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This study determined the contribution of chronic salt loading and early loss of ovarian hormones
on diastolic function in the hypertensive female mRen(2).Lewis rat, a monogenetic strain that
expresses the mouse renin-2 gene in various tissues. Estrogen-intact mRen2 rats fed a high salt
(HS) (8% sodium chloride) diet exhibited early diastolic dysfunction when compared to normal
salt-fed (NS) (1% sodium chloride) rats. In contrast, ovariectomized (OVX) rats on either NS or
HS diets showed impaired relaxation with evidence of elevated left ventricular filling pressures
(E/e9) or pseudonormalization. This more advanced stage of diastolic dysfunction was associated
with increases in interstitial cardiac fibrosis and high circulating levels of aldosterone, two factors
leading to reduced ventricular compliance. These findings may explain the preponderance of
diastolic dysfunction and diastolic heart failure in postmenopausal women and provide a potential
animal model for evaluating prevention and treatment interventions for this disorder.
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THE relationship between hypertension and chronic
heart failure is well established (1), and the importance

of both the prevention and progression of left ventricular
(LV) remodeling associated with hypertensive heart syn-
drome has been highlighted (2). However, despite its high
prevalence among aging women (3,4), diastolic heart failure
has received little attention in comparison to the heart failure
that is common among middle-aged men, or systolic heart
failure (2,5). One potential reason for the paucity of
information in this rising sector of the population may be
the controversy of recent clinical trials regarding the role of
estrogen in older women with heart disease (6–8). Nonethe-
less, data suggest that women develop high blood pressure,
especially systolic hypertension, at an increased rate as they
age (9,10). Furthermore, it has been noted that women
develop salt sensitivity and LV hypertrophy, particularly
after menopause (11–15). Given these findings and the
sexually dimorphic pattern of heart failure (5,16,17), it is
reasonable to suspect that the loss of ovarian hormones
associated with menopause or the surgical removal of
ovaries is an important risk factor for diastolic dysfunction,
the precursor of diastolic heart failure. It is unclear, how-
ever, to what extent changes in diastolic function and con-
sequent risk of diastolic heart failure after menopause
represent hormonal changes versus merely advancing age
alone. Accordingly, appropriate experimental models are
necessary to advance our understanding of ovarian hormone
withdrawal on the development of hypertension, salt sensi-
tivity, LV remodeling, and diastolic dysfunction, as well as
provide insight into potential therapeutic approaches.

The aims of the current study were to evaluate the effects
of ovarian hormone withdrawal and chronic salt loading on
the development of diastolic dysfunction using the female
mRen(2).Lewis (mRen2) rat, a monogenetic strain that
expresses the mouse renin-2 gene in various tissues. This
model is unique in that estrogen depletion by oophorectomy
markedly exacerbates the development and maintenance of
hypertension under normal salt conditions that appears
dependent on an activated renin–angiotensin–aldosterone
system (RAAS) (18–20). Moreover, the female mRen2 is
sensitive to a high-salt (HS) diet, developing increased
blood pressure, LV hypertrophy, and renal injury (19), clin-
ical factors that strongly associate with diastolic dysfunction
of aging. Accordingly, we hypothesized that the hyperten-
sive, ovariectomized (OVX)-mRen2s on a normal-salt (NS)
diet would show abnormalities in diastolic function similar
to those observed in the salt-loaded, estrogen-intact mRen2.

METHODS

All experimental procedures were designed in accordance
with the protocols of the Institutional Animal Care and Use
Committee of Wake Forest University School of Medicine
and the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH
Publication No 85-23, revised 1996).

Animal Model and Protocol
Hemizygous female mRen2s were obtained from the

Hypertension and Vascular Disease Center Transgenic
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colony. At 4 weeks of age, animals underwent either
bilateral oophorectomy or were left intact. Between 5 and 15
weeks of age, animals were fed either a 1% (NS) or 8% (HS)
ad libitum sodium chloride diet (Harlan TEKLAB, Madison
WI). Rats were housed in metabolic cages (Harvard Bio-
science, South Natick, MA) for assessment of food and
water intake and urine collection for biochemical analysis.
The Association for Assessment and Accreditation of Labo-
ratory Animal Care (AALAC)-approved facility was main-
tained on a 12-hour light/dark cycle at constant temperature
and humidity. Systolic blood pressure was measured at
weekly intervals in trained rats (mean of five determinations
per data point) with a Narco Biosystems device (Houston,
TX). At the end of the study, transthoracic echocardio-
graphic examinations were performed on anesthetized rats
(ketamine HCL 60 mg/kg and xylazine HCL 5 mg/kg, intra-
muscular) by an experienced echocardiographer (L. Groban)
masked to the treatment protocol. Immediately following
the echocardiogram, anesthetized animals were killed by
decapitation, trunk blood was collected, and hearts were
rapidly removed, weighed, and stored for analysis. The car-
diac weight index was expressed as mg heart weight/g total
body weight. All animals were examined for the presence or
absence of ovaries.

Echocardiographic Studies
Sedated, spontaneously breathing animals were placed in

a shallow left lateral decubitus position with electrocardio-
graphic adhesive electrodes applied to the paws. The left
hemithorax was shaved and prepped with acoustic coupling
gel to increase probe contact. Animals were secured to a
warming table to maintain normothermia. Using a commer-
cially available sector scanner equipped with a 12 MHz
phased-array transducer (Envisor; Philips Medical Systems,
Andover, MA), images were obtained at 100 mm/s sweep
speed and recorded on a digital storage optical disc for
offline analysis. LV M-mode images were obtained in the
two-dimensional short axis view close to the papillary
muscles. Diastolic posterior and anterior wall thicknesses at
end diastole (PWTed, AWTed) and LV end-diastolic and
end-systolic dimensions (LVDD, LVSD) were measured
according to the American Society for Echocardiography
leading-edge method (21). The percentage of LV fractional
shortening (%FS), an index of global systolic function, was
calculated as ((LVDD � LVSD)/LVDD) 3 100. Mitral
inflow measurements of early and late filling velocities
(Emax and Amax, respectively), deceleration slope (Edec

slope), isovolumic relaxation time (IVRT), and early decel-
eration time (Edectime) were obtained using pulsed Doppler,
with the sample volume placed at the tips of mitral leaflets
from an apical four-chamber orientation. Doppler tissue
imaging to assess mitral valve septal annular velocities (e9)
was also obtained from the four-chamber view. All mea-
sured and calculated systolic and diastolic indices are
represented as the average of at least five consecutive
cardiac cycles to minimize beat-to-beat variability.

Tissue Collection and Morphometric Measurements
After the whole heart was weighed, the atria were

separated and the right ventricle was removed by cutting

along its attachment to the left ventricle and septum. The left
ventricle and septum were weighed as a single unit. A
coronal section, taken from base to apex, through the left
ventricle and papillary muscle was formalin fixed.

Heart specimens were dehydrated with ethanol and
embedded in paraffin. Following microtome sectioning,
the 4 lm tissue preparations underwent hematoxylin–eosin,
Masson’s Trichrome, and Verhoeff–van Gieson (VVG)
staining for assessment of collagen and elastin fibers.
Images of the LV free wall were taken at 103 objective
using a Zeiss AxioCam digital camera and AxioVision
software (Zeiss, Munchen-Hallbergmoos, Germany) by an
observer who had no knowledge of treatment groups and
previous results. Using Adobe Photoshop, a uniform series
of image processing techniques were applied to a copy of
each image to maximize the color differential between
collagen and cardiac tissue. Color thresholding was used to
select both the total amount of cardiac tissue and the total
amount of collagen within each image. Given the intensity
of the VVG staining as compared to the trichrome staining
and the knowledge that collagen fibers traverse with
elastin, the percent area of VVG-stained fibers for each
image was calculated and used as an indicator of myocardial
collagen.

Biochemical Analysis
Serum aldosterone levels were measured by a radioimmu-

noassay (RIA) kit (DPC, Los Angeles, CA) and expressed
as ng/dL. To confirm the absence of ovaries, plasma
estradiol levels were measured by an RIA kit (Polymedco,
Inc., Cortlandt Manor, NY) and expressed as pg/mL. Values
at or below the detectable level were arbitrarily assigned the
detectable level of 5 mg/mL for statistical analysis.

Statistical Analysis
All analyses were conducted on SPSS (SPSS, Inc.,

Chicago, IL). Prior to performing the analyses, histograms
and descriptive statistics were computed to confirm the
assumptions needed for parametric analysis. A log trans-
formation of collagen scores was used to better achieve
a normal distribution.

To reduce the number of conducted significance tests, the
‘‘echo data’’ were combined into meaningful subsets using
principal components analysis (factor analysis). This well-
established technique examines the correlations among the
variables and uses these relationships to reduce the number
of observed variables to a smaller number of reliable subsets
(22,23) and to avoid Type I error inflation. The factor
analysis reduced the original set of 13 variables down to five
composite variables while still representing 91% of the
original variance. The solution appeared to represent the
original variables well (i.e., most factor loadings exceeded
.80) and was clinically coherent. A Varimax rotation was
used with unit scoring to combine the measurements into
five composite dependent variables as follows:

1. e9 factor¼ e9 � E/e9
2. A factor ¼ E/A � Amax

3. Wall thickness factor ¼ LVDD(M-mode) � Pwted �
Awted
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4. Systolic factor ¼ LVSD � FS
5. E factor ¼ Edec time þ IVRT � Emax � Edec slope.

Two multivariate analyses of variance (MANOVAs) were
conducted, one with the five dependent variables (‘‘echo
data’’ factors), the other with two dependent variables
(aldosterone and blood pressure). For these comparisons, a
was determined by dividing .05 (the desired comparison-
wise error rate) by the number of dependent variables
(resulting in a ¼ .01, .025). An additional three ANOVAs
were conducted on collagen, heart weight/body weight, and
plasma estradiol. All comparisons examined estrogen (intact
vs OVX) and salt (Level 1 vs Level 2) and Estrogen 3 Salt
interaction as between-subject factors.

To better index the effect size induced by each of the
factors, partial g2, a measure of the proportion of variance in
the dependent variable accounted for by the factor, is also
reported. Although rules of thumb concerning the inter-
pretation of effect size measures can be problematic (24),
10% of the variance is commonly considered to be a ‘‘small’’
effect (g2¼ .10), 25% of the variance is a ‘‘medium’’ effect
(g2¼ .25), and 40% or greater is considered a ‘‘large’’ effect
(g2 � .40) (24).

RESULTS

Blood Pressure, Body Weight, and Heart Weight
Blood pressure, body weight, and heart weights are

shown in Table 1. Consistent with our previous studies (18–
20), ovariectomy at 4 weeks of age significantly increased
blood pressure in the mRen2 at 15 weeks of age. Specif-
ically, estrogen, irrespective of salt, accounted for 29% of
the variance in blood pressure among groups. Likewise, HS
had a significant effect on elevating blood pressure such that
its presence alone accounted for 75% of the variance in
blood pressure. The OVX-HS rats exhibited the highest
blood pressure among groups, although these values were
not statistically different from Intact-HS rats (p¼ .195, g2¼
.079). Body weight was significantly increased in OVX rats
compared to their respective NS and HS cohorts (Estrogen:

F(1,21)¼ 38.54, p¼ .000, g2¼ .647; Salt: F(1,21)¼ 56.14,
p¼ .000, g2¼ .728). The heart weight-to-body weight ratios
were highest in the Intact-HS and OVX-HS animals.
Interestingly, the normalized heart weight in the OVX-NS
group was not different from Intact-NS rats, despite
exacerbated hypertension following oophorectomy which
is consistent with our previous report (19). As expected,
plasma estradiol levels were greater in intact versus OVX
rats (24 6 6 mg/mL vs 5 6 0 pg/mL).

Echocardiography

M-mode.—Echocardiography was successful in every
case. Within-observer reproducibility values for %FS,
Pwted, Emax, Amax, and e9 were 8 6 1%, 6 6 1%, 7 6
2%, 16 6 4%, and 8 6 4, respectively. M-mode measure-
ments of LV dimensions, systolic function, and wall
thicknesses are summarized in Table 2. No differences in
LVSD or %FS were apparent with respect to estrogen or salt
(Table 2). The wall thickness factor, comprising M-mode
measurements of PWTed and AWTed and LVDD, was
significantly increased amid estrogen deficiency or the
presence of HS. In fact, up to 40% of the variance in wall
thickness can be attributed to either one of these treatments.
Although heart rates during anesthesia (in beats per minute:
Intact-NS: 242 6 14; OVX-NS: 216 6 15; Intact-HS;
249 6 8; OVX-HS: 231 6 11) were only 15% lower than
that reported previously in the same animal model during
conscious conditions (19), heart rates were significantly higher
in Intact-HS versus OVX-NS mRen2s in the present study.

Doppler.—In contrast to systolic function, the presence of
HS and loss of estrogen, independently and additively, im-
paired diastolic function as assessed by Doppler transmitral
flow and tissue imaging. Using both Doppler modalities, the
spectrum of diastolic dysfunction, e.g., normal, delayed
relaxation, and delayed relaxation with high filling pressures
or pseudonormalization, was expressed in the female
mRen2 (Figure 1). As shown in Table 2, E/A was lowest
in the Intact-HS group, whereas LV end diastolic pressures,

Table 1. Systolic Blood Pressure, Body Weight, and Postmortem Heart Weights of the Four Experimental Groups

Estrogen Salt Interaction

Variables Normal Salt High Salt p Value g2 p Value g2 p Value g2

Systolic blood pressure (mmHg)

Intact 142 6 7 206 6 5 .008 0.29 .00001 0.753 .195 0.079

OVX 171 6 5 217 6 9

Body weight (g)

Intact 266 6 6 220 6 6 .0001 0.647 .0001 0.728 .798 0.005

OVX 300 6 5 258 6 5

Whole heart weight (g)

Intact .862 6 .04 1.136 6 .02 .032 0.202 .0001 0.668 .257 0.061

OVX .986 6 .04 1.177 6 .04

Heart/Body weight (mg/g)

Intact 3.24 6 .12 5.16 6 .08 .051 0.169 .0001 0.879 .025 0.217

OVX 3.29 6 .11 4.58 6 .17

Notes: Data represent mean 6 standard error of the mean.

OVX¼ ovariectomized.
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reflected via E/e9 (Figure 2), were relatively unchanged from
that of the NS cohort. This lower E/A ratio in Intact-HS rats
appeared to be a function of a 22% reduction in early filling
velocity of the left ventricle (Emax) across the mitral valve
and a 43% increase in late filling velocity (Amax) compared
to Intact-NS rats, indicating a greater fraction of LV filling

in late diastole; otherwise known as early or mild diastolic
dysfunction (25) (Table 2). Interestingly, in the OVX rats
(both NS and HS groups), the E/A ratios were similar
whereas LV filling pressures (E/e9) were significantly
greater than that of the estrogen-intact, NS-fed rats.
Estrogen, irrespective of salt, accounted for 43% of the
variance in the E factor (E/e9 and e9). Taken together, these
findings indicate that (a) mild diastolic dysfunction is
present in Intact-HS mRen2s; (b) early estrogen depletion
(at 4 weeks of age) under NS conditions intensifies diastolic
dysfunction, indicated by delayed relaxation (lower e9
relative to Intact rats) and increased filling pressures, also
called transmitral pseudonormalization; and (c) estrogen
depletion and HS have additive, unfavorable effects on
diastolic function, also exhibiting pseudonormalization.

Histopathology
LV interstitial collagen was most pronounced in the

OVX-HS rats as compared to estrogen-intact rats on NS and
HS diets (Figure 3A and B). Interestingly, estrogen,
irrespective of salt, contributed to 40% of the variance in
interstitial collagen whereas salt alone contributed to 15% of
the variance in LV remodeling. The combination of estrogen
deficiency and HS tended to have a synergistic effect on LV
remodeling, accounting for 12% of the variance in in-
terstitial collagen (p¼ .136, g2¼ .119).

Serum Aldosterone
Given the association between mineralocorticoids, salt-

sensitive hypertension, and cardiac fibrosis (26,27), we deter-
mined serum aldosterone as a marker of mineralocorticoid

Table 2. Echocardiographic Characteristics of the Four Experimental Groups

Normal Salt High Salt Estrogen Salt Interaction

Variable Intact OVX Intact OVX p Value g2 p Value g2 p Value g2

e9 factor .001 .43 .56 .02 .58 .01

e9 (cm/s) 3.01 6 .29 1.92 6 .16 2.15 6 .09 1.85 6 .18 .002 .36

E/e9 22 6 2 30 6 2 24 6 2 30 6 2 .001 .43

A factor .01 .27 .02 .23 .17 .09

E/A 2.06 6 .16 2.09 6 .19 1.12 6 .11 1.81 6 .20 .06 .16 .005 .32

Amax (cm/s) 34 6 4 29 6 2 47 6 3 32 6 3 .011 .27 .025 .22

Wall thickness factor .001 .40 .001 .41 .51 .02

LVEDD (cm) .64 6 .23 .62 6 .20 .65 6 .21 .58 6 .20 .03 .20 .41 .03

PWTed (cm) .21 6 .01 .26 6 .01 .26 6 .01 .32 6 .01 .001 .47 .001 .52

AWTed (cm) .20 6 .01 .24 6 .01 .26 6 .01 .29 6 .00 .001 .44 .001 .74

Systolic factor .68 .01 .51 .02 .82 .003

LVESD (cm) .37 6 .23 .35 6 .20 .35 6 .21 .34 6 .20

%FS 43 6 2 43 6 2 47 6 2 41 6 2

E factor .32 .05 .007 .30 .05 .17

Edec time (s) 0.046 6 .002 0.05 6 .002 0.046 6 .002 0.048 6 .002 .78 .00

IVRT (s) 0.025 6 .000 0.031 6 .0001 0.031 6 0.002 0.035 6 .002 .01 .28

Emax (cm/s) 65 6 3 57 6 2 51 6 3 54 6 2 .004 .33

Edec slope (cm/s2) 14 6 1 11 6 1 11 6 1 11 6 1 .12 .11

Notes: Data represent mean 6 standard error of the mean. Variables in italics represent the five factors as determined from the Varimax analysis. The individual

echocardiographic variables corresponding to each factor are listed with significance data when the overall factor is significant.

OVX¼ ovariectomized; e9¼ early mitral annular velocity; E/e9¼ early transmitral filling velocity-to-mitral annular velocity; E/A¼ early-to-late transmitral filling

ratio; Emax¼maximum early transmitral filling velocity; Amax¼maximum late transmitral filling velocity; LVEDD¼ left ventricular end diastolic dimension; PWTed¼
posterior wall thickness at end diastole; AWTed¼ anterior wall thickness at end diastole; LVESD¼ left ventricular end systolic dimension; %FS¼ percent fractional

shortening; Edec time ¼ early deceleration time; IVRT ¼ isovolumic relaxation time; Edec slope ¼ early deceleration slope.

Figure 1. Progression of diastolic dysfunction in the female mRen(2).Lewis

(mRen2) rat with salt loading and ovariectomy (OVX). Intact-normal salt (NS)

mRen2 rats show normal diastolic function manifested by E/A ratio .1 and e9¼
3.0 6 0.3 cm/s. Intact-high salt (HS) mRen2 rats show mild diastolic

dysfunction manifested by E/A ratio , 1 and low e9 relative to that of Intact-

NS mRen2 rats. OVX-NS and -HS mRen2 rats show pseudonormal patterns of

diastolic function manifested by E/A ratios . 1 and relatively low e9 velocities

compared to Intact-NS rats. E ¼ early transmitral filling velocity; A ¼ late

transmitral filling velocity; e9 ¼ early mitral annular descent (septal) velocity.
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activity in the mRen2 groups. Circulating aldosterone was
suppressed in the presence of HS, and this treatment
attributed to 28% of the variance in mineralocorticoid levels
among groups. Serum aldosterone levels were greatest in
OVX-NS as compared to Intact-NS and OVX-HS rats.
Although the increase in serum aldosterone of the estrogen-
depleted rats did not reach statistical significance (F¼ 5.87,
p ¼ .025), estrogen depletion accounted for 22% of the
variance in aldosterone levels among groups (Figure 4).

DISCUSSION

These studies are the first demonstration by echocardi-
ography of the additive effects of estrogen depletion and HS
intake on the progressive decrement in diastolic function in
the female mRen2 strain. We have shown that the female
mRen2 exhibits both estrogen and salt sensitivity on the
development and progression of high blood pressure and
renal injury that is dependent on an activated RAAS (18,19).
Indeed, the AT1 receptor antagonist olmesartan lowered

blood pressure to the same extent as exogenous b-estradiol
in the OVX mRen2 (18).

The present results show that Intact-HS mRen2 females
exhibit impaired LV filling as evidenced by reduced E/A
ratios and early-wave mitral annular velocities (e9). OVX
rats on NS and HS diets also showed impaired relaxation, or
reduced e9; however, the E/A ratios and LV filling pressures
(defined by E/e9) were higher than those of Intact-NS rats,
suggesting that estrogen depletion exacerbated diastolic
dysfunction to a greater extent than salt alone. In addition,
this impaired LV filling and presumed increase in LV
stiffness in the OVX mRen2 was associated with increased

Figure 2. Influence of ovariectomy (OVX) and a high salt diet on tissue

doppler factor values. Mitral annular descent (e9) and left ventricular (LV) filling

pressure (E/e9). Data represent mean and standard error of the mean. *p , .025

for estrogen effect. é Factor (including é, E/é), estrogen: F(1,21) ¼ 16.13, p ¼
.001, g2 ¼ .43. INT ¼ intact.

Figure 3. A, Representative images of the left ventricular free wall interstitial

collagen were taken at a magnification of 403. Following VVG (Verhoeff–van

Gieson) staining, red areas represent interstitial collagen. The VVG-stained

slides revealed that the ovariectomized-high salt (OVX-HS) group had the

highest amount of collagen followed by the OVX-normal salt (NS), Intact

(INT)-HS, and INT-NS groups. B, Data represent mean 6 standard error of the

mean. *p , .025 for estrogen effect. Log10 % collagen, Estrogen: F(1,18) ¼
12.02, p¼ .003, g2¼ .400; Salt: F(1,18)¼ 3.22, p¼ .09, g2¼ .152; Estrogenþ
Salt: F(1,18) ¼ 2.43, p ¼ .136, g2 ¼ .119.
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interstitial cardiac fibrosis and higher circulating levels of
aldosterone, a potent profibrotic mineralocorticoid (26,27).

The mild or early diastolic dysfunction observed in the
Intact-HS mRen2 is exemplified by a greater fraction of LV
filling in late diastole (increased A velocity). This condition
may be related to the pronounced increase in systemic blood
pressure (.60 mmHg) and compensatory LV hypertrophy
(increased heart weight-to-body weight ratio and LV wall
thickness) as a consequence of the HS diet. Salt loading and
the resultant high blood pressure are known to promote
cardiac hypertrophy in both clinical and experimental
studies (28–31). LV hypertrophy has also been linked to
the source of early diastolic dysfunction (32,33). Likewise,
reductions in E/A have been demonstrated in salt-sensitive
patients with essential hypertension (34) and in salt-loaded,
spontaneously hypertensive rats (SHR) that do not exhibit
overt heart failure (28).

Salt intake clearly influences LV remodeling (11), and
interstitial LV fibrosis interferes with ventricular relaxation
(35). The mechanisms for reduced LV filling in the Intact-
HS mRen2 remain unclear because cardiac interstitial
collagen was only modestly increased. The degree of
fibrosis in the mRen2 differs to some extent from other
experimental models including the Wistar, Wistar-Kyoto,
and SHR rats, in which high dietary salt produce LV
hypertrophy (LVH) and profound increases in cardiac
collagen (28,36,37). Differences in species, duration of salt
loading, and age of the rats may account for some of these
disparate findings. Alternatively, the attenuated LV remod-
eling with HS in the estrogen-intact mRen2 may reflect
a protective role of ovarian hormones as the previous studies
used only male rats. Estrogen increases nitric oxide synthase
(NOS) activity (38) and expression of its various isoforms
(39–41), which may contribute to the maintenance of
cardiac architecture (42,43). Nitric oxide is suggested to
mediate expression of cyclooxygenase-2, which has also
been shown to be involved in cardioprotection (44,45).

Moreover, both estrogen and progesterone reduce stimu-
lated growth of cardiofibroblasts, suggesting that ovarian
hormones may counterbalance salt-induced LV remodeling
and the evolution of diastolic dysfunction in the Intact-HS
mRen2 female (46).

Estrogen depletion accelerated the progression of di-
astolic dysfunction in the mRen2s. The normal mitral inflow
pattern (E . A) and the reduced tissue Doppler mitral
annular descent constitute a pseudonormal diastolic pattern.
In addition, the increased E/e9 ratio implies that OVX
animals required higher filling pressures during diastole than
their respective intact cohorts, presumably due to increased
myocardial stiffness. Given that pseudonormalization co-
incided with the appearance of increased cardiac fibrosis
further suggests estrogen’s potential role in the maintenance
of cardiac architecture and diastolic function. Interstitial
fibrosis can directly impede myocardial relaxation (35) as
well as indirectly through reductions in diastolic coronary
flow and myocardial perfusion (47). Hypertension itself also
promotes cardiac fibrosis and LV stiffness (48); however,
the diastolic filling abnormalities observed in the OVX-NS
rats with exacerbated hypertension were independent of
changes in LV size (heart weight-to-body weight ratios were
similar to those of Intact-NS rats). As the elevated blood
pressures were similar between the Intact- and OVX-HS rats
whereas cardiac collagen was greatest in OVX-HS rats,
these data suggest that LV remodeling and diastolic
pseudonormalization were, to a certain extent, independent
of hypertension. In this regard, the depletion of ovarian
hormones may promote cardiac growth factors to induce
fibrosis and, in turn, lead to reductions in myocardial
distensibility and diastolic dysfunction (46).

Alternatively, early activation of the circulating RAAS in
the OVX mRen2 may accelerate the progression of
hypertensive heart disease (49). Loss of estrogen is known
to result in increased expression of angiotensin-converting
enzyme (ACE), AT1 receptors, and Ang II (18,50). In
addition, female spontaneously hypertensive heart failure
(SHHF) rats exhibit a delayed increase in plasma renin
activity (51) compared to male SHHF rats, suggesting an
estrogen-mediated attenuation of RAAS activation. More-
over, in aging female SHHF rats, elevated renin is apparent
3–6 months after the cessation of normal estrous cycling
(51–53). Likewise, plasma renin activity increases to
a greater extent in the male than in the female two-
kidney-one-clip (2K1C) rats (52). Recent findings from
Chappell and colleagues (18,19) also show that estrogen
depletion in the female mRen2 disinhibits the circulating
RAAS. These findings, taken together with the fact that
aldosterone is associated with myocardial fibrosis in
experimental studies (26,54) and sex-related differences in
LV remodeling (55), imply that the elevated circulating
levels of aldosterone observed in the OVX-NS mRen2 may
have contributed to the increase in interstitial collagen
observed in this group. Both estrogen and aldosterone
receptors are present in cardiac fibroblasts and myocytes
(56); thus, both hormones could have a role in modulating
the cardiac interstitial matrix. Although circulating levels of
aldosterone were suppressed in the OVX-HS group,
aldosterone may be inappropriately high for the level of

Figure 4. The effect of ovariectomy (OVX) and a high-salt diet on serum

aldosterone levels in the female mRen(2).Lewis (mRen2) rats. Data represent

mean 6 standard error of the mean. yp , .025 for salt effect. Estrogen:

F(1,21)¼ 5.87, p¼ .025, g2¼ .219; Salt: F(1,21)¼ 8.20, p¼ .009, g2¼ .281;

Estrogen þ Salt: F(1,21) ¼ 3.50, p ¼ .075, g2 ¼ .143. INT ¼ intact.
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salt and/or blood pressure. Interestingly, chronic salt loading
is associated with increased cardiac aldosterone production.
Takeda and colleagues (57) showed that administration of
0.9% salt to Wistar-Kyoto rats stimulated cardiac aldoste-
rone synthetase activity, expression of aldosterone synthase
genes, and aldosterone production in the heart. Increased
levels of cardiac aldosterone and myocardial fibrosis in the
absence of changes in plasma aldosterone were reported in
Wistar rats following coronary ligation (54). Although
cardiac tissue levels of aldosterone were not assessed in the
present study, ovarian hormonal loss in the mRen2, in the
presence or absence of salt loading, could contribute to LV
remodeling and diastolic dysfunction via an exaggerated
activation of the cardiac RAAS, particularly, aldosterone.
Future studies will address whether the cardiac components
of the RAAS including aldosterone, Ang II, and the anti-
proliferative metabolite Ang-(1-7), as well as their receptors
(58), are altered in the mRen2 following estrogen depletion
or increased sodium intake.

Our findings of increased circulating aldosterone with
increased cardiac interstitial collagen and progressive
diastolic dysfunction correspond to several animal studies
that report regression of cardiac hypertrophy and fibrosis
with aldosterone receptor antagonism (36). Indeed, data
from a few pilot clinical studies support a benefit for
aldosterone antagonism in the management of diastolic
dysfunction and diastolic heart failure. In older women with
diastolic dysfunction (59) or diastolic heart failure (60),
spironolactone was well tolerated and appeared to improve
diastolic function, exercise capacity, and quality of life.
Moreover, Izawa and colleagues (61) showed that mineral-
ocorticoid receptor antagonism ameliorated diastolic
dysfunction, reduced chamber stiffness, and increased regres-
sion of myocardial fibrosis in mildly symptomatic patients
with dilated cardiomyopathy. Although further delineation of
the clinical role of aldosterone antagonism in the manage-
ment of gender-specific diastolic heart failure requires the
completion of the TOPCAT trial (www.topcatstudy.com/
org.asp), our animal correlate provides a unique tool to gain
a thorough understanding of the link between ovarian
hormonal loss and aldosterone activity in the subsequent
development of diastolic heart dysfunction.

Several limitations can be identified in this study. First,
cardiac function was based on noninvasive evaluation of
hemodynamics and myocardial performance. Thus, direct
information on filling pressures and the decrease in LV
isovolumetric pressure or its time constant s are not
available. However, our investigation was based on both
transmitral and tissue Doppler echocardiography, which are
the methods of choice for routine noninvasive evaluation of
diastolic function in humans (62). Compared with conven-
tional transmitral Doppler flow, tissue Doppler of the early
diastolic velocity at the mitral annulus (e9) is less influenced
by loading conditions (63,64) and has been closely related
to invasive measurements of diastolic function in humans
and animals (65,66). Indeed, the increased heart rate in the
Intact-HS mRen2 as compared to heart rates observed
among the other treatments may have had a role in the
reduced E/A ratio observed in this group. However, whereas
‘‘late’’ transmitral (or A wave) velocities vary as a function

of heart rate, ‘‘early’’ (or E wave) transmitral and tissue
Doppler velocities have been shown to be independent of
heart rate (63,64,67,68). In addition, the ratio E/e9 corrects
for the influence of relaxation on transmitral E, regardless
of heart rate (69), and it relates strongly to filling pressures
in humans (64,70) and in rats (71). However, it remains
unclear whether the standard cutoffs used in humans for
elevated filling pressure apply to rats because an E/e9 of 16
has been shown to correlate with an LV end diastolic pres-
sure of 9 mmHg in normotensive Wistar rats (71) and E/e9 �
16 correlates with filling pressures (pulmonary capillary
wedge pressure) �20 mmHg in patients (69). Accordingly,
in the present study, we used the Intact-NS mRen as our
control, and any increase in E/e9 relative to this treatment
group was considered as ‘‘elevated’’ filling pressures.

All told, transmitral and tissue Doppler recordings from
OVX-NS or -HS mRens are consistent with the diastolic
pattern of delayed relaxation with high filling pressures, or
pseudonormalization, whereas recordings taken from Intact-
HS rats resemble an earlier stage of diastolic impairment
whereby filling pressures are analogous to the control
mRen2.

Despite epidemiological evidence that the incidence of
diastolic heart failure in women increases as estrogen levels
regress during menopause, and that salt sensitivity, hy-
pertension, and diastolic dysfunction antedate the clinical
manifestations of the disease, the pathophysiology and
appropriate therapeutic approaches remain unknown. An
important step in addressing this unmet public health need
is the establishment of an animal correlate of estrogen-
sensitive diastolic dysfunction. Accordingly, the present
study reveals that the female mRen2 strain, a monogenetic
rat model of tissue renin expression and angiotensin II-
dependent hypertension, is an estrogen- and salt-sensitive
model of diastolic dysfunction. Moreover, the body weight
differences between OVX and estrogen-intact rats may
contribute, in part, to diastolic dysfunction given the clinical
association of obesity with LV remodeling and diastolic
dysfunction in patients without coronary artery disease (72).

Conclusion
This new congenic model may allow for the greater eluci-

dation of the mechanisms and potential treatments associated
with estrogen- and salt-sensitive diastolic dysfunction.
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