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Abstract

We sought to investigate the role of aldosterone as a mediator of disease and its relationship with
the counter-regulatory natriuretic peptide (NP) system. We measured plasma aldosterone (n=1674;
age =45 years old) in a random sample of the general population from Olmsted County, MN. In a
multivariate logistic regression model, aldosterone analyzed as a continuous variable was
associated with hypertension (HTN) (OR=1.75, 95%ClI= 1.57,1.96; p<0.0001), obesity (OR=1.34,
95%Cl=1.21,1.48; p<0.0001), chronic kidney disease (CKD) (OR=1.39, 95%ClI=1.22,1.60;
p<0.0001), central obesity (OR=1.47, 95%CI=1.32,1.63; p<0.0001), metabolic syndrome (MetS)
(OR=1.41, 95%ClI= 1.26,1.58; p<0.0001), high triglycerides (OR=1.23, 95%CI=1.11,1.36;
p<0.0001), concentric left ventricular hypertrophy (cLVH) (OR=1.22, 95%CI= 1.09,1.38;
p=0.0007) and atrial fibrillation (OR=1.24, 95%CI= 1.01,1.53; p=0.04), after adjusting for age and
sex. The associations with HTN, central obesity, MetS, triglycerides and cLVVH remained
significant after further adjustment for BMI, NPs, and renal function. Furthermore, aldosterone in
the highest tertile correlated with lower NP levels and increased mortality. Importantly, most of
these associations remained significant even after excluding subjects with aldosterone levels above
the normal range. In conclusion, we report that aldosterone is associated with HTN, CKD, obesity,
MetS, cLVH, and lower NPs in the general community. Our data suggests that aldosterone, even
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within the normal range, may be a biomarker of cardiorenal and metabolic disease. Further studies
are warranted to evaluate a therapeutic and preventive strategy to delay the onset and/or
progression of disease, using mineralocorticoid antagonists or chronic NP administration in high
risk subjects identified by plasma aldosterone.
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INTRODUCTION

Aldosterone is a hormone that is synthesized by the adrenals and plays a key role in body
fluid and blood pressure (BP) homeostasis®. Notably, aldosterone and mineralocorticoid
receptor activation exert important biological actions that may lead to injury in various
target organs, including the heart and kidneys2. Studies have reported that high levels of
plasma aldosterone were associated with metabolic syndrome (MetS) which may, in part, be
explained by the production of aldosterone and the presence of mineralocorticoid receptors
in adipocytes®®. While pathological levels have implicated aldosterone in heart failure and
resistant hypertension1?, the role of aldosterone as a potential mediator of disease in the
general community continues to evolve. In a four-year follow-up analysis, in subjects
without hypertension, Vasan et al. observed that, higher plasma aldosterone is associated
with development of future hypertension (HTN)L. Additionally, Bochud et al. showed that
aldosterone was independently associated with MetS and was significantly higher in subjects
with MetS, in a community-based cohort with East African ancestries2.

In the current study, our goal was to better define the relationship between circulating
aldosterone and cardiovascular, renal and metabolic diseases as well as myocardial structure
and function in the general population. We also evaluated the modulating action of anti-
hypertensive medication on circulating aldosterone given the high prevalence of
hypertension and its link to aldosterone. Furthermore, recognizing the counter-regulatory
relationship between aldosterone and the NP levels, we sought to investigate the association
between plasma aldosterone and circulating levels of atrial natriuretic peptide (ANP) and B-
type natriuretic peptide (BNP). Finally, we also determined whether aldosterone could
potentially identify subjects at higher risk for mortality.

We hypothesized that, in the general community, the highest levels of circulating
aldosterone even within the normal range would be associated with cardiorenal and
metabolic disease. We also hypothesized that this strong relationship would remain
significant even after adjusting for the use of anti-hypertensive medications. Moreover,
despite the known biomarker role for elevated natriuretic peptides (NPs) in predicting future
adverse outcomes, we hypothesized that higher plasma aldosterone would be associated with
paradoxically lower NP levels. Finally, we hypothesized that the subjects with higher
aldosterone levels were at higher risk for increased mortality in a long-term follow-up. To
accomplish our goals, we utilized a well-characterized, randomly selected, adult community-
based cohort from Olmsted County, MN.
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METHODS

Methods are available in the online-only Data Supplement.

RESULTS

Baseline characteristics of the study subjects

The baseline characteristics of our cohort are presented in Table 1. Plasma aldosterone
(n=1674) ranged from 2.5 to 91 ng/dL and the median (Q1, Q3) and mean = SD values were
4.6 (2.5, 8.0) and 6.7 £ 6.6 ng/dL, respectively (Figure 1-a). There was no difference in
aldosterone levels between men and women and age did not influence levels. In the healthy
sub-group (n=80) the normal range of aldosterone was from 2.5 to 16.2 ng/dL and here, the
median and mean values were 4.2 (2.5, 5.6) and 5.2 + 4.1 ng/dL, respectively. It should be
noted that the normal range from our healthy sub-group is similar to the range values
showed by Meyes et al.12 In this previous paper, the authors reported that normal
aldosterone levels were 3—16 ng/dL in healthy subjects with sampling in supine position,
with unrestricted sodium intakes.

For our analysis in the overall population, we also divided aldosterone into tertiles where the
first tertile (T1: n=556) ranged from 2.5 to 3.1 ng/dL, the second tertile (T2; n=560) ranged
from 3.2 to 6.5 ng/dL and the third tertile (T3: n=558) ranged from 6.6 to 91 ng/dL (Figure
1-b). Importantly 463 subjects (83%) in the third tertile had normal aldosterone levels, while
95 subjects (17%) had aldosterone above 16.2 ng/dL. The distribution of aldosterone in the
general population is shown in Figure 1-c and approximately 6% of subjects had aldosterone
above the normal range (95 out of 1674).

Aldosterone and cardiovascular, renal and metabolic morbidity in the general community

Plasma aldosterone was associated with HTN (OR=1.75, p<0.0001), obesity (OR=1.34,
p<0.0001), chronic kidney disease (CKD) (OR=1.39, p<0.0001), central obesity (OR=1.47,
p<0.0001), MetS (OR=1.41, p<0.0001), high triglyceride levels (OR=1.23, p<0.0001),
concentric left ventricular hypertrophy (cLVH) (OR=1.25, p=0.001) and atrial fibrillation
(AF) (OR=1.24, p=0.04) when analyzed as a continuous variable and adjusted for age and
sex. Table 2 illustrates the positive and significant associations between aldosterone levels
and HTN, obesity, CKD, central obesity, MetS, higher triglycerides and cLVVH after further
adjustment for BMI, ANP, NT-proANP, BNP, NT-proBNP and GFR. In a multivariate
model including age, sex, BMI, systolic and diastolic BP, aldosterone was correlated with
CKD, cLVH and AF.

When aldosterone divided into tertiles, the highest tertile was positively and significantly
correlated with obesity after accounting for age, sex, NT-proANP, ANP, NT-proBNP, BNP
and GFR. Correlation between aldosterone T3 and HTN, CKD, waist circumference and
MetS was still valid after further adjustment for BMI (Table 2).

Importantly, we also performed additional multivariate model analyses after excluding
subjects who could be potentially affected by primary aldosteronism (PA) and have
aldosterone levels above the normal range (>16.2 ng/dL). Here, the associations between
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aldosterone and HTN, obesity, CKD, central obesity, MetS and high triglycerides were
significant when aldosterone was analyzed as continuous variable and in the top tertile.
However, we lost the association between aldosterone and cLVH and AF.

As antihypertensive medications could influence aldosterone levels, we divided the entire
cohort between subjects taking antihypertensive therapy (n=526) and subjects who did not
(n=1024). First, we found aldosterone significantly higher in subjects taking
antihypertensive medications [medians (Q1, Q3): 6.20 (3.00, 12.00) vs 4.20 (2.50, 6.80)
ng/dL, p<0.001]. Importantly, in the analysis of the entire cohort (n=1674), the associations
between aldosterone and obesity (OR=1.21, 95%CI= 1.09,1.35, p=.0005), CKD (OR=1.30,
95%Cl=1.13,1.50, p=.0003), central obesity (OR=1.35, 95%CI=1.14,1.60, p=.0005), MetS
(OR=1.24, 95%Cl=1.08,1.42, p=.002) and high triglycerides (OR=1.14, 95%ClI= 1.02,1.27,
p=.02) remained significant after adjustment for age, sex, BMI and antihypertensive therapy
when aldosterone was analyzed as continuous variable. Moreover, aldosterone third tertile
was still significantly associated with obesity (OR=1.47, 95%CI= 1.16,1.85, p=.001), CKD
(OR=1.61, 95%CI= 1.18,2.19, p=.003), central obesity (OR=1.45, 95%CI= 1.03,2.04, p=.
03) and MetS (OR=1.42, 95%CI= 1.07,1.90, p=.02) after adjustment for age, sex, BMI and
antihypertensive therapy.

Relationship between aldosterone and natriuretic peptides in the general population

We observed a highly significant inverse relationships between aldosterone T3 and NT-
proBNP (p=0.0003), NT-proANP (p=0.0009) and BNP (p=0.007). An inverse trend was also
present between aldosterone and ANP (p=0.07) (Table 3-a). Performing the same analysis
distinguishing between subjects taking and not taking antihypertensive treatment, we found
that in the treated group, aldosterone still had a significant inverse relationship with NT-
proBNP, BNP and ANP (Table 3-b). However, the inverse relationship was attenuated with
NT-proANP (p=0.28). In the group without antihypertensive drugs the inverse relationship
was still preserved with NT-proBNP and NT-proANP and was attenuated with BNP and
ANP (Table 3-c).

Importantly, this analysis was also conducted after excluding subjects with aldosterone
levels >16.2 ng/dL and the inverse relationship between aldosterone in the highest tertile and
NPs remained unchanged throughout subgroups.

Aldosterone and the incidence of all-cause mortality in the general community

When analyzed as a continuous variable, log-aldosterone was associated with higher risk of
mortality after adjusting for age, sex and BMI [HR=1.14 (95% CI: 1.03, 1.26) p=0.012)].
The c-statistic for the baseline model for mortality (including age, sex and BMI) was 0.811
(0.786, 0.836). When log-aldosterone was included in the baseline model there was little
effect on the c-statistic [c = 0.813 (0.788, 0837)]. Between the NPs, NT-proBNP was the
strongest predictor of mortality [baseline model + NT-proBNP, c-statistic = 0.834 (0.809,
0.859)]. When aldosterone and NT-proBNP were simultaneously included in the model,
both remained significantly associated with death (aldosterone p= 0.03, NT-proBNP
p<0.001). However, aldosterone did not have important effect in this model with NT-
proBNP (c=0.834).
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The higher occurrence of death characterized the subjects with plasma aldosterone in third
tertile (p=0.016) (Figure 2-a). Importantly, when we excluded the 95 subjects with
aldosterone levels > 16.2 ng/dL, the association between aldosterone in the third tertile and
all cause-death was no longer present (p=0.07, figure not shown). Nonetheless, there was a
very strong association between aldosterone above the normal range and all cause-death in
the 12-year follow-up (p<0.001, Figure 2-b).

DISCUSSION

Our study is the first to report the associations between plasma aldosterone levels and
hypertension, obesity, high triglycerides, waist circumference, MetS, CKD, AF and cLVH in
a randomly selected sample of the general community. Specifically, we found that elevated
plasma aldosterone, within the normal range, was strongly associated with HTN, obesity,
CKD, central obesity, MetS and hypertriglyceridemia. We also demonstrated that plasma
aldosterone levels in individuals treated with antihypertensives were higher compared to
subjects without treatment. Importantly, we observed a highly significant inverse
relationship between aldosterone and NP levels, and notably this trend remained preserved
even after adjustment for antihypertensive drugs. Finally, in a twelve-year follow-up, we
found that higher plasma aldosterone, particularly above the normal range, predicted an
increase in mortality.

Several previous studies have investigated the associations between aldosterone and
cardiovascular and metabolic diseases in selected cohorts of volunteers®: 11 12. 14-17 wjthout
excluding subjects with possible hyperaldosteronism. Indeed, in non-hypertensive subjects
free of renal failure, cardiovascular disease and medications, Vasan et al. reported an
association between aldosterone levels and the development of new onset hypertensionll.
Furthermore, these authors observed a trend for increased risk of developing an elevation in
BP or HTN across aldosterone quartiles, and reported significant association between
aldosterone fourth quartile and future onset of HTN. However, the highest quartile may have
included subjects with abnormal aldosterone levels. Moreover, in another cohort without
cardiovascular disease and renal dysfunction, aldosterone correlated with future
development of MetS®, whereas an association between aldosterone and incidence of CKD
was shown in a cohort of subjects with normal renal function!®. Studies conducted in other
selected cohorts revealed that aldosterone was associated with cLHV14, BMI16, waist
circumference, triglycerides!’ and both cardiovascular and all-cause mortality18,

The association between aldosterone and hypertension found in our study as well as in other
epidemiological studies is supported by the biological effect of the hormone, which includes
sodium and water retentionl. The inappropriate activation of mineralocorticoid receptors by
aldosterone as well as cortisol also induces renal organ damage, cardiac hypertrophy and
arrhythmias, and pro-fibrotic and pro-inflammatory actions? 1922, Indeed, the
mineralocorticoid receptor can be activated also by glucocorticoids, and circulating cortisol
levels are physiologically higher than aldosterone23. Moreover, salt intake plays an
important role in the aldosterone-mediated organ damage. Common in U.S. society as well
as in Minnesota24, high salt diet can potentiate the negative effects of aldosterone via
activation of the Rho family member Rac125. Importantly, in Yanomamo Indians, very low
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salt intake is characterized by high plasma renin and aldosterone levels without the presence
of CV disease?5.

Our finding of higher aldosterone levels in subjects taking antihypertensive drugs warrants
further considerations. Medications such as diuretics could have stimulated aldosterone
release, while others such as ACEIs and ARBs may have reduced these levels. A possible
mechanistic explanation for this finding may be related to the phenomenon of the
“aldosterone breakthrough”, where the cleavage of angiotensin | to angiotensin Il through
enzymes different from ACE can increase aldosterone levels despite therapy2’-2°. Further,
one could speculate that aldosterone also represents a causative mechanism for both
hypertension and organ damage.

In the current study, we observed an inverse relationship between aldosterone and NPs. ANP
and BNP have emerged as inhibitors of aldosterone through GC-A receptor activation in the
adrenals30-33, This finding of reduced NP levels with higher circulating aldosterone is
consistent with the pathophysiology and the roles played by fat, aldosterone and NPs.
Importantly, the strong association between aldosterone and metabolic disease can be
explained by the aldosterone’s ability to mediate adipocyte activation and lipogenesis’ 9: 34,
Indeed, higher aldosterone levels have been found in metabolic syndrome and obesity3®: 36,
both conditions characterized by increased fat tissue and reduced NP levels. Specifically, the
visceral white adipose tissue largely expresses NP clearance receptors which then may be
increased in metabolic syndrome and obesity®, reducing NP levels and possibly permitting
activation of aldosterone. Further, adipose tissue possesses its own renin-angiotensin-
aldosterone system’: 36 and more adipocytes could increase aldosterone production.
Interestingly, it has been shown that the expression in the kidney of mineralocorticoid
receptors was increased in mice fed a high fat diet3” which could also contribute to sodium
retention and increased blood pressure. Further, aldosterone may be involved in the
modulation of insulin secretion and signaling? 38 contributing to the development of insulin
resistance and diabetes. In addition, mineralocorticoid receptor antagonism has beneficial
effects on LV function, structure and fibrosis in subjects with metabolic syndrome3®. Thus,
there is strong evidence for interaction in metabolic syndrome and obesity between
aldosterone and NP system. Considering that our cohort had a mean BMI higher than 28
kg/m2, with more than a third having central obesity, it is plausible that an increased
metabolism of NPs can be present with an enhanced aldosterone production. As reported in
Table 3, circulating NPs and their changes by increasing tertiles of aldosterone are similar in
the overall distribution (n=1674) and those subjects not taking antihypertensive therapy
(n=1024). Specifically, in these two cohorts, levels of NPs are similar in tertile 2 and 3 of
aldosterone, and in these two tertiles NPs are lower compared to tertile 1 of aldosterone. In
contrast, in those subjects taking antihypertensives (n=526), NPs are similar in tertile 1 and
2 of aldosterone, and both tertiles are higher compared to tertile 3 of aldosterone. The
significance of this differential reduction in NP levels by increasing tertiles of aldosterone in
the three groups remains unknown and requires further investigation. However, we speculate
that the pattern of NP levels according to aldosterone tertiles is similar in the overall
distribution and subjects not taking antihypertensives because these two cohorts mostly
overlap. By stratifying our study population for antihypertensive drugs we accounted for an
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important confounding factor that might be related to the presence of myocardial remodeling
and stretch, which significantly influence NPs production.

When we evaluated the predicted value of aldosterone in our cohort, we found aldosterone

in the third tertile to be prognostic of mortality over the 12-year follow-up. When PA-likely
subjects were excluded (aldosterone levels > 16.2 ng/dl, approximately 6% of the whole
cohort) this association was no longer present. We did however observe that abnormal
aldosterone levels were associated with the reduction in survival that began at approximately
three years after measurement. Therefore, it seems that PA-likely subjects were the primary
driver of the observed association between aldosterone in the third tertile and all cause-death
in our entire cohort. It should also be noted that when we excluded those individuals with
abnormal aldosterone levels, we lost the associations between aldosterone and cLVH and
AF. However, these associations were not among the strongest ones as, when we adjusted
for antihypertensives use, we lost the same associations as well. Taken together the current
studies suggest that there is a strong and robust association between aldosterone and
cardiovascular, renal and metabolic disease, even with aldosterone in the normal range, but
this is not associated with increased mortality which occurs only in the setting of elevated
levels of aldosterone. While our data does not support the hypothesis that higher, yet normal,
aldosterone levels are associated with higher incidence of death, to our knowledge, this is
the first general community study to demonstrate an increased incidence of all cause-death
when aldosterone levels are above the normal range, regardless of the cause of the elevated
levels.

Despite the availability of a normal range of plasma aldosterone which was established in
the paper by Mayes et al. 13 as well as in the commercial radioimmunoassay we employed
(3-16 ng/dL and 1-16 ng/dL respectively, in healthy subjects in supine position without
restricted salt intake), we redefined the range in our cohort of the general population
utilizing rigorous criteria. In our investigation, subjects were carefully analyzed clinically,
biochemically and echocardiographically permitting identification of truly healthy
individuals to define normal aldosterone values in the general community with subjects 45
years old and older. By using our normal range (2.5-16.2 ng/dL), which is almost identical
to the one reported in the paper by Mayes et al. as well as in the assay kit, 94% of the
population had aldosterone levels within the normal values. Thus, this provides reassurance
for our defined normal values.

When considering therapeutic or preventive treatments for cardiorenal and metabolic
diseases in the general community, the use of plasma aldosterone to identify a high risk
group could optimize strategies. Also, one could speculate that postponing anti-aldosterone
therapy until overt disease occurs may not be optimal. The finding of higher aldosterone
levels despite antihypertensive therapy also underscores the need to antagonize the negative
effects of aldosterone in the setting of hypertension in the general community. Recognizing
the inverse relationship between elevated aldosterone and decreased NP levels, the addition
of chronic GC-A agonists with aldosterone antagonism, may be warranted and needs further
studies. Indeed, a co-therapeutic strategy to compensate the imbalance between these two
counter-regulatory systems is worthy of further investigation4%: 41
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The current study has several strengths. First, our cohort consisted of a large and randomly
selected group of subjects and not volunteers. Secondly, our subjects were well-
characterized, having had in-depth echocardiographic data and a long follow-up. Lastly, our
cohort consisted of 45 years and older subjects, characterizing a sample of individuals in the
general community at increased cardiorenal and metabolic risk. This study also has
limitations. Specifically, we were unable to obtain data of known regulators of aldosterone,
such as plasma renin activity, dietary sodium, volume depletion, serum potassium, stress and
diurnal rhythms. We also do not have any data on urinary sodium excretion and plasma
cortisol levels. Further, the majority of subjects were Caucasian and it may not be
completely possible to extend our finding to other ethnic groups. Finally, our investigation is
a cross-sectional and longitudinal study therefore we cannot establish causality for the
associations observed but we can only speculate regarding the possible biological
mechanisms that might have caused them.

Perspectives

Our results confirm and extend previous findings regarding positive associations between
aldosterone and cardiorenal and metabolic disease. Specifically we observed that higher,
normal range, aldosterone levels were strongly associated with HTN, obesity, high
triglycerides, waist circumference, MetS and CKD in the general community. Importantly,
the majority of these remarkable associations remained significant after adjusting for anti-
hypertensive medications. Interestingly, we observed aldosterone levels higher in subjects
taking antihypertensive drugs, thus indicating that current antihypertensive therapies may
not be effective in decreasing aldosterone levels. Further, aldosterone had a significant
inverse relationship with NPs and, when above the normal range, aldosterone was strongly
associated with increased mortality. Together, these findings suggest that aldosterone may
be a mediator and biomarker of cardiorenal and metabolic disease and importantly support
the possibility of a co-therapeutic and preventative strategy using GC-A agonists together
with mineralocorticoid receptor antagonists in high-risk subjects within the general
population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE
What is new?

« Inarandomly select sample of the general community, elevated plasma
aldosterone, even within the normal range, is strongly associated with
hypertension, obesity, high triglycerides, waist circumference, MetS, and CKD.

» Aldosterone above the normal range can significantly predict reduced survival
beginning three years after measurement.

« Higher aldosterone levels correlate with lower natriuretic peptide levels in our
cohort.

What is relevant?

e Aldosterone may be a mediator and biomarker of cardiorenal and metabolic
disease.

» Aldosterone has an inverse relationship with the natriuretic peptides and this
supports the relative deficiency of natriuretic peptides shown in dysmetabolic
states, such as obesity and MetS, in which increased aldosterone levels have also
been documented.

e When above the normal range, aldosterone is strongly associated with increased
incidence of all cause-mortality.

»  Treating these high-risk subjects with natriuretic peptides in addition to
mineralocorticoid receptor antagonists, to inhibit aldosterone and compensate
the NPs deficiency, may be considered.

Summary

Our results confirm and extend previous findings regarding positive associations between
higher aldosterone levels and cardiorenal and metabolic diseases. Furthermore, our
findings suggest that elevated aldosterone levels, even within the normal values, may
identify high risk subjects in the general population. However, additional studies are
needed to confirm our data and the potential use of GC-A agonists and aldosterone
antagonists as a co-therapeutic strategy to prevent and treat cardiorenal and metabolic
diseases in the general community.
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A Range Mean (£ SD) Median (Q1, Q3)
Aldosterone inthe 2.5-91.0 6.716.6 4.6 (2.5-8.0)
overall (ng/dL)
n=1,674

B T1 (n=556) T2 (n=560) T3 (n=558)
Aldosterone inthe  2.5-3.1 3.2-6.5 6.6-91.0

overall (ng/dL)

C 35 -

30 H

25 4
20

0,

/o Third tertile
15 -

10

0 10 20 30 40 50 60 70 80 90
Aldosterone (ng/dL)

Figure 1. Aldosterone Levels in the General Population
A) Aldosterone range in our entire cohort (overall); B) aldosterone according to tertiles; C)

aldosterone distribution. x-axis= aldosterone levels, y-axis= % of subjects. The white bars
indicate subjects with aldosterone levels in the 15t and 2" tertiles; the blue bars indicate
individuals in the 3" tertile; the orange bars indicate subjects in the 3™ tertile with
aldosterone levels above the normal range (n=95). The continuous line/arrow indicates the
beginning of the 3" tertile.
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A Without Excluding Subjects With
Abnormal Plasma Aldosterone

100 _N

804
s
€ 60+
©
2
g 404 — 1sttenilfe
» = 2nd tertile
= 3rd tertile
20
P=0.016
0 T T T T T 1
0 2 4 6 8 10 12

Years
1sttertile  98.9 (540) 96.3 (519) 94.1(496) 91.8 (479) 88.5 (443) 83.9 (292)
2nd tertile  98.9 (540) 96.3 (519) 94.5 (495) 91.4 (467) 88.4 (434) 84.0 (316)
3rdtertile  99.1 (554) 96.2 (533) 92.3 (490) 88.4 (461) 83.3 (418) 78.1 (296)

B After Excluding Subjects With
Abnormal Plasma Aldosterone

100 _—\%

- 1st tertile
= 2nd tertile
= 3rd tertile
Above normal range

P<0.001

0 T T T T T 1

0 2 4 6 8 10 12

Years

Isttertile 96.9 (521) 96.2 (501) 94.1(480) 91.7 (463) 88.5 (430) 84.0 (283)

2ndtertile  99.0 (498) 96.4 (478) 94.6 (456) 91.9 (432) 89.0 (401) 85.1 (291)

3rdtertile  99.2 (522) 97.0 (505) 93.4 (465) 89.9 (440) 85.4 (402) 79.6 (282)
( (

Above 97.9(93) 926(87) 87.2(80) 79.6(72) 71.8(62) 66.7 (47)
normal range

Survival (%)
» (2] o]
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1 1 1
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Figure 2. Kaplan-Meier Curve for Cumulative Incidence of All Cause-Death in the General
Population

A) Aldosterone levels according to tertiles in the total population n=1674 (without
excluding subjects with abnormal plasma aldosterone). 1%t tertile (blue line) and 2nd
tertile (red line) do not significantly correlate with an increased incidence of mortality.
Aldosterone 3" tertile (green line) is associated with an increased incidence of mortality
(p=0.016). B) Aldosterone levels according to tertiles after excluding subjects with
abnormal plasma aldosterone. Blue line (1%t tertile), red line (2" tertile), and green line
(3" tertile) do not significantly correlate with an increased incidence of mortality.
Importantly, aldosterone abnormal levels (>16.2 ng/dL), orange line, were associated with a
significant reduction in survival in the general community (p<0.001). Age, gender, BMI
adjusted HR compared to 1%t tertile: T2: 0.95 (0.70, 1.30), p=0.74; T3: 1.20 (0.90, 1.60),
p=0.21; above normal range: 1.54 (1.03, 2.30), p=0.03. Follow-up results are truncated after
12-year. P-value (unadjusted log-rank test) significant when < 0.05.

Hypertension. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Buglioni et al.

Table 1

Baseline Characteristics of the Study Population.

Characteristics

Overall (n=1674)

Age, years

Sex F, n (%)

BMI of Subjects, kg/m?
Medication Use, n (%)

BMI> 30 kg/m?, n (%),

Waist circumference > 102 cm M, > 88 cm F, n (%),

Aldosterone ng/dl, median (Q1, Q3)
NT-proANP, pg/ml, median (Q1, Q3)
NT-proBNP, pg/ml, median (Q1, Q3)
BNP pg/ml, median (Q1, Q3)

ANP pg/ml, median (Q1, Q3)
Current/Former Smoker, n (%)
Diabetes, n (%)

Verified Hypertension, n (%)

Atrial Fibrillation/Flutter, n (%)
Coronary Artery Disease, n (%)
Chronic Heart Failure at baseline, n (%)
Myocardial Infarction at baseline, n (%)
Stroke at baseline, n (%)

Systolic Blood Pressure, mmHg
Diastolic Blood Pressure, mmHg

Total Cholesterol, mg/dl

HDL Cholesterol, mg/dl

HDL< 40 mg/dl M, < 50 mg/dl F, n (%)
LDL Cholesterol, mg/di

LDL> 160 mg/dl, n (%)

Triglycerides, mg/di

Triglycerides> 150 mg/dl, n (%)
Antilipemic Therapy, n (%)

ACEI, ARBs, BBs, Diuretics, n (%)
Creatinine mg/dl, median (Q1, Q3),
Calculated GFR ml/min (MDRD formula)
GFR< 60 ml/min, n (%)

Insulin pU/mL, median (Q1, Q3)
Serum Glucose mg/dl, median (Q1, Q3)

Metabolic Syndrome (at least 3 of 5 criteria), n (%)

Echocardiographic Parameters

Ejection Fraction < 40, n (%)

Mild/Moderate/Severe Diastolic Dysfunction, n (%)

Hypertension. Author manuscript; available in PMC 2016 January 01.

63.09 + 10.62
922 (55%)

28.40 5.39

1544 (92%)

535 (32%)

554 (33%)

4,60 (2.50, 8.00)
2280.0 (1449.5, 3396.0)
71.94 (29.50, 150.90)
14.90 (5.80, 32.40)
11.90 (7.60, 16.60)
821 (49%)

130 (8%)

478 (29%)

85 (5%)

205 (12%)

41 (2%)

78 (5%)

31 (2%)

132.87 £ 21.59

7330 +10.28

203.33 £ 36.21

46.35 + 14.65

883 (53%)

127.79 + 32.38

246 (15%)

145.90 + 85.27

596 (36%)

281 (18%)

526 (34%)

0.80 (0.70, 1.00)
80.34 % 18.25

243 (15%)

5.20 (3.60, 7.90)
94.00 (88.00, 101.00)
352 (21%)

24 (1%)
454 (30%)
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Characteristics Overall (n=1674)
Left Ventricular Hypertrophy, n (%) 440 (33%)
Concentric Left Ventricular Hypertrophy, n (%) 251 (19%)

BMI= body mass index. HDL= high-density lipoprotein. LDL= low-density lipoprotein. ACEI= angiotensin converting enzyme inhibitors; ARBs=
angiotensin receptor blockers; BBs= beta-blockers; Diuretics= Thiazides, Thiazides-like, Loop Diuretics, Potassium-Sparing and Aldosterone
Antagonists. GFR= glomerular filtration rate; MDRD = Modification of Diet in Renal Disease.
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Associations Between Aldosterone and Different Comorbidities in a Multivariate Logistic Regression Model.

OR (95% CI) Per 1 SD increase in log

OR (95% CI) Top Tertile of

Hypertension. Author manuscript; available in PMC 2016 January 01.

Comorbidity Aldosterone p-value  Ajdosterone p-value
Hypertension (N=478)
Base (age, sex, BMl adj)  1.68 (1.50,1.89) <0001  2.45(1.95,3.09) <.0001
Base+ ANP adj. 1.71 (1.53,1.92) <0001 256 (2.02,3.24) <.0001
Base+ NT-proANP adj.  1.74 (1.54,1.95) <0001 256 (2.02,3.25) <.0001
Base+ NT-proBNP adj.  1.74 (1.55,1.96) <0001  2.60 (2.05,3.30) <.0001
Base+ BNP adj. 1.70 (1.52,1.91) <.0001 2.51(1.99,3.17) <.0001
Base+ GFR adj. 1.66 (1.48,1.87) <0001  2.41(1.90,3.05) <.0001
Obesity (N=535)
Base (age, sex adj.) 1.34(1.21,1.48) <.0001  1.69(1.36,2.10) <.0001
Base+ ANP adj. 1.31 (1.18,1.45) <0001  1.64(1.32,2.04) <.0001
Base+ NT-proANP adj.  1.30 (1.17,1.45) <0001 159 (1.28,1.99) <.0001
Base+ NT-proBNP adj.  1.35 (1.22,1.50) <0001  1.71(1.37,2.12) <.0001
Base+ BNP adj. 1.34 (1.21,1.48) <0001  1.69 (1.36,2.10) <.0001
Base+ GFR adj. 1.35 (1.22,1.50) <0001 1.73(1.38,2.15) <.0001
CKD (N=243)
Base (age, sex, BMl adj.)  1.37 (1.20,1.58) <0001  1.75(1.30,2.35) 0.0002
Base+ ANP adj. 1.38 (1.20,1.59) <0001  1.76 (1.30,2.38) 0.0002
Base+ NT-proANP adj.  1.39 (1.21,1.60) <0001  1.77 (1.31,2.41) 0.0002
Base+ NT-proBNP adj. 1.0 (1.22,1.62) <0001  1.86(1.37,2.52) <.0001
Base+ BNP adj. 1.41 (1.22,1.62) <0001  1.86 (1.37,2.50) <.0001
Base+ GFR adj. NA™ NA*®
Central Obesity (N=554)
Base (age, sex, BMl adj.) 1.41 (1.20,1.65) <.0001 1.61(1.17,2.22) 0.004
Base+ ANP adj. 1.38 (1.18,1.62) <0001 1.58(1.14,2.18) 0.006
Base+ NT-proANP adj.  1.38 (1.17,1.62) 0.0001 155 (1.11,2.15) 0.009
Base+ NT-proBNP adj.  1.40 (1.19,1.65) <0001  1.60(1.152.23) 0.005
Base+ BNP adj. 1.41 (1.20,1.65) <0001 1.61(1.17,2.22) 0.004
Base+ GFR adj. 1.45 (1.23,1.71) <0001  1.70 (1.22,2.37) 0.002
Met Syndrome (N=352)
Base (age, sex, BMl adj.)  1.27 (1.12,1.45) 0.0002  1.53(1.17,2.00) 0.002
Base+ ANP adj. 1.26 (1.11,1.43) 0.0005  1.48 (1.13,1.95) 0.005
Base+ NT-proANP adj.  1.26 (1.10,1.43) 0.0007  1.49 (1.13,1.96) 0.005
Base+ NT-proBNP adj.  1.25 (1.09,1.42) 0.0009  1.49 (1.13,1.96) 0.004
Base+ BNP adj. 1.27 (1.11,1.44) 0.0003  1.51(1.16,1.99) 0.003
Base+ GFR adj. 1.25(1.10,1.43) 0001  1.53(1.16,2.02) 0.003
High Triglycerides (N=596)
Base (age, sex, BMl adj.)  1.17 (1.06,1.30) 0.002  1.24(1.00,1.54) 0.05
Base+ ANP adj. 1.17 (1.06,1.30) 0002  1.24(0.99,1.54) 0.06
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OR (95% CI) Per 1 SD increase in log OR (95% CI) Top Tertile of
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Comorbidity Aldosterone pvalue  Ajgosterone p-value
Base+ NT-proANP adj.  1.17 (1.06,1.30) 0003  1.22(0.98,1.52) 0.08
Base+ NT-proBNP adj.  1.15 (1.03,1.27) 0.01 1.20 (0.97,1.50) 0.10
Base+ BNP adj. 1.16 (1.05,1.29) 0004  1.22(0.98,1.52) 0.07
Base+ GFR adj. 1.15 (1.03,1.27) 0.01 1.22 (0.97,1.52) 0.08

Concentric LVH (N=251)

Base (age, sex, BMl adj.)  1.18 (1.02,1.36) 0.02 1.31 (0.96,1.77) 0.09
Base+ ANP adj. 1.20 (1.04,1.38) 0.01 1.33(0.98,1.81) 0.07
Base+ NT-proANP adj.  1.19 (1.03,1.38) 0.02 1.33(0.98,1.81) 0.07
Base+ NT-proBNP adj.  1.19 (1.03,1.37) 0.02 1.29 (0.94,1.75) 0.11
Base+ BNP adj. 1.19 (1.03,1.37) 0.02 1.33(0.98,1.81) 0.07
Base+ GFR adj. 1.23(1.06,1.42) 0.007 1.38 (1.01,1.89) 0.04
Atrial Fibrillation (N=85)
Base (age, sex, BMI adj.)  1.23 (1.00,1.52) 0.05 1.04 (0.65,1.68) 0.86
Base+ ANP adj. 1.34 (1.08,1.66) 0.009 1.27 (0.77,2.08) 0.35
Base+ NT-proANP adj.  1.33 (1.07,1.65) 0.01 1.31(0.80,2.17) 0.28
Base+ NT-proBNP adj.  1.15 (0.92,1.45) 0.21 1.05 (0.63,1.76) 0.86
Base+ BNP adj. 1.27 (1.03,1.58) 0.03 1.16 (0.71,1.88) 0.56
Base+ GFR adj. 1.20 (0.97,1.49) 0.09 0.99 (0.61,1.61) 0.96

Correlations with morbidities when aldosterone as continuous variable (Z”d column) and when aldosterone in the third tertile (4th column).
Aldosterone top tertile compared to the two bottom tertiles combined. CKD= chronic kidney disease. OR= odds ratio; Cl= confidence interval;
SD= standard deviation. ANP = Atrial Natriuretic Peptide; NT-proANP = N-Terminal pro-Atrial Natriuretic Peptide; NT-proBNP = N-Terminal
pro-B-type Natriuretic Peptide; BNP = B-type Natriuretic Peptide. GFR = Glomerular Filtration Rate.

*
GFR used in the definition of the outcome. p-value significant when < 0.05.
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Table 3

Inverse Relationship Between Aldosterone 3'd Tertile and Natriuretic Peptides.

a) Overall Distribution (n= 1674)

NPs* (pg/mL) Aldo T1 Aldo T2 Aldo T3 p-value

NT-proBNP  77.1(70.5,84.3)  64.3(58.8,70.2)  61.0(55.8,66.7)  0.0003
NT-proANP 2392 (2276, 2514) 2119 (2018, 2224) 2132 (2031, 2237)  0.0009
BNP 16.8 (15.5,18.2)  15.3(14.1,16.6)  14.4(13.3,156)  0.007
ANP 11.5(10.9,121)  11.3(10.7,11.9)  10.7 (10.1, 11.3) 0.07

b) Subjects Taking Anti-hypertensive Therapy (n= 526)

NPs* (pg/mL) Aldo T1 Aldo T2 Aldo T3 p-value

NT-proBNP  150.5 (124.6,181.9) 143.3(118.6,173.1) 100.6 (87.1,116.1)  0.001
NT-proANP 2974 (2683,3296) 2942 (2658,3256) 2773 (2568,2994)  0.28
BNP 26.7 (22.5, 31.6) 28.4(23.9, 33.8) 19.0 (16.7, 21.7) 0.002
ANP 14.9 (13.5, 16.5) 15.2 (13.7, 16.8) 12.3 (11.4, 13.2) 0.003

¢) Subjects Not-taking Anti-hypertensive Therapy (n= 1024)

NPS* (pg/mL) Aldo T1 Aldo T2 Aldo T3 p-value T

NT-proBNP  62.1(56.1,68.7)  48.6 (44.0,53.8)  49.3 (43.8, 55.6) 0.004
NT-proANP 2192 (2071,2320) 1870 (1770, 1976) 1834 (1717,1958)  <.0001
BNP 142 (12.9,155)  12.2(11.2,134)  12.6 (11.3, 14.0) 0.10
ANP 10.5 (9.9, 11.2) 10.2 (9.5, 10.8) 9.8 (9.1, 10.6) 017

Page 19

a) in the overall distribution (n=1674); b) in subjects taking antihypertensive treatment (n=526); c) in subjects without antihypertensive
treatment (n=1024). Highest aldosterone levels correlate with lowest natriuretic peptide levels. Models adjusted for age, sex and BMI. p-value

significant when < 0.05.

*
Natriuretic Peptides as continuous variable [adjusted mean (95%ClI)].
+
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Aldosterone third tertile vs Aldosterone first tertile. NPs = natriuretic peptides; NT-proBNP = N-Terminal pro-B-type Natriuretic Peptide; NT-
proANP = N-Terminal pro-Atrial Natriuretic Peptide; BNP = B-type Natriuretic Peptide; ANP = Atrial Natriuretic Peptide.



