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Abstract
Circulating aldosterone is increased in obesity and is associated with arterial stiffening in
hypertensives and older adults. We aimed to determine whether serum aldosterone is associated
with pulse wave velocity (PWV), a measure of arterial stiffness, in normotensive overweight and
obese adults aged 20–45 years (n=344). We measured heart-femoral, femoral-ankle and brachial-
ankle PWV. The sample was 77% female with mean BMI 32.9 kg/m2 (SD 3.9), median serum
aldosterone 106.5 pg/mL (IQR 79.9, 155.5), and mean 24-hour urinary sodium excretion 185.9
mEq/day (SD 69.6). Higher serum aldosterone was not significantly correlated with any PWV
measure in bivariate analysis. However, in multiple linear regression, adjusting for age, sex, race,
height, heart rate, mean arterial pressure, and waist circumference, higher log aldosterone was
associated with greater log heart-femoral PWV (β(se)=0.042(0.021), p=0.049). After adjusting for
C-reactive protein, this association was no longer significant (β(se)=0.035(0.021), p=0.10).
Circulating aldosterone may play an important role in vascular inflammation and aortic stiffening
in normotensive overweight and obese adults.
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INTRODUCTION
Arterial stiffness is now recognized as an important independent predictor of incident
coronary heart disease (1–3), stroke (1,3), and cardiovascular mortality (2–4). In addition to
aging and hemodynamic forces, the renin-angiotensin-aldosterone system (RAAS) has been
suggested to play an important role in arterial stiffening (5). Several pathophysiologic
processes affected by RAAS components, such as altered elastin and collagen, increased
inflammation, vascular smooth muscle cell hypertrophy, and fibrosis may underlie the
vascular damage that leads to arterial stiffening (5). Aldosterone may contribute to vascular
damage through its binding to mineralocorticoid receptors present in cells throughout the
vasculature (6). Studies in hypertensives have reported blood pressure (BP)-independent
associations between increased circulating aldosterone and reduced systemic arterial
compliance (7) and increased heart-femoral pulse wave velocity (PWV) (8), a measure of
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aortic stiffness. Individuals with primary aldosteronism have greater arterial stiffness than
either normotensives or hypertensives with normal aldosterone matched for BP and duration
of hypertension, a difference that appears to be due to the increased vascular fibrosis
associated with chronic aldosterone excess(9).

Recent reviews have highlighted the positive associations between aldosterone and body
mass index (BMI) (10), insulin resistance (10–13), and inflammation (6,14), known risk
factors for vascular changes related to early atherosclerosis in overweight and obese
individuals (15). Thus it follows that, in addition to increasing BP (16), aldosterone may
contribute to vascular damage in obese individuals by influencing insulin resistance and
inflammation. Although there has been much research on the cardiovascular effects of
aldosterone, little of this research has focused on normotensive individuals. One recent study
showed a positive association between aldosterone-to-renin ratio, a marker of inappropriate
aldosterone activity, and aortic PWV in healthy, normotensive young adults, but this study
neither reported an association between serum aldosterone and PWV nor accounted for
confounding or mediating factors (17). Furthermore, many studies of the relationship
between aldosterone and vascular remodeling have failed to include a measure of dietary salt
intake, an important determinant of aldosterone secretion. The aim of this study was to
investigate whether serum aldosterone is positively associated with arterial stiffness, as
measured by heart-femoral PWV (hfPWV), a measure of central aortic stiffness, brachial-
ankle PWV (baPWV), a mixed measure of central and peripheral arterial stiffness, and
femoral-ankle PWV (faPWV), a measure of peripheral arterial stiffness, in normotensive
overweight and obese adults. Additionally, we aimed to determine whether these
relationships could be explained by associations between higher circulating aldosterone and
greater inflammation or insulin resistance.

METHODS
Study Population

This was a cross-sectional analysis of baseline data from participants enrolled in the Slow
Adverse Vascular Effects (SAVE) clinical trial (NCT00366990), a single center randomized
controlled trial to assess the effects of weight loss, increased physical activity, and reduced
sodium intake on vascular health. Moderately overweight or obese (body mass index (BMI)
25–39.9 kg/m2) men and women (n=349) aged 20–45 years were recruited from Allegheny
County, Pennsylvania during April 2007– May 2009. Participants were required to be
physically inactive prior to the intervention, defined as exercising for <8 months during the
past 12 months and for an average of <3 hours per week. Participants were excluded if they:
1) had diabetes (hypoglycemic medication use or fasting glucose ≥ 126 mg/dl); 2) were
being treated for hypertension or had an average screening and baseline systolic blood
pressure (SBP) of ≥140 or a diastolic blood pressure (DBP) ≥ 90 mmHg; 3) were on
cholesterol lowering, anti-psychotic, vasoactive medications, or using vasoactive devices; 4)
were pregnant or breast feeding.

For the current analysis, those with a baseline measure of serum aldosterone and at least one
valid PWV measurement were included (n=344). All subjects signed informed consent, and
the study design was approved by the institutional review board of the University of
Pittsburgh (Pittsburgh, PA).

Design and Procedures
All participants provided self-reported demographic information and completed self- and
interviewer-administered questionnaires, anthropometric measurements, fasting blood draw,
24-hour urine collection, and vascular testing.
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Demographic and Physical Measures
Age, race, and smoking status were self-reported by questionnaire. For the current study,
race was re-coded as black vs. non-black and smoking status as current vs. previous/never.

Weight was measured in kilograms using a standard balance scale. Height was measured in
centimeters using a calibrated stadiometer. BMI was calculated as weight in kilograms
divided by height in meters squared. Waist circumference was measured in centimeters,
against the participant’s skin at the narrowest part of the torso between the ribs and the iliac
crest. BP was measured after participants sat quietly for 5 minutes with feet flat on the floor.
A standard protocol with a mercury sphygmomanometer was used, and average BP was the
average of the last 2 of 3 measurements taken 30 seconds apart.

Pulse Wave Velocity Measurement
Pulse wave velocity (PWV) measures were automatically generated using a noninvasive
automated waveform analyzer (VP2000, Omron Co., Komaki, Japan). This device provides
measures of carotid-femoral (cf), heart-femoral (hf), femoral-ankle (fa), and brachial-ankle
(ba) PWV. Aortic stiffness was assessed by hfPWV and cfPWV and peripheral arterial
stiffness by faPWV; baPWV served as a mixture of central and peripheral arterial stiffness.
Following ten minutes of rest in a supine position, the participant had occlusion and
monitoring cuffs placed around both arms and ankles. ECG electrodes were placed on both
wrists and a microphone was placed on the left edge of the sternum. Occlusion cuffs at the
brachial and tibial arteries were connected to a plethysmographic sensor that determined
volume pulse form and to an oscillometric pressure sensor that measured blood pressure.
The pulse volume waveforms were recorded using a semiconductor pressure sensor.
Sonographers palpated the right femoral artery and the right carotid artery and placed
handheld multiarray tonometers over these two pulse areas to obtain femoral and carotid
pulse waveforms simultaneously. PWV (cm/sec) was calculated as the path length between
arterial sites of interest divided by the time delay between the foot of the respective
waveforms. For cfPWV path length, the distance between the carotid and femoral sites was
measured over the surface of the body with a tape measure. The path lengths for hfPWV,
faPWV and baPWV were calculated using height-based formulas (18). The faPWV and
baPWV were calculated for the right and left sides and the average of both sides for each
measure was used for analyses. For all PWV measures, data were collected twice for each
participant, and the values were averaged. For this study, valid PWV measures were defined
as between 300 m/s and 2500 m/s. Intraclass correlation coefficients (ICCs) of 0.76
(cfPWV), 0.86 (hfPWV), 0.97 (baPWV), and 0.96 (faPWV) were achieved within
technicians. ICCs of 0.73 (cfPWV), 0.93 (hfPWV), 0.87(faPWV), and 0.91 (baPWV) were
achieved between technicians.

24-Hour Urine Collection
24-hour urine collections were performed no more than four weeks before the PWV testing.
Valid 24-hour urine collection was defined as a volume between 500 mL and 4000 mL, a
collection period of ≥22 hours and ≤26 hours, and a total creatinine within the expected
range (19). Because many urine collections did not meet this criteria (n=64), 24-hour urinary
sodium was indexed to urinary creatinine (Na/Cr), and this ratio served as a measure of
sodium intake. From April 13, 2007 to March 6, 2009, direct potentiometry was used to
measure sodium, and colorimetry was used to assess creatinine levels. After this date, an
indirect ion selective method was used for sodium and an alkaline picric kinetic method for
creatinine.

Cooper et al. Page 3

Clin Exp Hypertens. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Blood Assays
All blood assays were performed at the Heinz Laboratory at the University of Pittsburgh’s
Graduate School of Public Health. A blood specimen was obtained between 7 and 11:30 am
from upright participants after a fasting period of at least 9 hours.

Total cholesterol and high density lipoprotein (HDL) were determined using the enzymatic
method of Allain et al. (20). HDL was determined after selective precipitation by heparin/
manganese chloride and removal by centrifugation of very low density (VLDL) and low
density lipoprotein (LDL)(21). LDL was calculated indirectly using the Friedewald
equation. Triglycerides were assessed enzymatically using the procedure of Bucolo et al.
(22).

Serum glucose was quantitatively determined by an enzymatic determination using a
procedure similar to that described by Bondar and Mead (23). Insulin was measured using
an RIA procedure developed by Linco Research, Inc. (St. Charles, MO, USA). Insulin
resistance was estimated using the homeostasis model assessment of insulin resistance index
(HOMA-IR) derived from fasting insulin and glucose values (24). HOMA-IR (mmol/L ×
μU/ml) = fasting glucose (mmol/L) × fasting insulin (μU/ml)/22.5.

Serum aldosterone was measured using an enzyme-linked immunoassay developed by
Diagnostic Systems Laboratories, Inc. (Webster, TX, USA). Serum C-reactive protein
(CRP) was measured using an enzyme-linked immunoassay developed by Alpha Diagnostic
International, Inc. (San Antonio, TX, USA).

STATISTICAL METHODS
Descriptive statistics were performed to summarize study variables. Data were presented as
median/inter-quartile range (IQR) or mean (SD) for continuous variables, and frequency and
percentages for categorical variables. Covariates chosen for these analyses were factors of
interest known to be associated with serum aldosterone and/or arterial stiffness (age, sex,
race (black/non-black), mean arterial pressure (MAP), heart rate at the time of PWV
measurement, BMI, waist circumference, current smoking, HDL-C, LDL-C, triglycerides,
and Na/Cr). Each non-normally distributed variable was modeled as a continuous variable
with natural logarithm transformation for normalization of the distribution. Associations
between serum aldosterone and covariates and between each PWV measure (cfPWV,
hfPWV, baPWV, and faPWV) and covariates were tested using Pearson correlation
coefficients. In addition, associations between serum aldosterone and blood pressure were
evaluated using multiple linear regression with adjustment for age, race, sex, and waist
circumference, and associations between serum aldosterone and CRP, insulin, or HOMA-IR
were evaluated using multiple linear regression with adjustment for age, race, sex, waist
circumference, and MAP. Because hfPWV and cfPWV were highly correlated (r=0.82,
p<0.0001), showed similar relationships with serum aldosterone, and hfPWV showed lower
variability in our laboratory, only hfPWV was examined in further analyses. The first
multiple linear regression model for each PWV measure included age, sex, race, height,
MAP, heart rate, and waist circumference. Next, in order to include all important factors
associated with PWV, we used stepwise selection in which a conservative value of p<0.15
was used for inclusion in the final model. Potential covariates considered for entry into the
model were any factors correlated with serum aldosterone at p<0.3. The first order
interaction between aldosterone and each covariate was checked in each PWV model. In the
multivariable models, all continuous variables were centered to avoid multicollinearity.
Values of p<0.05 were considered statistically significant. Statistical analyses were
performed using the statistical package SAS (Statistical Analysis Software release 9.2, Cary,
NC, USA).
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RESULTS
The baseline characteristics of the study population are presented in Table 1. The average
age was 37.9 years. Seventy-seven percent of the sample was female and sixteen percent
was black. Five individuals were excluded from the analysis due to missing data on serum
aldosterone (n=1) or all PWV measures (n=4). Additional data for specific PWV measures
was missing due to poor quality waveforms, mainly due to the obesity of the participants
(hfPWV n=9; baPWV n=6; faPWV n=12). Of all variables examined, only HOMA-IR,
insulin, total cholesterol, triglycerides, and CRP were correlated with serum aldosterone
(Table 2). Serum aldosterone was not correlated with SBP, DBP, or MAP, but after
adjustment for age, sex, race, and waist circumference, aldosterone was significantly
associated with DBP (β(se)=1.95(0.96), p=0.04) and showed a trend towards a significant
association with MAP (β(se)=1.8(0.96), p=0.06). After adjustment for age, sex, race, waist
circumference, and MAP, aldosterone remained significantly associated with CRP
(β(se)=0.31(0.11), p=0.006), insulin (β(se)=0.17(0.05), p=0.001), and HOMA-IR
(β(se)=0.16(0.05), p=0.002). Aldosterone was lower in blacks than in non-blacks
(Median(IQR) 92.0 (77.1, 123.0) vs. 113 (81.5, 160), p=0.02) but was not significantly
different by sex. Aldosterone did not show a significant association with any PWV measure
in bivariate analysis (Table 2).

In multiple linear regression with adjustment for age, sex, race, height, MAP, heart rate, and
waist circumference, aldosterone was significantly associated with aortic PWV (hfPWV)
(Figure 1 and Table 3), but not with peripheral PWV (faPWV) (β(se) = 18.0(11.2), p=0.11)
or mixed central/peripheral PWV (baPWV) (β(se) = 20.5(13.3), p=0.12). Though adjusting
for any single covariate did not result in a significant association between aldosterone and
hfPWV, adjusting simultaneously for sex and race did make evident the association between
aldosterone and hfPWV. After stepwise selection of additional covariates, only CRP entered
the models for hfPWV and baPWV, whereas HOMA-IR and urinary Na/Cr entered the
model for faPWV (Table 3). The inclusion of CRP in the model for hfPWV removed the
significance of serum aldosterone in this model. No significant interactions were found in
any model and the associations between aldosterone and PWV were similar in overweight
and obese subgroups. Results were similar when BMI was included instead of waist
circumference in the multiple linear regression models.

DISCUSSION
In our community-based sample of normotensive overweight and obese young adults, we
observed a significant positive association between increasing serum aldosterone and
hfPWV that was independent of age, sex, race, height, MAP, heart rate, and waist
circumference. This association, however, was removed after adjustment for CRP, a marker
of vascular inflammation. To our knowledge, this is the first study to show 1) a positive
association between serum aldosterone and aortic stiffness in normotensive young adults
after adjustment for blood pressure and other CVD risk factors and 2) that the increased
inflammation associated with greater circulating aldosterone may explain this association.

Our finding of positive associations between serum aldosterone and hfPWV is consistent
with past studies, which have reported positive relationships between serum aldosterone and
aortic PWV in hypertensives (8) and between aldosterone-to-renin ratio and aortic PWV in
both normotensives and hypertensives (17,25). The studies that included normotensive
individuals, however, either did not adjust for other CVD risk factors that could confound
the relationship between aldosterone and PWV (17) or did not study young adults (25).
Though the association between serum aldosterone and aortic stiffness in our study was not
evident in simple correlation analysis, this appeared to be due to the significantly greater
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aortic stiffness but lower mean aldosterone level in blacks as compared to non-blacks as
well as the nonsignificantly greater aortic stiffness but lower mean aldosterone level in
males as compared to females. A racial difference in circulating aldosterone has been
previously shown, and may be explained by increased intrarenal RAAS activity rather than
systemic RAAS activity in normotensive blacks (26,27). However, the association between
aldosterone and aortic stiffness showed no significant interactions with sex or race,
suggesting that the relationship between serum aldosterone and arterial stiffening does not
differ by these factors.

Aortic stiffening involves vascular smooth muscle hypertrophy, inflammation, and collagen
accumulation, mechanisms which have been reported to be induced by aldosterone (6).
Individuals with primary aldosteronism show increased aortic PWV when compared to
essential hypertensives with similar BP levels, a finding that appears to be due to increased
vascular fibrosis resulting from accelerated collagen turnover (9). In addition,
mineralocorticoid receptor antagonists reduce aortic stiffness in patients with hypertension
(28) or chronic kidney disease (29), and the reduction is at least partially BP-independent. In
both animal and humans studies, aldosterone has been shown to contribute to vascular
inflammation, a function that appears to be related to increased NF-κB activation and
dependent on the presence of a high sodium diet (6,30). CRP, a marker of vascular
inflammation, has been associated with increased aortic stiffness in healthy adults (31,32)
and has been shown to act synergistically with aldosterone to increase the mechanical
stiffness of endothelial cells (33), thereby increasing intravascular volume and vascular
resistance. Vascular inflammation leads to increased production of collagen, degradation of
the extracellular matrix, and eventually fibrosis (34). Thus, it is plausible that in overweight
and obese young adults, in whom both CRP (35) and aldosterone (10) are elevated,
aldosterone’s influence on aortic stiffening could be mediated by inflammation.

Our finding of a significant association between increasing serum aldosterone and increasing
HOMA-IR is also in agreement with reports linking increased aldosterone to increased
insulin resistance (11,12,36,37), an established risk factor for vascular changes related to
atherosclerosis in overweight and obese individuals (15,38). It has been shown that
aldosterone can induce insulin resistance by directly effecting sodium-glucose transport,
fibrosis in insulin-sensitive and insulin-producing tissues, and pancreatic β-cell structure and
function (39–41). In our study, however, insulin resistance as measured by HOMA-IR did
not appear to explain the relationship between serum aldosterone and aortic stiffness.

This study did not find an association between aldosterone and peripheral arterial stiffening,
suggesting a greater influence of aldosterone on central arterial stiffening. Given the
mechanisms by which aldosterone induces vascular stiffness as well as the greater density of
mineralocorticoid receptors in the aorta than in the peripheral arteries (42), this finding is not
surprising and is in fact in agreement with a previous study of hypertensives (8). It is
important to note that our 24-hour urinary sodium data indicated that over 93% (262/281) of
the study population with valid urine collections consumed more than the 2300 mg sodium/
day (100 meq/day) recommended for young non-black adults in the U.S. Dietary Guidelines.
Because high circulating aldosterone has been shown to induce greater vascular damage
when combined with high sodium intake (43), it is possible that aldosterone’s effect on
arterial stiffening was magnified by the high salt intake of the study sample, which was
reflective of that of the general US population.

There are several limitations of this study. First, this was a cross-sectional study, so we
could not prove the causality of the detected relationships. Second, because of the
complexities of collecting 24-hour urine, only 82% of subjects had urine collections that
were considered valid. However, we did not find a significant correlation between serum
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aldosterone and either urinary sodium excretion or urinary Na/Cr, perhaps because of the
high variability of both measurements. A measure of 24-hour aldosterone excretion might
have more accurately reflected chronic intravascular aldosterone exposure than a serum
measurement and may have in fact been correlated with urinary sodium excretion. Another
limitation is the lack of data on other measures of RAAS activity, such as plasma renin
activity or serum angiotensin II, the latter of which has been shown to act synergistically
with aldosterone to cause vascular inflammation (34). In addition, we had an insufficient
number of blacks (n=56) and males (n=78) in this sample to stratify our results by race or
sex. A notable strength of this study is that all participants were normotensive and not on
hypertensive or vasoactive medications, which enabled us to evaluate the relationships
between serum aldosterone and PWV independent of any treatment effects. In addition,
because this study included 24-hour urine collections, we were able to evaluate the
relationships between aldosterone and arterial stiffness independent of urinary Na/Cr, an
approximate measure of dietary sodium intake.

In conclusion, our findings support an association between higher serum aldosterone and
greater aortic stiffness in normotensive young overweight and obese adults. However, the
association between aldosterone and aortic stiffness is at least partially explained by
vascular inflammation. Our results suggest an important role for aldosterone in aortic
stiffening, even in normotensive individuals. In light of results from randomized controlled
trials of aldosterone antagonists, which have shown BP-independent reductions in arterial
stiffness in patients with hypertension (28,44), future studies should investigate whether
aldosterone blockade prevents CVD in at risk overweight and obese adults.
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Figure 1.
Association between log heart-femoral pulse wave velocity (hfPWV) in cm/s and log
aldosterone in pg/mL when adjusted for age, sex, race (black/non-black), height, heart rate,
waist circumference, and mean arterial pressure.
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Table 1

Characteristics of Study Participants (n=344)

Characteristic Mean (SD)/Median (IQR)

Age (years) 37.9 (6.1)

Women (n, %) 266 (77.3)

Race (n, %)

 Non-Black 288 (83.7)

 Black 56 (16.3)

Current Smoker (n, %) 32 (9.3)

Weight (kg) 92.2 (14.9)

BMI (kg/m2) 32.9 (3.9)

Waist Circumference (cm) 100.5 (11.3)

SBP (mmHg) 113.4 (10.4)

DBP (mmHg) 72.9 (8.7)

Heart Rate (beats/min) 64.0 (9.1)

Glucose (mg/dL) 97.6 (7.9)

Insulin (μU/mL) 12.5 (9.6, 17.3)

HOMA-IR (mmol/L × μU/mL) 3.0 (2.2, 4.3)

CRP (mg/L) 2.6 (1.3, 5.6)

LDL-C (mg/dL) 123.1 (33.3)

HDL-C (mg/dL) 52.8 (13.5)

Triglycerides (mg/dL) 115 (78, 169)

Total Cholesterol (mg/dL) 202.6 (37.5)

Aldosterone (pg/mL) 106.5 (79.9, 155.5)

24-hour Urinary Sodium (mEq/day) 185.9 (69.6)

24-hour Urinary Na/Cr (mEq/mg) 0.11 (0.09, 0.15)

Carotid-Femoral PWV (cm/s) 819.3 (710.5, 952)

Heart-Femoral PWV (cm/s) 782.5 (711.5, 880)

Brachial-Ankle PWV (cm/s) 1207.1 (132.2)

Femoral-Ankle PWV (cm/s) 946.9 (103.8)

Results are mean (SD) or median (IQR). SBP=systolic blood pressure, DBP=diastolic blood pressure, LDL-C=low density lipoprotein cholesterol,
HDL-C=high density lipoprotein cholesterol, HOMA-IR= homeostasis model assessment of insulin resistance, CRP=C-reactive protein,
PWV=pulse wave velocity. CRP, N=341; Triglycerides, N=343; 24-hour Urinary Sodium, N=281; 24-hour Urinary Sodium/Creatinine (Na/Cr),
N=341; Carotid-Femoral PWV, N=328; Heart-Femoral PWV, N=335; Brachial-Ankle PWV, N=338; Femoral-Ankle PWV, N=322
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Table 2

Pearson Correlations between Aldosterone and Other Factors

Variable Correlation Coefficient p

Age −0.05 0.34

Female Sex 0.10 0.07

Black Race −0.12 0.03

Current Smoker 0.03 0.57

BMI −0.02 0.77

Waist Circumference −0.04 0.45

MAP 0.06 0.26

Glucose −0.04 0.44

Insulin* 0.16 0.003

HOMA-IR* 0.15 0.006

Total Cholesterol 0.13 0.02

LDL-C 0.05 0.38

HDL-C 0.05 0.36

Triglycerides* 0.21 <0.0001

CRP* 0.15 0.007

24-hour Urinary Sodium −0.009 0.89

24-hour Urinary Na/Cr* 0.06 0.28

hfPWV* 0.07 0.21

baPWV* 0.04 0.51

faPWV* 0.06 0.26

*
Aldosterone and these variables were log transformed. MAP=mean arterial pressure, LDL-C=low density lipoprotein cholesterol, HDL-C=high

density lipoprotein cholesterol, HOMA-IR= homeostasis model assessment of insulin resistance, CRP=C-reactive protein, Na/Cr= sodium/
creatinine ratio, hfPWV=Heart-femoral pulse wave velocity, baPWV=Brachial-ankle pulse wave velocity, faPWV=Femoral-ankle pulse wave
velocity. CRP, N=341; Triglycerides, N=343; 24-hour Urinary Sodium, N=281; 24-hour Urinary Sodium/Creatinine (Na/Cr), N=341; Heart-
femoral PWV, N=335; Brachial-ankle PWV, N=338; Femoral-ankle PWV, N=322
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