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Abstract—Heart failure with normal ejection fraction occurs in elderly patients with hypertensive heart disease. We
hypothesized that, in such patients, mineralocorticoid receptor activation accelerates the types of ventricular and
vascular remodeling and dysfunction believed important in the transition to heart failure. We tested this hypothesis by
administering deoxycorticosterone acetate (DOCA) without salt loading or nephrectomy to elderly dogs with
experimental hypertension. Elderly dogs were made hypertensive by renal wrapping. After 5 weeks, dogs were
randomly assigned to DOCA (1 mg/kg per day IM; old hypertensive [OH]⫹DOCA; n⫽11) or not (OH; n⫽11) for 3
weeks. At week 8, conscious echocardiography and hemodynamic assessment under anesthesia were performed. DOCA
resulted in further increases in conscious blood pressure (P⬍0.05) without increases in cardiac output or diastolic
volume. In the conscious state, effective arterial elastance (P⬍0.05) and systemic vascular resistance (P⫽0.06) were
increased, and systemic arterial compliance (P⬍0.05) was decreased in OH⫹DOCA animals. After anesthesia,
instrumentation, and autonomic blockade, blood pressure was lower, whereas left ventricular (LV) systolic elastance,
LV diastolic stiffness, and ex vivo myofiber diastolic stiffness were increased in OH⫹DOCA animals. LV collagen was
increased in OH⫹DOCA animals (P⬍0.05 for all), but LV mass, LV brain natriuretic peptide, and titin isoform profiles
were not. Neither aortic stiffness nor aortic structure was altered in OH⫹DOCA animals. These findings suggest that
age and hypertensive heart disease enhance sensitivity to exogenous mineralocorticoid administration and that
mineralocorticoid receptor activation could contribute to the transition to heart failure in elderly persons by promoting
increases in LV diastolic and systolic stiffness. (Hypertension. 2008;51:289-295.)
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eart failure (HF) with normal ejection fraction (HFnlEF)
comprises nearly half of the cases of HF and poses a
substantial public health problem.1 Advanced age and systemic hypertension are the dominant risk factors for HFnlEF.
The presence of neurohumoral activation in HFnlEF and its
role in mediating the transition from hypertensive heart
disease (HHD) to HFnlEF has not been well studied. Mineralocorticoid (MC) receptor (MR) antagonism has been repeatedly demonstrated to reduce cardiac hypertrophy and
fibrosis in experimental and human hypertension.2,3 However, in young normal animals, the hypertensive and cardiac
remodeling effects of experimental MC excess are dependent
on concomitant salt loading (and unilateral nephrectomy).2,4
The mechanisms whereby salt loading exacerbates the effects
of exogenous MC administration on the heart and vasculature
are unclear, and other factors present in HHD,5 vascular
disease,6 or HF7 may also sensitize the cardiovascular system
to the adverse effects of exogenous MC excess. Indeed, a
recent study showed that aldosterone levels correlate potently

with mortality in HF regardless of the level of systolic
function.8 We hypothesized that, in the presence of advanced
age and pre-existing HHD, exogenous MC excess (in the
absence of salt loading or nephrectomy) accelerates the types
of ventricular and vascular remodeling and dysfunction believed important in the transition of HHD to HFnlEF. We
tested this hypothesis by administering an MR agonist (deoxycorticosterone acetate [DOCA]) without an enhanced
sodium diet to elderly dogs with experimental hypertension
and stable HHD and assessed its effect on ventricular and
vascular structure and function.

Methods
This study was approved by the Mayo Institutional Animal Care and
Use Committee, and euthanasia was performed in accordance with
guidelines set forth by the panel on euthanasia of the American
Veterinary Medical Association. Please see http://hyper.ahajournals.
org for supplemental material detailing the description of methods.
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Experimental Design
Old mongrel dogs (n⫽22; age 8 to 12 years) underwent bilateral
renal wrapping to induce chronic hypertension (old hypertensive
[OH]), as described previously.9 A central aortic pressure catheter
was inserted for weekly measurement of blood pressure (BP).
Hypertension was allowed to fully develop over 5 weeks. Then, dogs
were randomly assigned to receive DOCA (1 mg/kg IM once daily)
for the final 3 weeks (OH⫹DOCA; n⫽11) or continued observation
(OH; n⫽11). At the end of week 8, dogs underwent conscious
echocardiography, acute hemodynamic study, and tissue harvest. All
of the dogs were fed standard dry dog chow containing 0.42%
sodium.

Conscious Studies
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Two-dimensional guided M-mode echocardiography along with BP
measurement was performed to assess left ventricular (LV) enddiastolic and LV end-systolic volumes (Teichholz formula), stroke
volume, cardiac output, and ejection fraction. Effective arterial
elastance (0.9*systolic BP/stroke volume), systemic vascular resistance (mean BP/CO), and systemic arterial compliance (stroke
volume/pulse pressure) were calculated.

Acute Hemodynamic Study
Dogs were anesthetized with fentanyl (0.25 mg/kg bolus followed by
0.18 mg/kg per hour) and midazolam (0.75 mg/kg bolus followed by
0.59 mg/kg per hour), given autonomic blockade, and instrumented
with LV and aortic micromanometer catheters, piezoelectric crystals
for LV volume, an aortic flow probe, an atrial pacemaker, and a
caval occluder. Data were collected at baseline (BL), after volume
expansion (VE) with dextran (250 mL over 15 minutes), and during
phenylephrine infusion (PE) to increase peripheral resistance.
Acute IVC occlusion was used to define the end-systolic pressure
(ESP) volume relationship [ESP⫽Ees(ESP volume⫺V0)] and the enddiastolic pressure volume relationship [end-diastolic pressure⫽␣e(␤*EDV)],
where ␤ represents the diastolic stiffness coefficient and ␣, the curve
fitting constant. To account for nonlinear covariance of ␣ and ␤,
end-diastolic volume (EDV) at a common end-diastolic pressure of
20 mm Hg was calculated {EDV20⫽[ln(20/␣)]/␤}, where a lower
EDV20 reflects increased diastolic stiffness.10 –12
Effective arterial elastance (Ea) and systemic vascular resistance
(SVR) were calculated from invasive data. The aortic stiffness index
(␤aorta) is independent of distending pressure and is calculated as
␤aorta⫽[Dd ln (Ps/Pd)]/(Ds⫺Dd) where Dd and Ds are the diastolic
and systolic aortic diameter and Ps and Pd are aortic systolic and
diastolic pressure, respectively.13 The characteristic aortic impedance (Zo) was calculated from the mean of impedance moduli from
2 to 5 Hz.13 Systemic arterial compliance (SAC) was calculated by
the method of Liu et al.14

Neurohumoral Analysis
Blood samples were collected before renal wrap and at week 8.
Procollagen III, angiotensin II, aldosterone, creatinine, brain natriuretic peptide, and transforming growth factor-␤1 content were
measured in plasma or tissue.

Histological Analysis
Tissue was stained with picros-sirius red to assess collagen volume
fraction and aortic Verhoeff’s Van Gieson stain for elastin density by
quantitative histomorphometry (Zeiss Vision). Aortic wall thickness
was averaged from 5 measurements.

Total Collagen Content and Cross-Linking
Total collagen and collagen solubility were measured by the hydroxyproline assay in the left ventricle and aorta.

Titin Isoform Composition and Myofiber Stiffness
The abundance of the more compliant N2BA isoform as a percentage
of total titin was measured by gel electrophoresis.15 Passive tension
from isolated, skinned myofiber bundles from 3 dogs in each group

Figure 1. Conscious BP measurements. Systolic BP was elevated at 1 week postrenal wrapping with progressive increases
in diastolic BP over 5 weeks. In OH dogs, BP remained stable
over weeks 6 to 8, whereas both systolic and diastolic BPs
increased significantly in OH⫹DOCA dogs during the 3-week
DOCA administration.

was also determined, where the means of 3 to 5 individual fiber
measurements from each dog were averaged.15

Statistics
Data are expressed as mean⫾SD. Continuous variables were compared by a paired or unpaired (as appropriate), 2-sided Student’s
t test with an ␣ of 0.05. Data with a skewed distribution were
subjected to log transformation before analysis. Multiple linear
regression was used to model the relationship between parameters
and multiple covariables. The relationship between tension (normalized to fiber area) and sarcomere length was modeled as a polynomial regression and differences between groups compared by
ANOVA as described previously.15

Results
Conscious Assessment
Systolic and diastolic BPs were similarly elevated in both
groups before the initiation of DOCA (Figure 1). Systolic and
diastolic BPs increased during the 3 weeks of DOCA treatment in OH⫹DOCA animals but remained stable over this
time period in the OH dogs. Pulse pressure was similar
between groups. Effective arterial elastance and SVRECHO
tended to be higher, whereas systemic arterial compliance
was lower in OH⫹DOCA animals (Figure 2A through 2C).
The cardiac output, LV end-diastolic volume, and ejection
fraction were similar between groups (Figure 2D through 2F).

Biomarkers
During the 8 weeks, the rise in brain natriuretic peptide
concentration and procollagen III, a marker of collagen
synthesis, was greater in OH⫹DOCA dogs (Table 1). Angiotensin II fell sharply in OH⫹DOCA dogs, consistent with
DOCA’s negative feedback on angiotensin II production.
Aldosterone levels were undetectable (⬍2.5 pg/mL) in all but
3 of the dogs before wrapping and in all but 2 of the dogs at
8 weeks after wrapping. Creatinine was unchanged from BL
in both groups.

Anesthetized Study
LV Systolic Function
Although OH⫹DOCA animals had higher BP and similar
EDV during conscious studies, after anesthesia, surgical
instrumentation, and autonomic blockade, LV systolic pressure and EDV were lower at BL, during VE and PE, and
overall (Figure 3A and 3B). End-systolic elastance (Ees) was
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Figure 2. Conscious assessment of LV and vascular function. Effective arterial elastance (EaECHO; A) was and systemic vascular resistance (SVRECHO; B) tended to be (P⫽0.06) higher, whereas systemic arterial compliance (SACECHO; C) was lower in OH⫹DOCA dogs.
Cardiac output (COECHO; D), LV end-diastolic volume (EDVECHO; E), and ejection fraction (EFECHO; F) were similar between groups.

increased in OH⫹DOCA dogs at BL, during VE and PE
infusion, and overall (Figure 3C).

LV Diastolic Function

The diastolic stiffness coefficient (␤) was increased in
OH⫹DOCA dogs at BL and overall (Figure 4A). During VE
and PE infusion, there were concomitant and variable
changes in ␤ and the curve-fitting constant ␣ (Figure 4B).
Over all of the experimental periods, ␣ and ␤ were inversely
and nonlinearly related (Figure 4C), and EDV20, which
accounts for this covariance, was lower in OH⫹DOCA
animals at all of the time periods, reflecting the upward and
leftward shifts of the end-diastolic pressure volume relationship in OH⫹DOCA dogs (Figure 4D). Consistent with in
vivo measurements, myofibers isolated from OH⫹DOCA
dogs displayed increased passive stiffness as compared with
those isolated from OH dogs (Figure 5A). Consistent with the
concept of time-varying elastance, LV diastolic stiffness
increased (lower EDV20) with increases in LV systolic stiffness (r⫽⫺0.82; P⬍0.0001), but EDV20 was lower (greater
diastolic stiffness) in OH⫹DOCA animals (P⫽0.008) when
adjusting for systolic stiffness (P⬍0.0001; model r2⫽0.79).
Table 1. Biomarkers Before and 8 Weeks After Renal
Wrapping
OH
Biomarker

OH⫹DOCA

Baseline

Week 8

Baseline

Week 8

Procollagen III,
pg/mL

19.3⫾6.3

19.3⫾5.2

13.4⫾3.7

20.1⫾4.0*

Log angiotensin II,
pg/mL

0.38⫾0.41

0.63⫾0.67

0.67⫾0.40

0.19⫾0.30*

Log BNP, pg/mL

0.83⫾0.18

1.0⫾0.35

0.74⫾0.09

Creatinine, mg/dL

0.75⫾0.20

0.80⫾0.24

0.69⫾0.15

LV Structure
LV hypertrophy as assessed by LV mass/body weight and LV
brain natriuretic peptide concentrations was similar between
groups (Table 2). Total LV collagen, quantified by histomorphometry and absorbance spectroscopy, was increased in
OH⫹DOCA dogs, but LV collagen solubility was similar
between groups. The correlation between diastolic stiffness
measures and LV collagen content was not strong (r⫽0.45;
P⫽0.045 for collagen volume fraction versus EDV20). There
was no difference in the LV transforming growth factor-␤1
concentration on ELISA or Western blot assays. The relative
abundance of the more compliant N2BA titin isoform was
also similar between the groups (Figure 5B and 5C).

Vascular Function
Because vascular properties vary with distending pressure,
they were assessed over the range of conditions present at BL
and with VE and PE infusion. Overall, mean arterial pressure
and SV were lower in OH⫹DOCA dogs (Figure 6A and 6B),
whereas heart rate (Figure 6C) was similar. Thus, Ea and
SVR were similar in the 2 groups (Figure 6D and 6E).
Diastolic and systolic aortic dimensions increased with distending (mean arterial) pressure (P⬍0.0001) and, after adjusting for distending pressure and body size, were similar
between groups (P⫽0.35). Both Zo and the aortic stiffness
coefficient ␤ were similar between groups (Figure 6F and
6G). In contrast to conditions observed in the conscious state,
SAC was increased in OH⫹DOCA animals after autonomic
blockade (Figure 6H). Overall, systemic arterial compliance
was inversely related to SVR (r⫽⫺0.67; P⬍0.0001).

Ventricular-Arterial Coupling

*P⬍0.05 vs baseline.
†P⬍0.05 vs OH.

1.2⫾0.38*†
0.76⫾0.18

The systolic ventricular-arterial coupling ratio (Ees/Ea) was
increased in OH⫹DOCA versus OH dogs (1.6⫾1.9 versus
0.7⫾0.3; P⫽0.01), reflecting the chronic increases in LV
elastance and the reduced arterial load in the anesthetized,
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Figure 3. Invasive assessment of LV systolic function. After anesthesia, instrumentation, and autonomic blockade, LV peak pressure (A)
and EDV (B) were lower in OH⫹DOCA (dark bars) dogs at BL, after VE or PE, and overall (All). Ees (C) was higher in OH⫹DOCA dogs
at all of the experimental periods.
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autonomic blocked state. The LV ESP measured during the
steady-state recordings was related (model r2⫽0.86;
P⬍0.0001) to preload (EDV; P⬍0.0001), contractility assessed at each corresponding experimental period (log Ees;
P⬍0.0001) and V0 (P⬍0.0001), and vascular properties
(SVR [P⬍0.0001], characteristic aortic impedance
[P⫽0.045], and SAC [P⫽0.047]). There was no difference in
ESP between groups when adjusting for the ventricular and
vascular properties (P⫽0.49).

Aortic Structure
Ex vivo aortic wall thickness was similar between groups
(Table 2). There was no difference in aortic elastin density,
total collagen content (by quantitative histomorphometry or
hydroxyproline assay), or collagen solubility in OH⫹DOCA
versus OH dogs.

Discussion
In these elderly canines with pre-existing age- and
hypertension-related vascular and ventricular remodeling and
dysfunction,9,10 DOCA increased BP without salt loading or
nephrectomy. Neither aortic structure nor load-independent
vascular stiffness measures were further altered in OH⫹

Figure 4. Invasive assessment of LV diastolic function. The diastolic stiffness coefficient (␤) was increased in OH⫹DOCA dogs
at BL and overall (All; A). During VE and PE infusion, there were
concomitant and variable changes in ␤ and the curve-fitting
constant ␣ (B). Over all of the experimental periods, ␣ and ␤
were inversely and nonlinearly related (C). The end-diastolic volume at a common end-diastolic pressure (D; EDV20) was lower
(increased stiffness) in OH⫹DOCA dogs.

DOCA animals, suggesting that the DOCA-induced worsening of hypertension was mediated by increases in resistance
and reduction in SAC. In contrast, both systolic and diastolic
LV stiffness and passive LV myofiber stiffness were increased in association with increased LV fibrosis but not
increased hypertrophy or titin isoform changes. The OH⫹
DOCA dogs were more sensitive to autonomic blockade and
the preload reducing effect of anesthesia with a more profound reduction in BP.
Age-associated changes in cardiac and vascular structure
and function alter the substrate on which cardiovascular
disease is superimposed and modify the threshold at which a
specific perturbation may produce biologically or clinically
important manifestations.16 Thus, we sought to examine the
impact of experimental MC excess on cardiovascular structure and function against the background of advanced age and
HHD and without increases in dietary sodium intake. Aldosterone is a sodium-retaining and potassium- and magnesiumwasting hormone that modulates electrolyte homeostasis in
epithelial cells. Levels of aldosterone (relative to renin)
increase with age, are higher in women, and are associated
with BP and the incidence of hypertension.17 Aldosterone
levels are associated with poor outcomes in HF.8 However, its
cardiac and vascular effects are complex and somewhat

Figure 5. Myofiber stiffness and titin isoforms. A, Passive myofiber stiffness was increased in OH⫹DOCA animals as compared
with OH dogs. Individual dog data shown in dotted lines with
average shown in solid lines. B, The percentage of more compliant N2BA isoforms was similar between groups. C, Titin isoforms are depicted in a representative 2% SDS-polyacrylamide
gel electrophoresis.
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Table 2.

LV and Aortic Pathology

Variable

OH

OH⫹DOCA

5.6⫾0.3

5.8⫾0.3

P

LV pathology
LV mass/body weight, mg/kg

0.7

Log LV BNP, pg/mg of protein

4.0⫾4.6

5.7⫾5.5

0.5

Total collagen, g/mg of tissue
weight

2.6⫾0.5

3.1⫾0.6

0.0005
0.043

Collagen volume fraction, %

4.1⫾2.0

7.2⫾2.0

52.4⫾2.9

52.7⫾6.5

0.6

2.4⫾0.3

2.3⫾0.5

0.8

0.46⫾0.15

0.50⫾0.20

0.7

Aortic wall thickness, m

1695⫾318

1588⫾240

0.4

Elastin volume fraction, %

42.5⫾7.8

45.8⫾10.2

0.4

Total collagen, g/mg of tissue
weight

68.2⫾19.3

64.1⫾17.0

0.6

Insoluble collagen, %
TGF-␤1, ELISA, pg/mg of protein
TGF-␤1, Western blot, %
Aortic pathology
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Collagen volume fraction, %

23.3⫾4.7

26.7⫾7.4

0.2

Insoluble collagen, %

11.4⫾6.5

15.7⫾5.3

0.09

TGF-␤1 indicates transforming growth factor-␤1; BNP, brain natriuretic
peptide.

controversial. Complexity stems from the realization that
aldosterone, like other steroids, possesses rapid, “nongenomic” effects, some of which may be not mediated by
MR.18 Further complexity stems from the interaction of
aldosterone, glucocorticoids, and the MR in cells where
11␤-hydroxysteroid dehydrogenase type 2 is present (renal
epithelial cells and vascular smooth muscle cells) and in
nonepithelial tissues (such as cardiomyocytes and cardiac
fibroblasts) lacking 11␤-hydroxysteroid dehydrogenase type
2. The 11␤-hydroxysteroid dehydrogenase type 2 allows
aldosterone access to the MR by converting cortisol (which
binds MR) to cortisone (less affinity for MR). However,
relative circulating levels may still favor cortisol MR occupancy, even in epithelial cells, and 11␤-hydroxysteroid de-
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hydrogenase type 2 may also serve to suppress activation of
cortisol-occupied MR in epithelial cells.2,4
In young normal animals, experimental MC administration
does not result in hypertension or cardiac remodeling unless
administered in the presence of salt loading (and unilateral
nephrectomy). The mechanisms mediating the salt-MC-renal
dysfunction interaction observed in the DOCA-salt model are
not entirely clear. Funder and others2,4,18 have convincingly
argued that the effects of experimental MC excess may be
mediated by a proinflammatory effect of MC salt and
associated increases in oxidative stress, which activate
glucocorticoid-bound vascular or cardiac MR through redox
changes, rather than by a direct effect of MC binding to the
MR. Furthermore, oxidative stress may result in MR activation even in the absence of exogenous MC administration.2,4,18 Weber and colleagues19,20 have provided extensive
evidence that MC excess and activation of epithelial cell MR
leads to loss of divalent cations (Ca⫹⫹ and Mg⫹⫹), secondary
hyperparathyroidism, and parathyroid hormone–mediated intracellular Ca⫹⫹ loading, a potent mediator of oxidative
stress. This paradigm may also provide insight into the
interaction between salt loading and MC effects, because
increased sodium intake exacerbates Ca⫹⫹ losses in the distal
tubule.21,22 The course of cardiovascular remodeling and
dysfunction associated with elevated MC inappropriate for
salt intake is accelerated by uninephrectomy, and the unique
renal injury associated with renal wrapping23 may serve a
similar permissive role here. We speculate that renal dysfunction may uniquely contribute to the substrate needed for MR
activation. Renal dysfunction is potently associated with
progression of cardiovascular disease to HF,24,25 and sensitization of the cardiovascular system to the effects of MC or
MR activation without MC excess may contribute to this
well-recognized cardiorenal interaction in HHD and HF. Of
note, we did not find evidence of increased transforming
growth factor-␤ in the hearts of OH⫹DOCA dogs, although
this mediator of fibrosis was only measured at 1 time point,

Figure 6. Invasive assessment of vascular function. After anesthesia, instrumentation, and autonomic blockade, the LV ESP, mean arterial pressure (MAP; A), and stroke volume (SV; B) were lower in the OH⫹DOCA dogs. Heart rate (HR; C), Ea (D), characteristic aortic
impedance (Z0; E), and aortic stiffness index (␤aorta, F) were similar between groups. SAC (F) was higher in OH⫹DOCA dogs.
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and serial assessment may have provided more insight into
the signaling associated with DOCA effects.26,27
The vascular effects of MC in this model deserve comment. After 3 weeks of DOCA, there was increased vascular
tone in the conscious state. The enhanced sensitivity to
autonomic blockade and the preload-reducing effects of
anesthesia observed during the anesthetized state may reflect
the baroreceptor desensitization described previously with
DOCA,28 as well as the increased LV systolic and diastolic
stiffness, both of which enhance sensitivity to volume
changes,29,30 such as can occur with anesthesia and surgical
instrumentation. Increases in aortic fibrosis or stiffness were
not observed. Jones and colleagues31,32 described very early
alterations in vascular smooth muscle ion flux, aortic smooth
muscle cell hypertrophy, and enhanced sensitivity to circulating vasoconstrictors, which may contribute to altered
vascular function with MC excess independent from any
alterations in aortic collagen. Lacolley et al33 found that, in
elderly normotensive rats, MR antagonists did not alter aortic
structure but did modestly effect carotid fibrosis. Smaller
arteries, which contain more vascular smooth muscle, may be
more sensitive to the effects of MC. Sun et al34 reported that
the increases in vascular collagen with MC excess are
predominately adventitial (perivascular). However, we could
not assess perivascular fibrosis in coronary arteries as is
possible in rodents with prominent intramyocardial coronary
arteries. In this elderly hypertensive model, there is elastin
degradation, increased collagen, and decreased collagen solubility in the aorta,10 and these pre-existing age- and
hypertension-related changes may modify the large artery
response to MC excess.
The finding of increased LV diastolic and passive LV
myofiber stiffness may be related to the observed increases in
the extracellular matrix. The techniques used to isolate
myofibers do not remove collagen fibers, and, thus, the
observed changes in passive myofiber stiffness cannot discriminate between changes in intrinsic myocyte stiffness
versus extracellular matrix changes. However, titin isoform
composition remained unaltered in DOCA-administered OH
hearts, and because myofibrillar passive stiffness depends on
titin isoform expression,35 it is unlikely that alterations in
sarcomeric passive stiffness account for the increased passive
myofiber stiffness. Whether other cytoskeletal structures
contribute to the DOCA-induced stiffening could be interesting to test in future studies on isolated myocytes, because the
degree of myocardial fibrosis associated with DOCA administration, although highly significant, was not dramatic
(⬇25% by the hydroxyproline assay and ⬇75% by histomorphometry). The relatively weak correlation between fibrosis
and diastolic stiffness measures may suggest that intrinsic
cardiomyocyte changes36 contribute to the observed changes
in LV diastolic function.
The increased systolic stiffness in OH⫹DOCA dogs reflects chronic coupling of LV systolic function to the enhanced arterial load associated with DOCA administration.
Of note, this enhanced systolic performance occurred in the
absence of detectable increases in LV mass or LV brain
natriuretic peptide concentrations (a reliable measure of cardiomyocyte hypertrophy), as has been observed in humans.30,37

Although the acute effects of anesthesia and autonomic
blockade reduced arterial load, the increases in Ees were still
apparent, and, thus, under these experimental conditions,
there was an increase in the coupling ratio (Ees/Ea), which
would likely not have been observed in the conscious,
nonblocked state. Although chronic coupling of systolic
stiffness to arterial load preserves stroke work, increases in
systolic and diastolic stiffness increase sensitivity to changes
in volume and limit systolic reserve, effects that may contribute to BP lability and exercise intolerance common in
HFnlEF.29,38

Limitations
No assessment of sodium balance was performed, but the
conscious hemodynamics do not suggest ongoing volume
overload. Load-independent assessment of LV and vascular
function in the conscious state would have been preferable.
We did not assess MR density. However, neither cardiacspecific or systemic overexpression of MR in mouse models
leads to changes similar to those observed here.39,40

Perspectives
The emerging role of MR antagonism in the treatment of HF
and HHD has renewed interest in understanding the role of
MC and the MR in the pathophysiology of HF. The current
data suggest that MR activation may promote increased
systolic and diastolic stiffness and, thus, the transition from
HHD to HFnlEF in elderly persons. Whether therapy with
MR antagonists can improve outcomes in HFnlEF is currently being tested in a large clinical trial (Trial of Aldosterone Antagonist Therapy in Adults With Preserved Ejection
Fraction Congestive Heart Failure, www.clinicaltrials.gov).
Further studies are needed to clarify whether and how MR
activation occurs in HHD and HFnlEF and the mechanisms
underlying the unique cardiorenal-MC interaction in HHD.

Sources of Funding
This study was supported by the National Heart, Lung, and Blood
Institute (HL-63281, HL-76611, and HL-07111) and the German
Research Foundation (Li 690-7-1).

Disclosures
None.

References
1. Hogg K, Swedberg K, McMurray J. Heart failure with preserved left
ventricular systolic function; epidemiology, clinical characteristics, and
prognosis. J Am Coll Cardiol. 2004;43:317–327.
2. Connell JM, Davies E. The new biology of aldosterone. J Endocrinol.
2005;186:1–20.
3. Pitt B, Reichek N, Willenbrock R, Zannad F, Phillips RA, Roniker B,
Kleiman J, Krause S, Burns D, Williams GH. Effects of eplerenone,
enalapril, and eplerenone/enalapril in patients with essential hypertension
and left ventricular hypertrophy: the 4E-left ventricular hypertrophy
study. Circulation. 2003;108:1831–1838.
4. Funder JW. RALES, EPHESUS and redox. J Steroid Biochem Mol Biol.
2005;93:121–125.
5. Ohtani T, Ohta M, Yamamoto K, Mano T, Sakata Y, Nishio M, Takeda
Y, Yoshida J, Miwa T, Okamoto M, Masuyama T, Nonaka Y, Hori M.
Elevated cardiac tissue level of aldosterone and mineralocorticoid
receptor in diastolic heart failure: Beneficial effects of mineralocorticoid
receptor blocker. Am J Physiol Regul Integr Comp Physiol. 2007;292:
R946 –R954.

Shapiro et al

Downloaded from http://hyper.ahajournals.org/ by guest on January 18, 2018

6. Ward MR, Kanellakis P, Ramsey D, Funder J, Bobik A. Eplerenone
suppresses constrictive remodeling and collagen accumulation after
angioplasty in porcine coronary arteries. Circulation. 2001;104:467– 472.
7. Costello-Boerrigter LC, Boerrigter G, Harty GJ, Cataliotti A, Redfield
MM, Burnett JCJ. Mineralocorticoid escape by the kidney but not the
heart in experimental asymptomatic left ventricular dysfunction.
Hypertension. 2007;50:481– 488.
8. Guder G, Bauersachs J, Frantz S, Weismann D, Allolio B, Ertl G,
Angermann CE, Stork S. Complementary and incremental mortality
risk prediction by cortisol and aldosterone in chronic heart failure.
Circulation. 2007;115:1754 –1761.
9. Munagala VK, Hart CY, Burnett JC Jr, Meyer DM, Redfield MM.
Ventricular structure and function in aged dogs with renal hypertension:
a model of experimental diastolic heart failure. Circulation. 2005;111:
1128 –1135.
10. Shapiro BP, Lam CSP, Patel JB, Mohammed SF, Kruger M, Meyer DM,
Linke WA, Redfield MM. Acute and chronic ventricular-atrial coupling
in systole and diastole: Insight from an elderly hypertensive model.
Hypertension. 2007;50:503–511.
11. Burkhoff D, Mirsky I, Suga H. Assessment of systolic and diastolic
ventricular properties via pressure-volume analysis: a guide for clinical,
translational, and basic researchers. Am J Physiol Heart Circ Physiol.
2005;289:H501–H512.
12. Lam CS, Roger VL, Rodeheffer RJ, Bursi F, Borlaug BA, Ommen SR,
Kass DA, Redfield MM. Cardiac structure and ventricular-vascular
function in persons with heart failure and preserved ejection fraction from
Olmsted County, Minnesota. Circulation. 2007;115:1982–1990.
13. Nichols WW, O’Rourke M. McDonald’s Blood Flow in Arteries. 3rd ed.
Philadelphia, PA: Lea & Febiger; 1990.
14. Liu Z, Brin KP, Yin FC. Estimation of total arterial compliance: an
improved method and evaluation of current methods. Am J Physiol.
1986;251:H588 –H600.
15. Makarenko I, Opitz CA, Leake MC, Neagoe C, Kulke M, Gwathmey JK,
del Monte F, Hajjar RJ, Linke WA. Passive stiffness changes caused by
upregulation of compliant titin isoforms in human dilated cardiomyopathy hearts. Circ Res. 2004;95:708 –716.
16. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises: part I: aging arteries: a “set up” for
vascular disease. Circulation. 2003;107:139 –146.
17. Newton-Cheh C, Guo CY, Gona P, Larson MG, Benjamin EJ, Wang TJ,
Kathiresan S, O’Donnell CJ, Musone SL, Camargo AL, Drake JA, Levy
D, Hirschhorn JN, Vasan RS. Clinical and genetic correlates of aldosterone-to-renin ratio and relations to blood pressure in a community sample.
Hypertension. 2007;49:846 – 856.
18. Skott O, Uhrenholt TR, Schjerning J, Hansen PB, Rasmussen LE, Jensen
BL. Rapid actions of aldosterone in vascular health and disease–friend or
foe? Pharmacol Ther. 2006;111:495–507.
19. Vidal A, Sun Y, Bhattacharya SK, Ahokas RA, Gerling IC, Weber KT.
Calcium paradox of aldosteronism and the role of the parathyroid glands.
Am J Physiol Heart Circ Physiol. 2006;290:H286 –H294.
20. Ahokas RA, Sun Y, Bhattacharya SK, Gerling IC, Weber KT. Aldosteronism and a proinflammatory vascular phenotype: role of Mg2⫹, Ca2⫹,
and H2O2 in peripheral blood mononuclear cells. Circulation. 2005;111:
51–57.
21. Titze J, Rittweger J, Dietsch P, Krause H, Schwind KH, Engelke K, Lang
R, Kirsch KA, Luft FC, Hilgers KF. Hypertension, sodium retention,
calcium excretion and osteopenia in Dahl rats. J Hypertens. 2004;22:
803– 810.

Aldosterone and HFnlEF

295

22. Friedman PA. Codependence of renal calcium and sodium transport.
Annu Rev Physiol. 1998;60:179 –197.
23. Vanegas V, Ferrebuz A, Quiroz Y, Rodriguez-Iturbe B. Hypertension in
Page (cellophane-wrapped) kidney is due to interstitial nephritis. Kidney
Int. 2005;68:1161–1170.
24. Laskar SR, Dries DL. The prognostic significance of renal dysfunction in
patients with chronic systolic heart failure. Curr Cardiol Rep. 2003;5:
205–210.
25. Smith GL, Lichtman JH, Bracken MB, Shlipak MG, Phillips CO,
DiCapua P, Krumholz HM. Renal impairment and outcomes in heart
failure: systematic review and meta-analysis. J Am Coll Cardiol. 2006;
47:1987–1996.
26. Kuwahara F, Kai H, Tokuda K, Kai M, Takeshita A, Egashira K,
Imaizumi T. Transforming growth factor-beta function blocking prevents
myocardial fibrosis and diastolic dysfunction in pressure-overloaded rats.
Circulation. 2002;106:130 –135.
27. Villacorta H, Dillmann W. Cardiac hypertrophy-induced changes in
mRNA levels for TGF-B1, fibronectin, and collagen. Am J Physiol Heart
Circ Physiol. 1992;262:H1861–H1866.
28. Wang W, McClain JM, Zucker IH. Aldosterone reduces baroreceptor
discharge in the dog. Hypertension. 1992;19:270 –277.
29. Kass DA. Ventricular arterial stiffening: integrating the pathophysiology.
Hypertension. 2005;46:185–193.
30. Chen CH, Nakayama M, Nevo E, Fetics BJ, Maughan WL, Kass DA.
Coupled systolic-ventricular and vascular stiffening with age: implications for pressure regulation and cardiac reserve in the elderly. J Am
Coll Cardiol. 1998;32:1221–1227.
31. Garwitz ET, Jones AW. Altered arterial ion transport and its reversal in
aldosterone hypertensive rat. Am J Physiol. 1982;243:H927–H933.
32. Jones AW, Hart RG. Altered ion transport in aortic smooth muscle during
deoxycorticosterone acetate hypertension in the rat. Circ Res. 1975;37:
333–341.
33. Lacolley P, Safar ME, Lucet B, Ledudal K, Labat C, Benetos A. Prevention of aortic and cardiac fibrosis by spironolactone in old normotensive rats. J Am Coll Cardiol. 2001;37:662– 667.
34. Sun Y, Ramires FJ, Weber KT. Fibrosis of atria and great vessels in
response to angiotensin II or aldosterone infusion. Cardiovasc Res. 1997;
35:138 –147.
35. Neagoe C, Kulke M, del Monte F, Gwathmey JK, de Tombe PP, Hajjar
RJ, Linke WA. Titin isoform switch in ischemic human heart disease.
Circulation. 2002;106:1333–1341.
36. Bronzwaer JG, Paulus WJ. Matrix, cytoskeleton, or myofilaments: which
one to blame for diastolic left ventricular dysfunction? Prog Cardiovasc
Dis. 2005;47:276 –284.
37. Redfield MM, Jacobsen SJ, Borlaug BA, Rodeheffer RJ, Kass DA. Ageand gender-related ventricular-vascular stiffening: a community-based
study. Circulation. 2005;112:2254 –2262.
38. Frenneaux M, Williams L. Ventricular-arterial and ventricular-ventricular
interactions and their relevance to diastolic filling. Prog Cardiovasc Dis.
2007;49:252–262.
39. Ouvrard-Pascaud A, Sainte-Marie Y, Benitah JP, Perrier R, Soukaseum
C, Cat AN, Royer A, Le Quang K, Charpentier F, Demolombe S,
Mechta-Grigoriou F, Beggah AT, Maison-Blanche P, Oblin ME,
Delcayre C, Fishman GI, Farman N, Escoubet B, Jaisser F. Conditional
mineralocorticoid receptor expression in the heart leads to life-threatening
arrhythmias. Circulation. 2005;111:3025–3033.
40. Le Menuet D, Isnard R, Bichara M, Viengchareun S, Muffat-Joly M,
Walker F, Zennaro MC, Lombes M. Alteration of cardiac and renal
functions in transgenic mice overexpressing human mineralocorticoid
receptor. J Biol Chem. 2001;276:38911–38920.

Mineralocorticoid Signaling in Transition to Heart Failure With Normal Ejection Fraction
Brian P. Shapiro, Theophilus E. Owan, Selma Mohammed, Martina Kruger, Wolfgang A.
Linke, John C. Burnett, Jr and Margaret M. Redfield
Downloaded from http://hyper.ahajournals.org/ by guest on January 18, 2018

Hypertension. 2008;51:289-295; originally published online December 17, 2007;
doi: 10.1161/HYPERTENSIONAHA.107.099010
Hypertension is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2007 American Heart Association, Inc. All rights reserved.
Print ISSN: 0194-911X. Online ISSN: 1524-4563

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://hyper.ahajournals.org/content/51/2/289

Data Supplement (unedited) at:
http://hyper.ahajournals.org/content/suppl/2007/12/17/HYPERTENSIONAHA.107.099010.DC1

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Hypertension can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissions in the middle column of the Web page under Services. Further information about
this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Hypertension is online at:
http://hyper.ahajournals.org//subscriptions/

