fig. 1).
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Accordingly, we investigated whether statin use was
associated with aldosterone levels using a well-established
international dataset (HyperPATH) designed to meticulously measure aldosterone in normotensive, hypertensive,
and diabetic participants [13]. We observed lower aldosterone levels in hypertensive participants who selfreported at least 3 months of statin use versus those who
reported no statin use. These results were replicated in a
separate cohort of diabetic participants under the same
study conditions [13]. Furthermore, this effect appeared to
be dependent on the type of statin; the extent of aldosterone lowering was more significant with lipophilic statins
than with hydrophilic statins.
To further illustrate the relationship between statins
and aldosterone secretion, ex vivo studies were conducted
in rodent adrenals, in which isolated zona glomerulosa
(ZG) cells were preincubated with statins of varying lipophilicity [13]. Following incubation with angiotensin II, a
known secretagogue of aldosterone, ZG cells exposed to a
statin demonstrated significantly lower aldosterone levels
than those that had not been preincubated, with lipophilic

Fig. 1 Aldosterone and its effects on cardiovascular risk factors. In addition to its primary function as a blood pressure and volume regulator,
aldosterone influences several factors related to cardiovascular risk; insulin resistance [9, 10, 12], hypertension [9–11], and obesity [10, 11].
Additionally, increased aldosterone secretion is associated with metabolic syndrome [10, 11] and higher degrees of inflammation in the kidneys,
liver, vasculature, and systemically [9–11]. Thus, aldosterone excess or excess mineralocorticoid activity exacerbates cardiovascular risk and
mitigation should be of benefit
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statins showing greater aldosterone-lowering than
hydrophilic statins. This statin effect was absent in
corticosterone-secreting adrenal zona fasciculata cells,
further supporting the hypothesis of a specific aldosteronelowering action of statins.
In light of these findings, we hypothesize that in
humans, treatment with statins lowers aldosterone levels,
and in turn, could explain the beneficial pleiotropy of
this class of medications with regard to non-LDL-cholesterol CV risk reduction. Thus, we propose a prospective,
randomized, double-blinded, placebo-controlled trial in
humans to assess whether treatment with statins results in
lower aldosterone levels (Aim 1), and whether the effect of
statin treatment is dependent on the type of statin, with
simvastatin (lipophilic statin) hypothesized to have a
greater aldosterone-lowering effect than pravastatin
(hydrophilic statin) (Aim 2).

Methods/design
Study population and recruitment

This study will enroll 105 healthy adults, ages 18–70
years, with the intent to have data from 90 participants
available for analysis. Participants will be recruited from
the general population of the greater Boston area. Eligibility will be assessed at in-person screening visits involving
laboratory blood and urine assessment, measurement of
vital signs, electrocardiogram, physical examination, and a
detailed medical history.
Inclusion criteria will require blood pressure < 140/90
mmHg and > 90/50 mmHg, body mass index 19–40 kg/
m2, normal screening laboratory values for serum sodium,
potassium, glucose, liver enzymes, estimated glomerular
filtration rate (> 60 mL/min/1.73m2), HbA1c%, thyroid
stimulating hormone (TSH), and hemoglobin, normal 12lead electrocardiogram, and a negative pregnancy testing
for women of childbearing potential. Participants with
stable thyroid disease may be included if TSH is normal
and there have been no changes in thyroid medication for
> 6 months.
Exclusion criteria include abnormal TSH, triglycerides
> 500 mg/dl, LDL < 70 and > 200 mg/dl, any prescription
medication except thyroid medications, hormonal
methods of birth control, pregnancy or current breastfeeding, alcohol intake > 12 oz. per week, tobacco or recreational drug use, any prior use of statin therapy, history of
coronary disease, diabetes, hypertension, stroke, kidney
disease, psychiatric illness, malignancy, preeclampsia, or
illness requiring overnight hospitalization in the past 6
months. All participants will provide written informed
consent after review with a study physician. All study procedures are approved by the Partners (now Mass General
Brigham) Institutional Review Board. The study was registered with ClinicalTrials.gov (NCT02871687).
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Study protocol overview

A detailed study schema is shown in Fig. 2. All study
visits will occur in the Inpatient Laboratory of the
Center for Clinical Investigation (CCI) at Brigham and
Women’s Hospital, Boston, MA in order to stabilize
renin-angiotensin aldosterone system (RAAS) activity by
controlling posture, time of day, and dietary intake. Each
participant will complete three inpatient study visits for
RAAS assessment: a baseline visit (Study Visit 1), 6-week
visit (Study Visit 2), and 12-week visit (Study Visit 3).
Prior to each study visit, they will consume a controlled
diet for 5 days. A 24-h urine collection starting the
morning of day 5 will ensure compliance with the diet
prior to inpatient study procedures. Baseline RAAS assessment will occur during Study Visit 1 prior to drug
administration, along with reassessment after the participant receives 2 doses of study drug to evaluate the acute
effect of statins on RAAS activity. Study Visits 2 and 3
will occur after 6 and 12 weeks on the study drug, providing two time points from which to measure the
chronic effect of statin on RAAS activity.
Low-sodium study diet

All study assessments (Study Visits 1, 2, and 3) will be
conducted after participants have consumed a controlled
diet for 5 days. This diet will have low sodium content
to maximally stimulate the RAAS and enhance signal
detection similarly in all participants. This run-in diet is
calculated, prepared, and provided by the BWH CCI
Nutrition and Metabolic Research Core and includes
daily breakfast, lunch, dinner, and snacks. The diet is
isocaloric and contains 10 mEq sodium, 100 mEq potassium, and 1000 mg calcium per day.
Randomization of study drug

Prior to Study Visit 1, participants will be randomized to
simvastatin 20 mg per day, pravastatin 40 mg per day, or
placebo using a block randomization schedule with
block size of 3 and maintaining equal distribution of
female/male sex. Double-blinding will be maintained by
use of the Investigational Drug Services Pharmacy at
BWH who will prepare and dispense study drug and
assign randomization.
Baseline assessment and acute effect of statins on
aldosterone secretion (study visit 1)

After 5 days on the run-in controlled diet, participants
will complete a Posture Study after fasting overnight.
The Posture Study is designed to further stimulate the
RAAS by requiring that participants remain in an upright (standing) posture for at least 45 min. During this
time, blood will be drawn for measurement of RAAS
components. Timing of the Posture Study is restricted
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Fig. 2 Study schema. Participants will be enrolled in the study after completing screening visits. At Study Visit 1, aldosterone levels before and
after angiotensin II stimulation will be assessed at baseline before participants are randomized to either simvastatin 20 mg, pravastatin 40 mg, or
placebo. Aldosterone secretion will then be assessed 1 day after initiation of study drug in order to determine the acute effects of statin use.
Aldosterone secretion will be assessed after 6 weeks at Study Visit 2 and after 12 weeks at Study Visit 3 in order to determine the chronic effects
of statin use. Approximately 5 days before Study Visit 2, participants will have their lipid levels checked. If their LDL-cholesterol has decreased by
less than 35% since screening, study drug dose will be doubled for the final 6 weeks of the study starting after Study Visit 2. A 5-day low-sodium
diet will precede each study assessment. The primary endpoint is comparison of 12-week angiotensin II-stimulated aldosterone secretion
between the simvastatin and placebo groups

to between 8:00 AM and 10:00 AM to reduce diurnal
variability in our outcomes.
Participants are then admitted to the Inpatient Facility
of the CCI for a 2-night stay. Upon admission on Day 1,
sodium concentration will be measured from an aliquot
of the ongoing 24-h urine collection to ensure compliance with the study diet as previously described. After
midnight, participants will remain supine, including for
voiding and defecation, without head elevation and will
remain fasting until the study procedures are completed
the next morning.
Two intravenous lines (IV) will be placed (right forearm and left forearm) on the morning of Day 2 at least
2 h prior to study assessments. One IV will be used for
serial blood draws to avoid stimulation from repeat needle sticks. The second IV will be used for administration
of angiotensin II (Giapreza, La Jolla Pharmaceutical, San
Diego, CA) to stimulate aldosterone secretion. One hour
after IV insertion, blood will be withdrawn for baseline
assessment of renin (plasma renin activity), aldosterone,
cortisol, and angiotensin II. Following the initial assessment, blood will be drawn for assessment of the same
hormones after a graded, weight-based infusion of angiotensin II. The first dose of angiotensin II (1 ng/kg/min)
is typically sub-pressor. After 30 min of infusion at this
dose, blood will be drawn for hormone assessment and
the angiotensin II dose will be increased to 3 ng/kg/min
to create a mild pressor effect. After 30 min of infusion
at this increased dose, the final blood samples will be
drawn for hormone assessment and the angiotensin II
infusion will be discontinued. After completing the

angiotensin II infusion, participants will receive their
first dose of assigned study drug. Urine collections will
continue throughout the day and will be assayed for
electrolytes and aldosterone upon completion. Participants will continue the low-sodium diet until approximately midnight on their second night in the CCI, at
which point they will remain fasting and supine.
On the morning of Day 3 at 6:00 AM, participants will
receive a second dose of study drug. Baseline and angiotensin II study procedures that were conducted on Day
2 will be repeated. Upon completion of study procedures
on Day 3, participants will be discharged with instructions to continue taking the assigned study drug each
evening.
Anticipated Results from Study Visit 1: Two doses of statin drug will decrease angiotensin II-stimulated aldosterone secretion relative to placebo. Simvastatin treatment
will result in a larger blunting of angiotensin II-stimulated
aldosterone secretion compared to pravastatin.

Chronic effect of statins on aldosterone secretion (study
visits 2 & 3)
Study visit 2

After approximately 6 weeks of daily study drug, participants will begin the same 5-day study diet run-in prior
to their second inpatient study visit. They will then be
admitted to the CCI for one night and repeat the baseline and angiotensin II infusion procedures described
during Study Visit 1.
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Anticipated Results from Study Visit 2: After 6 weeks,
statin drugs will decrease angiotensin II-stimulated
aldosterone secretion relative to placebo, and simvastatin
treatment will result in a larger blunting of angiotensin IIstimulated aldosterone secretion compared to pravastatin.
Study Drug dose escalation: Blood will be drawn to assess LDL-cholesterol level after approximately 6 weeks
on study drug (approximately 5 days before Study Visit
2). Following completion of Study Visit 2, the dose of
study medication will be doubled (40 mg simvastatin, 80
mg pravastatin, 0 mg placebo) if the LDL-cholesterol has
decreased less than 35% compared to its level at screening. If the LDL-cholesterol level has decreased more
than 35% since screening, they will remain on the same
dose. Participants will be unaware of LDL-cholesterol
level or dose changes to ensure blinding. Participants
will then continue their daily study medication for an
additional 6 weeks after completion of Study Visit 2.
Study visit 3

After approximately 12 weeks of treatment with study
drug, participants will complete the same controlled diet
run-in for 5 days followed by admission to the CCI for
one night. They will repeat all study procedures as in
Study Visit 2. After completing Study Visit 3, participants will have finished study participation and will discontinue the study medication. LDL-cholesterol values
from the screening visit will then be disclosed with recommended healthcare provider follow-up if indicated.
Anticipated Results from Study Visit 3: After 12-weeks,
statin drug will decrease angiotensin II-stimulated aldosterone secretion relative to placebo, and simvastatin treatment
will result in a larger blunting of angiotensin II-stimulated
aldosterone secretion compared to pravastatin.
Safety and monitoring
Blood pressure

During the angiotensin II infusion, blood pressure will
be measured every 2 min by an automated sphygmomanometer (Dinamap, General Electric Healthcare,
Chicago IL) and monitored throughout the duration of
the infusion by a trained research observer. IV infusion
of angiotensin II is expected to increase blood pressure.
If during the infusion the diastolic blood pressure rises
above 105 mmHg or the systolic blood pressure rises
above 180 mmHg on three consecutive readings, verified
by a manual cuff reading, the infusion will be terminated. If participants develop symptoms such as headache, chest pain, palpitations, or nausea, the infusion will
be terminated, and appropriate medical attention provided. The use of angiotensin II in this protocol will be
identical to previous protocols [13–15] and has been
performed safely and without event in over 1250 participants. Blood pressure measurements will be collected for
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10 min post-infusion to ensure a return to baseline
blood pressure, and the principal investigator will review
all collected blood pressure measurements.
Study drugs: simvastatin and pravastatin

Statin drugs (simvastatin and pravastatin) will be used in
this study. They may be used “off label” in that some individuals without hypercholesterolemia or indication for
statin therapy will receive these medications. To reduce
the risk of side effects, all participants will be screened
for predisposing conditions prior to enrollment, and participants will be contacted weekly to assess for development of symptoms of drug-related side effects, including
myopathy, transaminitis, rhabdomyolysis, renal failure,
upper respiratory infection, headache, abdominal pain,
constipation, and nausea. If symptoms suggest possible
side effects, an additional study visit, including lab work,
may be required to evaluate further. Depending on this
evaluation, patients may be discontinued from the study
and appropriate clinical follow-up arranged.
Laboratory results

All laboratory studies are reviewed by a study physician.
Clinically significant abnormalities will either result in a
redraw or immediate exclusion. Clinically significant abnormalities will be discussed with the participant by a
study physician who will advise follow-up.
Data safety monitoring plan

Data and safety will be monitored during a monthly research group meeting. The Cardiovascular Endocrinology
Research Group includes more than 5 patient-oriented
clinical investigators who are all endocrinologists with detailed knowledge of human participants research and the
medications used in this study. At each meeting, study
staff present recruitment status, adverse events or safety
issues, protocol deviations, and other pertinent studyrelated issues to the group. The Cardiovascular Endocrinology Research Group reviews each adverse event and
formulates a plan to address it.
Laboratory measurements

Twenty-four hour urines for sodium, potassium, aldosterone, and creatinine will be collected on each day of
the inpatient visits. Sodium and potassium will be measured by flame photometry (Cole-Parmer, Vernon Hill,
IL, USA). Aldosterone will be measured using an assay
from Immuno-Biological Laboratories Inc., Minneapolis,
MN, USA. Serum aldosterone and plasma renin activity
(Immuno-Biological Laboratories Inc., Minneapolis, MN,
USA) and serum cortisol (Beckman Coulter, Brea, CA,
USA) will be measured from samples drawn at three
time points (before infusion, after 1 ng/kg/min infusion,
and after 3 ng/kg/min infusion) during inpatient Visits 1,
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2, and 3, and also during the Posture Visit. A lipid panel
will be taken at the lipid check visit.
Statistical analysis

Sample size calculations were derived from our observational report [13] that described the relationship between statin users and circulating aldosterone levels. In
this study, the measured aldosterone level in response to
angiotensin II infusion (3 ng/kg/min for 45 mins) within
each participant group (self-reported statin users and
non-statin users) was normally distributed with a mean
population standard deviation of 16 ng/dL. If the true
difference between an active study drug (simvastatin or
pravastatin) and placebo mean aldosterone level is 14
ng/dL (based on the population means from our observational study), we will need to study 30 individuals in
each of the three study arms to be able to reject the null
hypothesis that the aldosterone levels across arms is
equal with probability (power) 0.85. The Type 1 error
probability associated with this test is 0.025, since 2
study drugs will be compared independently with placebo. Secondary endpoints will report the difference
between simvastatin and pravastatin and evaluate the
dose-relationship and that with LDL-cholesterol lowering effects by drug. We will aim to enroll 105 individuals
and anticipate a 15% drop-out rate to enable evaluation
of 90 individuals (30 per arm).
The three arms of the study population will be compared for baseline characteristics to assess quality of
randomization assignment based on age, BMI, sex, race,
and aldosterone levels. We anticipate that compared to
placebo, the aldosterone response to angiotensin II after
12 weeks of simvastatin will be significantly muted, indicating a decrease in aldosterone secretory activity. Based
on our previous report in isolated adrenal ZG cells, we
anticipate that the less lipophilic statin (pravastatin) will
have little ability to dampen the aldosterone response to
angiotensin II infusion and will be similar to placebo.

Discussion
This study is the first double-blinded, randomized,
placebo-controlled trial in humans designed to elucidate
the effect of statin use on aldosterone secretion. The
fundamental premise is based on the convergence of two
well-established scientific facts: 1) dysregulated aldosterone activity is linked to increased CV risk [9–12], and 2)
statin medications demonstrate pleiotropy in CV risk reduction [6, 16, 17]. Observational reports from two
study populations provide the epidemiological support
to justify the need for a clinical trial. We previously reported in a general normotensive and hypertensive
population that users of statin drugs displayed lower circulating aldosterone levels than non-users. This was replicated in a general population of individuals with Type
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2 diabetes mellitus [13]. Further, adrenal ZG cells from
mice secreted less aldosterone when incubated with a
statin. Interestingly, when exploring the degree to which
aldosterone secretion was decreased, both observations
in the human cohorts and incubated adrenal cells revealed a greater effect with increasing statin lipophilicity.
Thus, results from this study could have substantial impact in clarifying the non-LDL-cholesterol lowering
benefit of statin drugs on CV risk reduction, which types
of statins might have preferential benefit, and which
populations may receive particular CV protection.
Currently, the beneficial effects of statins on aldosterone
levels are generally assumed to be secondary to their LDLcholesterol lowering effects. However, there is evidence
that in addition to inhibition of HMG-CoA reductase to
lower LDL-cholesterol, statins also reduce oxidative stress
[16], endothelial dysfunction [6, 16], and C-Reactive Protein [16, 17]. This study seeks to elucidate an additional
pleiotropic effect of statins by demonstrating their
aldosterone-lowering effects and thus their impact on
CVD (Fig. 3). If our hypothesis proves to be true, it will
substantially change how we approach enhancing statins’
beneficial effects from a singular one of reducing lipid
levels to a dual approach of lowering aldosterone and
LDL-cholesterol. These results could provide an answer to
why some statins produce a beneficial CV effect when
LDL-cholesterol levels are already normal or low, and why
some statins that reduce LDL-cholesterol levels less than
other statins have greater protective effects.
Finally, our results will likely shift the focus of new
drug development away from molecules that more effectively lower only LDL-cholesterol, and towards drugs
that are better optimized to lower both LDL-cholesterol
and aldosterone.
We have taken careful consideration in designing this
study to reduce factors known to affect RAAS activity in
order to enhance signal detection and reduce confounding. These considerations are based on decades of experience in conducting dozens of studies related to
RAAS manipulation and assessment. First, we chose to
enroll individuals from a general population who did not
have evidence of overt cardiometabolic derangements to
eliminate the influence of medication use or complex
medication washout programs. Second, we will use a
standardized and controlled diet prior to each hormonal
assessment. Third, all participants will be studied in an
inpatient clinical research center which enables control
over feeding and fasting, diurnal variation, body posture,
and standardized operating procedures to minimize environmental impact on hormonal variation.
In order to increase the ability to detect a change in aldosterone levels across study arms, we have included
several factors to stimulate aldosterone secretion, including a standardized low-sodium and controlled potassium
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Fig. 3 Beneficial pleiotropic effects of statin medications. Data from the past decade have shown that in addition to their classic LDL-cholesterol
lowering effects, statins also function to improve cardiovascular health by mitigating oxidative stress, improving endothelial dysfunction through
increased NO function, and decreasing high-sensitivity C-Reactive Protein levels. We propose that statins’ aldosterone-lowering effect represents
another mechanism by which statins reduce cardiovascular risk apart from their influence on LDL-cholesterol

diet run-in period prior to each RAAS assessment. In
addition to stimulating aldosterone secretion, this diet will
provide a uniform baseline within and across participant
assessment throughout the trial. We include a 24-h urine
collection at the end of each diet run-in and will only permit assessment if sodium values are below 30 mmol/day.
Finally, we include a graded angiotensin II infusion (a primary stimulator of aldosterone secretion) across a range
that we have used in thousands of similar participants
over the last 30 years [13–15].
To explore the relationship between lipophilicity and
effect on aldosterone secretion, we have included two
active drug comparator arms in addition to a placebo
arm. Our statistical design enables comparison of both
drugs independently against placebo, but also affords the
ability to gauge across-statin drug impact on aldosterone
reduction. In order to maximize the effect of statins to
lower aldosterone, we included an intermediate 6-week
assessment followed by a study drug dose escalation
based on LDL-lowering. If the 6-week LDL-cholesterol
level is not reduced by at least 35% from baseline, then
the dose of study drug is doubled, allowing an additional

6 weeks at a higher dose in those individuals before final
assessment at week 12.
There are several limitations in the study design which
may impact the final results. These include standard risks
related to study recruitment, retention, and adherence. As
mentioned previously, these risks are greatly mitigated by
the study design and decades of experience with similar
trials. Several assumptions could also influence the study
outcome. As opposed to the observational reports in
hypertensive and diabetic populations, we chose to study a
relatively healthy population in order to reduce confounding and complexity. Therefore, the study population may
represent a demographic for whom CV risk, and therefore
aldosterone production, is not an immediate concern.
However, we strongly believe that these results will be
generalizable to disease state populations, and also that aldosterone production in healthy individuals is pertinent
due to the chronic nature of CVD and the accumulation
of its risk factors over a lifetime. We have attempted to
overcome this limitation by instituting several measures to
enhance signal detection for aldosterone and reduce environmental noise. Our primary outcome is based on the
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change in aldosterone levels in response to angiotensin II
infusion across study arms. However, this study design includes evaluation after 1 day and 6 weeks on a statin, in
addition to the 12-week time-point at which the primary
endpoints are evaluated. These additional time-points will
lend a preliminary understanding of the time frame by
which statins influence aldosterone secretion - namely,
whether the effect can be seen acutely after 1 day and/or
after 12-week statin treatment.
Data supporting and identifying synergistic benefits of
the multiple effects of the widely used statin class of
medications will likely have significant clinical implications on the future management of hypertension and
other CVD. This is of particular importance if individual
statin chemical moieties impart preferential benefit,
which could fuel development of agents that reduce both
cholesterol and aldosterone levels.
Abbreviations
CV: Cardiovascular; CVD: Cardiovascular Disease; ZG: Zona Glomerulosa;
TSH: Thyroid Stimulating Hormone; CCI: Center for Clinical Investigation;
IV: Intravenous; RAAS: Renin-angiotensin aldosterone system
Acknowledgements
We are grateful both to our research participants and the CCI staff.
Authors’ contributions
JSW, GKA, and GHW created the study protocol. ESH, AEAM, AWK, KMM, IBS,
and JAG recruit and screen participants and coordinate study visits. All
authors contributed by writing and editing this manuscript.
Authors’ information
The authors have extensive experience conducting clinical research studies
like the one described in this work. JSW, GKA, and GHW have successfully
collaborated on clinical research studies similar to this one for over 20 years,
including studies with rigid dietary, postural, and temporal control. JSW, GKA,
and GHW have repeatedly published on the relationship between the reninangiotensin-aldosterone system and hypertension and have given talks on
this topic at numerous conferences.
Funding
The research described in this publication was supported by the National
Heart, Lung, & Blood Institute of the National Institutes of Health under
award number R01HL136567. External peer-review by the NIH took place
during the funding process, as it does for all NIH R01 grants. The peer-review
panel included only individuals with no personal or professional conflicts of
interest with anyone on the grant team. Additionally, the CCI is supported
by the NIH National Center for Advancing Translational Sciences through its
Clinical and Translational Science Awards Program, grant number UL1TR002541.
The content of this publication does not necessarily represent the official views of
the National Institutes of Health and is solely the responsibility of the authors.
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
This protocol was approved by the Partners Human Research Committee,
which is the Institutional Review Board for Partners/Mass General Brigham.
The Partners Human Research Committee will review and approve all protocol
amendments, adverse events, and protocol deviations. A Data and Safety
Monitoring Plan will include physician-investigators and lay representatives from
the Cardiovascular Endocrinology Research Group who will review protocol
deviations and adverse events monthly to ensure the integrity of the protocol
and safety of participants. All participants will give written informed consent to
participate, which will be obtained by a physician approved by the IRB
to contribute to this protocol.

Page 8 of 8

Consent for publication
Not applicable. The manuscript does not contain data from any individual
person.
Competing interests
The authors declare that they have no competing interests.
Received: 17 June 2020 Accepted: 7 July 2020

References
1. Go AS, Mozaffarian D, Roger VL, et al. Heart disease and stroke statistics-2014 update: a report from the American Heart Association. Circulation.
2014;129(3):e28–e292. https://doi.org/10.1161/01.cir.0000441139.02102.80.
2. Gu Q, Paulose-Ram R, Burt VL, Kit BK. Prescription cholesterol-lowering
medication use in adults aged 40 and over: United States, 2003-2012. NCHS
Data Brief. 2014;177:1–8.
3. Cholesterol Treatment Trialists’ (CTT) Collaboration, Baigent C, Blackwell L, et al.
Efficacy and safety of more intensive lowering of LDL cholesterol: a metaanalysis of data from 170,000 participants in 26 randomised trials. Lancet. 2010;
376(9753):1670–81. https://doi.org/10.1016/S0140-6736(10)61350-5.
4. Brugts JJ, Yetgin T, Hoeks SE, et al. The benefits of statins in people without
established cardiovascular disease but with cardiovascular risk factors: metaanalysis of randomised controlled trials. BMJ. 2009;338:b2376. https://doi.
org/10.1136/bmj.b2376.
5. Preiss D, Campbell RT, Murray HM, et al. The effect of statin therapy on
heart failure events: a collaborative meta-analysis of unpublished data from
major randomized trials. Eur Heart J. 2015;36(24):1536–46. https://doi.org/10.
1093/eurheartj/ehv072.
6. Margaritis M, Channon KM, Antoniades C. Statins as regulators of redox
state in the vascular endothelium: beyond lipid lowering. Antioxid Redox
Signal. 2014;20(8):1198–215. https://doi.org/10.1089/ars.2013.5430.
7. Howard BV, Robbins DC, Sievers ML, Lee ET, Rhoades D, Devereux RB, Cowan
LD, Gray RS, Welty TK, Go OT, et al. LDL cholesterol as a strong predictor of
coronary heart disease in diabetic individuals with insulin resistance and low
LDL: the strong heart study. Arterioscler Thromb Vasc Biol. 2000;20(3):830–5.
8. Strazzullo P, Kerry SM, Barbato A, Versiero M, D’Elia L, Cappuccio FP, et al.
Do statins reduce blood pressure?: a meta-analysis of randomized,
controlled trials. Hypertension. 2007;49(4):792–8. https://doi.org/10.1161/01.
HYP.0000259737.43916.42.
9. Briet M, Schiffrin EL. The role of aldosterone in the metabolic syndrome.
Curr Hypertens Rep. 2011;13:163–72.
10. Garg R, Adler GK. Aldosterone and the mineralocorticoid receptor: risk
factors for cardiometabolic disorders. Curr Hypertens Rep. 2015;17:52.
11. Vogt B, Burnier M. Aldosterone and cardiovascular risk. Curr Sci Inc. 2009;11:
450–5. https://doi.org/10.1007/s11906-009-0076-8.
12. Adler GK, Murray GR, Turcu AF, et al. Primary Aldosteronism decreases
insulin secretion and increases insulin clearance in humans. Hypertension.
2020;75(5):1251–9. https://doi.org/10.1161/HYPERTENSIONAHA.119.13922.
13. Baudrand R, Pojoga LH, Vaidya A, et al. Statin use and adrenal aldosterone
production in hypertensive and diabetic participants. Circulation. 2015;
132(19):1825–33. https://doi.org/10.1161/CIRCULATIONAHA.115.016759.
14. Brown JM, et al. Evaluating hormonal mechanisms of vitamin D receptor
agonist therapy in diabetic kidney disease: the VALIDATE-D study. BMC
Endocrine Dis. 2013;13:33.
15. Vaidya A, Sun B, Larson C, Forman JP, Williams JS. Vitamin D3 therapy corrects
the tissue sensitivity to angiotensin ii akin to the action of a converting
enzyme inhibitor in obese hypertensives: an interventional study. J Clin
Endocrinol Metab. 2012;97(7):2456–65. https://doi.org/10.1210/jc.2012-1156.
16. Davignon J. Beneficial cardiovascular pleiotropic effects of statins.
Circulation. 2004;109(1). https://doi.org/10.1161/01.cir.0000131517.20177.5a.
17. Ridker PM, Danielson E, Fonseca FAH, Genest J, Gottto AM, Kastelein JJP,
Koenig W, Libby P, Lorenzatti AJ, MacFadyen JG, Nordestgaard BG,
Shepherd J, Willerson JT, Glynn RJ for the JUPITER study group. Rosuvastatin
to prevent vascular events in men and women with elevated C-reactive
protein. N Engl J Med. 2008;359:2195–207.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

