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HIGHLIGHTS

� During the progression toward heart failure, indicators of in vivo whole-heart function suggest greater impairment in the

absence of estrogen.

� At the single cardiac myocyte level, the absence of estrogen results in further reduction of Ca2D transient amplitudes,

further slowing of transient decay kinetics, less SR Ca2D content, and a further increase in Ca2D spark frequencies and

spark-mediated SR leak compared with animals with normal estrus cycles.

� Cardiac myocyte NaD regulation is also more disrupted in the absence of estrogen.
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ABBR EV I A T I ON S

AND ACRONYMS

AC = aortic constriction

ACOV = aortic constriction

with ovariectomy

ACOVþE = aortic constriction

with ovariectomy,

supplemented with 17b-

estradiol

FS = fractional shortening

ICa = l-type Ca2D channel

current (cadmium-sensitive)

INa,L = late NaD current

(ranolazine-sensitive)

NCX = NaD/Ca2D exchange

OV = ovariectomy

SERCA = Sarco/endoplasmic

reticulum Ca2D-ATPase

SR = sarcoplasmic reticulu
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Contradictory findings of estrogen supplementation in cardiac disease highlight the need to investigate the

involvement of estrogen in the progression of heart failure in an animal model that lacks traditional comor-

bidities. Heart failure was induced by aortic constriction (AC) in female guinea pigs. Selected AC animals were

ovariectomized (ACOV), and a group of these received 17b-estradiol supplementation (ACOVþE). One hundred-

fifty days post-AC surgery, left-ventricular myocytes were isolated, and their electrophysiology and Ca2þ and

Naþ regulation were examined. Long-term absence of ovarian hormones exacerbates the decline in cardiac

function during the progression to heart failure. Estrogen supplementation reverses these aggravating effects.

(J Am Coll Cardiol Basic Trans Science 2020;5:901–12) © 2020 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
S ex differences in the incidence and
progression of cardiovascular diseases
are widely documented (1), and

although some of the underlying mecha-

nisms are beginning to be established (2), there
remain large knowledge gaps, probably as a result of
the complexity of comorbidities such as diabetes, hy-
pertension, chronic obstructive pulmonary disease
(COPD), coronary artery disease, and peripheral
vascular disease.

The prevalence of cardiovascular diseases, partic-
ularly heart failure, increases with age in both men
and women but shows a more prominent increase in
women older than 50 years of age. Part of the un-
derlying reason has been thought to be caused by a
decline in estrogens around menopause (3), but dis-
tinguishing between the effects of the menopause per
se, biological aging processes and comorbidities is
challenging, and therefore estrogen involvement in
the mechanisms associated with the progression of
heart failure remains controversial. Further, the fail-
ure of large clinical trials examining the effects of
hormone replacement therapy on the cardiovascular
health of post-menopausal women (4,5) to show
consistent benefit halted the drive for progress in the
area, but, since then, it has emerged that the medi-
cation used and the targeted age for therapy were not
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optimal (6), and it has become clearer that women
who experience premature or early-onset menopause
have a greater risk of cardiovascular mortality (7).

We have previously shown that the long-term
absence of ovarian hormones in the guinea pig
leads to detrimental changes to intracellular Ca2þ

regulation in the heart, resulting in the formation of
a proarrhythmic substrate (8). Studies on mice sup-
port the idea of Ca2þ dysregulation following ovari-
ectomy (9,10), and, in rats, it has been shown that
estrogen can reduce incidence of arrhythmia
following episodes of ischemia reperfusion (11).
Postmenopausal women are more vulnerable to
arrhythmia-related sudden cardiac death compared
with pre-menopausal women (12).

It is important to understand why these sex dif-
ferences arise because prevention and management
of cardiovascular disease may benefit from sex-
specific approaches.

The aim of this study was to characterize the influ-
ence of estrogen on cardiac function during the onset
of heart failure in a controlled animal model that lacks
traditional comorbidities. The guinea pig offers an
appropriate model because it shares similar electro-
physiological, Ca2þ regulatory, and steroidogeneses
features with humans (13), and a well-characterized
model of heart failure in this species exists (14).
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METHODS

ETHICAL APPROVAL. All studies were carried out
with the approval of the Animal Welfare and Ethical
Committee of Imperial College London and the Home
Office, United Kingdom, and are in accordance with
the United Kingdom Home Office Guide on the
Operation of the Animals (Scientific Procedures) Act
1986, which conforms to the Guide for the Care and
Use of Laboratory Animals published by the US Na-
tional Institutes of Health under assurance number
A5634-01.

ANIMAL MODEL. In an animal whose cardiac cell
physiology closely resembles that of the human, we
have established pressure-overload heart failure that
replicates many of the in vivo and cellular features
observed in the human condition (14). Here, we
extended the model by using female Dunkin-Hartley
guinea pigs (350 g to 450 g, Marshall BioResources,
Hull, United Kingdom) to examine the effects of long-
term absence of ovarian hormones on heart failure.
Four experimental groups were generated: sham-
operated control, transaortic constriction (AC),
transaortic constriction with ovariectomy (ACOV),
and transaortic constriction with ovariectomy sup-
plemented with 17b-estradiol (ACOVþE). Animals
initially underwent ovariectomy (OV) through a
bilateral flank approach, in which both ovaries were
surgically removed (8). A minimum of 7 days between
the OV and AC procedures allowed appropriate
recovery. In the ACOV group, selected animals
received 60-day release pellets, containing 1 mg
17b-estradiol (Innovative Research of America, Sar-
asota, Florida) that was implanted subcutaneously
in the back region 90 days following ovariectomy
surgery. Animals received the same pre-medication
and post-recovery treatment for the AC, OV,
and 17b-estradiol- supplementation procedures. The
pre-medication comprised the anticholinergic agent
atropine (0.05 mg/kg subcutaneously), prophylactic
antibiotic enrofloxacin (5 mg/kg subcutaneously), a
nonsteroidal anti-inflammatory carprofen (5 mg/kg
subcutaneously), partial agonist opioid buprenor-
phine (0.05 mg/kg subcutaneously) and metoclopra-
mide (0.5 mg/kg subcutaneously) to aid gut motility
following surgery. A local anesthetic bupivacaine
(2 mg/kg subcutaneously) was injected around the
incision site. Intraoperative hydration was provided
with 4 ml/kg/h saline 0.9% subcutaneously, and
general anesthesia was maintained with 2% to 3%
isoflurane. Immediately after surgery, animals were
placed in a recovery chamber maintained at 30�C
(86�F) and with an environment of 100% oxygen.
Animals were housed in separate cages following
surgery, receiving 0.05 mg/ml carprofen in their
drinking water for 72 h to maintain post-surgery
analgesia, and then returned to their cages of
origin with environment enrichment. Animals were
housed for 150 days post AC or OV procedures at
69.8 � 1.8�F (33.8�F) in a controlled lighting envi-
ronment (12-h light-dark cycles) and were provided
with standard guinea pig feed and water ad libitum.
Ovariectomized animals were provided with a
casein-based, soy-free diet to minimize the uptake
of phytoestrogens.

M-MODE ECHOCARDIOGRAPHY. In vivo cardiac
function was measured by echocardiography per-
formed on unanesthetized animals to overcome
anesthetic drug influences on heart function as
described in Ke et al. (14).

MYOCYTE ISOLATION. Heart and lungs were rapidly
explanted from the thorax of anesthetized animals
and placed in ice-cold Krebs-Henseleit solution (for
composition, see Supplemental Material) containing
500 IU heparin sodium and weighed separately. Sin-
gle left-ventricular myocytes were enzymatically
isolated from Sham, AC, ACOV, and ACOVþE hearts,
as previously described (8,14,15), then resuspended
in Dulbecco’s modified Eagle’s medium solution
(Gibco BRL, ThermoFisher Scientific, Waltham, Mas-
sachusetts) at room temperature and used within 6 to
8 h. Cells with rounded edges, obvious cytoplasmic
vesicles, automatic activity before stimulation, major
ultrastructural defects, absence of clear striations or
cells that were not incompletely isolated (e.g., cell
pairs) were not used.

INTRACELLULAR CA2D MEASUREMENTS. Cells were
superfused with normal Tyrode’s solution (for
composition, see Supplemental Material) at 37�C
(98.6�F). Caffeine and Naþ-free, Ca2þ-free solution
were superfused when required in protocols as
described in Ke et al. (14) and Yang et al. (8). A line-
scanning confocal microscope with a BioRad Radi-
ance 2000 (Central Microscopy Research Facility,
University of Iowa, Iowa City, Iowa) attachment with
our published recording parameters (8,14,16) was
used to record Ca2þ sparks. Raw images were
analyzed using the ImageJ SparkMaster (National In-
stitutes of Health, Bethesda, Maryland) plugin (17)
and custom macros (16), with the detection criteria
set to 4.2 standard deviations (SDs) above the mean
background value. Spark frequency, amplitude, full-
width at half maximum (FWHM), and full-duration
at half maximum (FDHM) were measured. Spark
mass was calculated as previously described (18).
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TABLE 1 Physical Characteristics of the Experimental Animal Groups

Model Sham (n ¼ 9) AC (n ¼ 9) ACOV (n ¼ 6) ACOVþE (n ¼ 6)

Body weight (g) 783.6 � 21.36 774.2 � 18.91 778.9 � 24.00 751.4 � 12.87

HW:BW (g/kg) 3.10 � 0.08‡ 4.83 � 0.14†,‡ 5.35 � 0.11† 4.71 � 0.26†,‡

LW:BW (g/kg) 4.31 � 0.09‡ 5.30 � 0.24†,‡ 6.40 � 0.37† 5.71 � 0.18†,‡

UW:BW (g/kg) 1.99 � 0.57‡ 2.06 � 0.49‡ 0.53 � 0.19† 5.69 � 0.94†,‡

Serum E2 (pg/ml) 7.80 � 4.36‡ 8.20 � 3.60‡ 4.0 � 1.90* 30.1 � 10.0†,‡

LVIDd (cm) 0.67 � 0.07‡ 0.77 � 0.08† 0.78 � 0.05† 0.73 � 0.04*

LVIDs (cm) 0.26 � 0.03‡ 0.41 � 0.03†,‡ 0.47 � 0.04† 0.40 � 0.06†,‡

FS (%) 60.8 � 2.88‡ 46.3 � 4.54†,‡ 39.7 � 3.31† 45.5 � 5.25†,‡

Values are mean � SD. Heart weight (HW), lung weight (LW), uterine weight (UW), body weight (BW), and serum
(E2) 17b-estradiol. In vivo M-mode echocardiography measurements of the left-ventricle internal diameter end
diastole (LVIDd) and end systole (LVIDs). Fractional shortening (FS) was significantly reduced in all 3 failing
groups compared with Sham and was further reduced in ACOV compared with the AC (�E) groups. The notation
describing p values is as follows: *p < 0.05 and †p < 0.001 when comparisons were made with the Sham group.
When comparisons were made with the ACOV group the notation describing p values is ‡p < 0.05.

AC ¼ aortic constriction; ACOV ¼ aortic constriction with ovariectomy; ACOVþE ¼ aortic constriction with
ovariectomy supplemented with 17b-estradiol.
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SINGLE-CELL ELECTROPHYSIOLOGICAL MEASURE-

MENTS. Sharp microelectrodes (20–40 MU) were used
to record action potentials, Naþ/Ca2þ exchange (INCX)
and L-type Ca2þ channel (ICa,L) currents, using a
switch-clamping system (Axoclamp 2B Amplifier,
Molecular Devices, LLC, San Jose, California). Late
Naþ (INa,Late) and Naþ/Kþ ATPase currents were
measured in the whole-cell configuration using patch
pipettes (with resistances 4–7 MU when filled with
their pipette solutions). The protocols for these elec-
trophysiological measurements are detailed in Ke at
al. (14). During the electrophysiological experiments,
myocytes were superfused with normal Tyrode’s so-
lution at 37�C, except during the recordings of INa,Late,

which were at room temperature. INa,Late was evalu-
ated as ranolazine-sensitive current.

SERUM 17b-ESTRADIOL. Blood samples (2 to 3 ml)
from the inferior vena cava were collected and stored
in serum separator tubes (BD, Vacutainer, SST, II
tubes, Franklin Lakes, New Jersey) at room temper-
ature for a minimum of 2 h to coagulate before
centrifugation at 1,300 g for 15 min at 4�C (39.2�F).
The serum supernatant was collected and immedi-
ately stored at –80�C (–112�F) until assayed. A quan-
titative sandwich ELISA (MyBioSource Inc., San
Diego, California) was performed to measure the
levels of serum 17b-estradiol.

WESTERN BLOT. Protein expression for Naþ/Kþ

ATPase and phospholemman were determined by
Western blot, using protocols described inKe et al. (14).

DATA STORAGE AND STATISTICAL ANALYSES.

Fluorescence and electrophysiological data were ac-
quired using AxoScope and ClampEx, respectively,
and analyzed using Clampfit (pClamp suite v10.6,
Molecular Devices, LLC, San Jose, California). Raw
data were stored in Excel and transferred to GraphPad
Prism 7 (GraphPad Software, San Diego, California) for
statistical analyses and generation of figures. Statisti-
cal differences among means were calculated using
either a 2-tailed unpaired Student’s t-test or a 1-way
analysis of variance (ANOVA) with Fisher post hoc
test when we made planned comparisons and a 1-way
ANOVA with a post hoc Tukey test to control for mul-
tiple comparisons when these were not planned. The
test used is stated in the Figure legends. Ca2þ spark
data, amplitude, mass, and spark-mediated sarco-
plasmic reticulum (SR) leak, which were not normally
distributed, were log transformed. All data are pre-
sented as mean� SD or mean (95% confidence interval
[CI] with “n” being the total number of cells from “N”

the total number of hearts (n/N ¼ cells/hearts). The p
value determined to be statistically significant is
p<0.05. The notation describing p values is as follows:
*p < 0.05, **p < 0.01, and ***p < 0.001, and when
comparisons were made with the ACOV group, the
notation describing p values is zp < 0.05, zzp < 0.01,
and zzz p< 0.001. The number of animals in each group
were Sham ¼ 9, AC ¼ 9, ACOV ¼ 6, and ACOVþE ¼ 6.

RESULTS

PHYSICAL CHARACTERISTICS OF EXPERIMENTAL

ANIMALS. In total, 30 animals were used to investi-
gate the effect of ovarian hormones on in vivo cardiac
function and intracellular Ca2þ and Naþ regulation
during heart failure. At the end of the 150-day period,
key physical characteristics of the experimental ani-
mals were measured and are listed in Table 1. Vali-
dation of a low estrogen environment was assessed
by uterine weight and serum 17b-estradiol levels. The
ACOV group had a significant 3.8-fold reduction in
uterine weight relative to body weight (UW:BW ratio)
and a 2.0-fold decrease in 17b-estradiol levels
compared with the Sham-operated group (p < 0.001
and p < 0.05, respectively). The UW:BW and 17b-
estradiol levels were unaltered in the AC group
compared with Sham but significantly increased in
the 17b-estradiol–supplemented group (ACOVþE).
HW:BW ratio significantly increased in all 3 heart
failure groups (AC, ACOV, and ACOVþE) by 56%, 73%,
and 52% (p < 0.001), respectively, compared with the
age-matched Sham. Pulmonary edema, typically
associated with heart failure, was inferred by the in-
crease in lung weights in the AC, ACOV, and ACOVþE
groups by 23%, 49%, and 33% (p < 0.001), respec-
tively, compared with the Sham group. In the absence
of ovarian hormones (ACOV), HW:BW and LW:BW
ratios were further increased compared with the AC



FIGURE 1 The Effect of Heart Failure and Long-Term Absence of Estrogen on Ca2þ Transient Amplitude

(A) Representative Ca2þ transient traces from Fluo-4-loaded myocytes. (B) All AC groups had significantly lower transient amplitudes

compared with the Sham group. The Ca2þ transient amplitude was further reduced by 10% in ACOV compared with the AC group (Sham,

n ¼ 44/3 cells AC, n ¼ 47/3; ACOV, n ¼ 31/3; ACOVþE, n ¼ 21/2; 1-way analysis of variance (ANOVA) with a Tukey’s multiple comparisons test),

***p < 0.001. (C) Measurement of total SR Ca2þ content through integration of the caffeine-induced inward NCX current. Myocytes from

failing hearts were characterized by a significant decrease in SR Ca2þ content compared with Sham (p < 0.001). The long-term absence of

ovarian hormones further reduced SR Ca2þ (ACOV). (Sham, n ¼ 33/3; AC, n ¼ 34/4; ACOV, n ¼ 42/3; ACOVþE, n ¼ 29/3; 1-way ANOVA with a

Fisher post hoc test: *p < 0.05, **p < 0.01, ***p < 0.001). Bars show mean (95% confidence interval). AC ¼ aortic constriction;

ACOV ¼ aortic constriction with ovariectomy; ACOVþE ¼ aortic constriction with ovariectomy supplemented with 17b-estradiol.
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and ACOVþE groups by 11% and 14% (HW:BW),
respectively, and 21% and 12% (LW:BW), respectively.
When estrogen was supplemented (ACOVþE), these
ratios returned to values comparable with that of the
AC gonad-intact group.

IN VIVO M-MODE ECHOCARDIOGRAPHY. No differ-
ences were observed in the end-diastolic internal
diameter of the left ventricle (LVIDd) among the
heart failure groups; however, the LVIDds were
all enlarged by approximately 15% compared with
Sham (p < 0.001). The deficiency of ovarian hormones
significantly increased the end-systolic internal
diameter (LVIDs) in failing hearts and resulted in a 20%
reduction in fractional shortening (FS) compared with
the Sham group (p < 0.001). Together with the
increased HW:BW and LW:BW ratios, the reduction in
FS illustrates the worsening of in vivo indices of
pathophysiological changes occurring in pressure
overload-induced heart failure, when circulating
ovarian hormones are in much lower concentration.
Estrogen supplementation (ACOVþE) restored the
in vivo cardiac function and HW:BW and LW:BW ratios
to values comparable with the AC gonad-intact group.

INTRACELLULAR CA2D CHANGES IN RESPONSE TO

ELECTRICAL STIMULATION AND CAFFEINE. An
important indicator of changes in intracellular Ca2þ

regulation is the morphology of the Ca2þ transient
during beat-to-beat stimulation (Figure 1). Fluo-4-
loaded myocytes from failing hearts (AC) were char-
acterized by a 31% reduction in Ca2þ transient
amplitude compared with the Sham-operated group
(p < 0.001). A further 10% reduction in transient



TABLE 2 Deciphering the Rate of Ca2þ Removal Mechanisms Among

Experimental Groups

Rate constants (s-1) Sham (n ¼ 3/27) AC (n ¼ 3/41) ACOV (n ¼ 3/31) ACOVþE (n ¼ 2/21)

Total decay 9.02 � 1.10 6.37 � 1.40*,† 5.56 � 0.70* 5.96 � 0.70*

SERCA 6.21 � 1.20 3.24 � 1.10*,† 2.59 � 0.70* 2.90 � 0.70*

NCX 2.70 � 0.40 2.98 � 0.70 2.86 � 0.50 2.93 � 0.40

Other mechanisms 0.12 � 0.04 0.15 � 0.05‡ 0.11 � 0.04 0.13 � 0.04

Values are mean � SD. The function of SERCA significantly reduced following 150 days AC and was
further reduced in myocytes from ACOV compared with Sham and AC, respectively. The rate of NCX
remained unaltered among groups but contributed more toward Ca2þ efflux in the AC groups compared
with Sham. The notation describing p values is as follows: *p < 0.001, when comparisons were made with
the Sham group. When comparisons were made with the ACOV group, the notation describing p values is
†p < 0.05, and ‡p < 0.01.

AC ¼ aortic constriction; ACOV ¼ aortic constriction with ovariectomy; ACOVþE ¼ aortic constriction with
ovariectomy supplemented with 17b-estradiol; NCX ¼ Naþ/Ca2þ exchange; SERCA¼ sarco/endoplasmic reticulum
Ca2þ-ATPase
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amplitudes were observed in the ACOV group
compared with the Sham, and when estrogen was
supplemented (ACOVþE), the size of the amplitude
was restored to that of the AC group (Figure 1B).

QUANTIFYING TOTAL SR CA2D CONTENT. A key
feature of heart failure is weak contractile force that
is directly correlated with both the amplitude of the
Ca2þ transient and the total amount of Ca2þ within the
SR (19–22). We used voltage clamp to maintain the
membrane potential of the myocytes at –80 mV while
rapidly superfusing the cells with normal Tyrode’s
solution containing 10 mM caffeine. The rapid and
continual application of caffeine results in sustained
RyR2-mediated Ca2þ release, inducing an inward
“forward-mode” Naþ/Ca2þ exchange (NCX) current
(INCX), and the integral of this current was used to
calculate the Ca2þ content of the SR, based on the
assumptions that all the SR Ca2þ was released during
the caffeine application and the stoichiometry of the
exchange is 3Naþ:1Ca2þ. The SR Ca2þ content signifi-
cantly decreased by 40% in heart failure compared
with Sham and was further reduced by 13% in
myocytes from ACOV compared with AC
(p < 0.05) (Figure 1C).

INTRACELLULAR CA2D REMOVAL MECHANISMS. A
single-exponential equation was fit to the decay of
the Ca2þ transient during steady-state stimulation to
calculate the total decay rate constant and pooled
data are shown in Figure 1D. Myocytes isolated from
AC animals had slower transient decay (p < 0.001)
compared with Sham. The rate of Ca2þ decay was
further reduced in myocytes from ovariectomized
animals (ACOV) compared with Sham and AC, and
when 17b-estradiol was supplemented, these myo-
cytes had comparable Ca2þ decay rates with the AC
group (Figure 1D).
Caffeine-induced Ca2þ transient protocols (14)
were used to differentiate the rates of the cytosolic
Ca2þ removal mechanisms (Table 2). Sarco/endo-
plasmic reticulum (SERCA) function significantly
decreased following AC and remained low in all AC
groups compared with myocytes isolated from Sham.
When the SR was removed from Ca2þ regulation, the
rate of Ca2þ decline remained unaltered among
groups (Table 2).

CA2D SPARK ASSESSMENT. As there is evidence that
RyR2-mediated Ca2þ release is altered in heart failure
(23–26), we measured the occurrence of spontaneous
Ca2þ sparks. Myocytes from the failing hearts had
significantly higher frequency of Ca2þ sparks
compared with Sham (p < 0.001). In ACOV, Ca2þ spark
frequency was further increased compared with AC
and restored following 17b-estradiol supplementation
(Figure 2). There were no differences in Ca2þ spark
amplitudes in the AC groups compared with Sham,
except for myocytes isolated from ACOV, in which the
amplitudes were increased. Calculating the spark-
mediated SR leak, by multiplying spark mass by fre-
quency, revealed that myocytes from ACOV had
greater SR leak compared with AC and ACOVþE.
Myocytes from the failing hearts were characterized
by increased spark-mediated SR leak compared with
Sham (p < 0.001), correlating with total SR Ca2þ

content shown in Figure 1.

CARDIAC ACTION POTENTIAL DURATION. Action
potential time to 90% repolarization (APD90) was
prolonged in the AC groups compared with Sham
(p < 0.001) (Figure 3). Unlike other parameters, the
long-term absence of ovarian hormones did not
further prolong APD90 compared with AC, although
when animals were supplemented with estrogen
(ACOVþE), APD90 shortened compared with
ACOV (p < 0.01).

INTRACELLULAR NAD REGULATION. We have
shown that pressure overload and the long-term
absence of ovarian hormones results in changes to
intracellular Ca2þ regulation. Intracellular Ca2þ regu-
lation is intertwined with intracellular Naþ regula-
tion; therefore, we investigated to determine whether
important Naþ efflux and influx routes, known to be
altered in heart failure, were affected by ovarian
hormone withdrawal. We measured the Naþ/Kþ

ATPase current and the late Naþ current (INa,Late) in
myocytes isolated from each experimental cohort.

NAD/KD ATPase CURRENT AND REACTIVATION.

The protocol for these experiments is illustrated in
Figure 4A and is described in detail in Ke et al. (14).
Briefly, the Naþ/Kþ ATPase was inhibited by



FIGURE 2 Quantification of Ca2þ Spark Frequency and Morphology

(A) The frequency of Ca2þ sparks increased in myocytes from the AC groups and was highest in the ACOV group compared with Sham. The

frequency in ACOVþE group is more comparable with the Sham group. (B) The amplitude of the Ca2þ spark was similar between the Sham

and the AC group. Myocytes from ACOV had the largest Ca2þ spark amplitude between groups. (C) Spark mass in ACOVþE group is lower

compared with ACOV. (D) The spark-mediated SR leak (spark mass x frequency) increased in all AC groups compared with Sham, with ACOV

having the highest leak.(Sham, n ¼ 57/5; AC, n ¼ 43/3; ACOV, n ¼ 56/4; ACOVþE, n ¼ 47/3; 1-way ANOVA with a Fisher post hoc test,

*p < 0.05, **p < 0.01, ***p < 0.001). Bars show mean (95% confidence interval). Abbreviations as in Figure 1.

FIGURE 3 Action Potential Duration Time to 90% Repolarization (APD90)

(A) Representative action potential traces. (B) APD90 was prolonged in all AC groups compared with Sham. The ACOV mean APD90 was 23.6%

longer than Sham. Sham n ¼ 44/5, AC, n ¼ 46/5, ACOV n ¼ 47/3, ACOVþE n ¼ 35/3; 1-way ANOVA with Tukey’s multiple comparisons test,

**p ¼ 0.01, ***p < 0.001. Bars show mean (95% confidence interval). Abbreviations as in Figure 1.
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FIGURE 4 Evaluation of Naþ Influx and Efflux Kinetics

(A) Representative trace of Naþ/Kþ ATPase current alterations when the superfusate was changed from 6 mM Kþ to a Kþ-free solution to inhibit the Naþ/Kþ ATPase and

then following the reintroduction of 6 mM Kþ to reactivate the pump. (B) The Naþ/Kþ ATPase–mediated Naþ extrusion rate following pump reactivation and (C) the

total Naþ/Kþ ATPase current density. The Naþ efflux through Naþ/Kþ ATPase current density and Naþ extrusion rate were reduced in AC groups. The long-term absence

of ovarian hormones resulted in a further reduction in Naþ extrusion rate compared with the AC group. (Sham, n ¼ 22/2; AC, n ¼ 19/3; ACOV, n ¼ 25/2; ACOVþE,

n ¼ 27/2; 1-way ANOVA with a Tukey’s multiple comparisons test, *p < 0.05, ***p < 0.001). (D) Naþ influx through the ranolazine-sensitive late Naþ current (INa,L) in

myocytes isolated from AC groups. (E) The INa,L was increased in AC groups, ACOV had a 15 % greater INa,L-related Naþ influx compared with AC. The estradiol-

supplemented group had similar Naþ influx compared with AC. (Sham, n ¼ 31/3; AC, n ¼ 25/3; ACOV, n ¼ 23/3; ACOVþE, n ¼ 21/3; 1-way ANOVA with a Tukey’s multiple

comparisons test, *p < 0.05, ***p < 0.001). Bars show mean (95% confidence interval). Abbreviations as in Figure 1.
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superfusion of the cells in Kþ-free solution for 2 min,
during which time intracellular Naþ concentration
will increase. After 2 min, the superfusate was
switched to normal Tyrode’s solution that contained
6 mM Kþ. This reactivates the Naþ/Kþ ATPase, which
extrudes the accumulated Naþ from the cell, and the
rate of extrusion was used to assess its function.
Steady-state Naþ/Kþ ATPase current density was
taken as the difference between the holding current
in the presence and absence of Kþ.

The Naþ extrusion rate (typical changes in current
are shown Figure 4A) was significantly reduced in AC
groups compared with Sham (p < 0.001), and myo-
cytes from ACOV were characterized by a further
reduction in extrusion rate, compared with the AC
group, respectively (p < 0.05) (Figure 4B). The Naþ/Kþ

ATPase current density was reduced by approxi-
mately 50% in all AC groups compared with myocytes
from Sham (p < 0.001) (Figure 4C).

LATE NAD CURRENT. Myocyte transmembrane po-
tential was initially clamped at –120 mV before
stepping the membrane potential to –20 mV for 2 s to
elicit the INa,Late, as shown in Figure 4D. The
ranolazine-sensitive INa,Late was measured 215 ms
following the voltage step (27) and compared among
groups. Myocytes from the AC groups were collec-
tively characterized by an approximate 100% increase
in INa,Late compared with the Sham group (p < 0.001).
The ACOV group had the largest INa,Late compared
with AC and the ACOVþE groups (p < 0.001), and this
result was consistent with the increase in charge
density, as shown in Figure 4E. Inactivation of the
INa,Late was prolonged in all AC groups compared with
Sham (p < 0.001), and the speed of inactivation was
independent of the AC experimental group.

These experiments present evidence of a decline in
Naþ/Kþ ATPase current and Naþ extrusion as the heart
begins to fail. To assess if the decline in these 2
indices of function may be explained by a decrease in
the amount of pump protein or its regulatory subunit
phospholemman (PLM/FXYD1), we undertook
Western-blotting experiments (Figure 5). Although



FIGURE 5 Naþ/Kþ ATPase and Its Regulatory Subunit Expression

(A) A sample Western blot of Naþ/Kþ ATPase (NKA) a1 expression in Sham and AC groups with the grouped data (C). The Naþ/Kþ ATPase a1 relative expression was

unchanged in the AC groups compared with Sham, except for the ACOVþE group, in which the ratio was 25.9% greater. (B) A sample Western blot of phospholemman

(PLM/FXYD1) expression in Sham and AC groups with the grouped data (D). Phospholemman expression decreases in the ACOV group, but supplementation with

estradiol increases expression to match Sham levels, with the ACOVþE ratio 36% greater than ACOV expression. (E) The ratio of the expression levels of the 2 proteins

(Naþ/Kþ ATPase: PLM) in the AC and ACOV cohorts increased compared with Sham. N ¼ 6 for each group; 1-way ANOVA with a Fisher post hoc test, *p < 0.05,

**p < 0.01. Bars show mean � SD. Abbreviations as in Figure 1.
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the expression of Naþ/Kþ ATPase a1 subunit (NKAa1)
was not different, except for the AVOVþE group, in
which the ratio was greater compared with Sham
(Figures 5A and 5C), the amount of PLM decreased
in ACOV compared with the other groups (Figures 5B
and 5D). The lower expression level of regulatory
inhibitory subunit could increase Naþ/Kþ ATPase
function because unphosphorylated PLM inhibits the
Naþ/Kþ ATPase. We found the ratio of the expression
levels of the 2 proteins (Naþ/Kþ ATPase: PLM) in each
experimental cohort to increase in the disease states
compared with Sham (Figure 5E), suggesting that
levels of the phosphorylated form of PLM could be
more important in determining Naþ/Kþ ATPase
function, or interactions between the Naþ/Kþ ATPase
and PLM are altered.

DISCUSSION

The aim of this work was to characterize the influence
of estrogen on cardiac function during the onset of
heart failure in a controlled animal model that lacks
traditional comorbidities. As well as assessing the
effect of estrogen on in vivo cardiac function, we
investigated its possible effects on intracellular Ca2þ

and Naþ regulation, as these 2 ions play major roles in
determining cardiac contractility, and their cellular
homeostasis is known to change in heart failure. Four
experimental animal groups were produced to test
the hypothesis that long-term absence of ovarian
hormones is detrimental to cardiac function and that
such deleterious effects can be rescued by 17b-estra-
diol. The guinea pig offers a useful animal model
because the species shares similar electrophysiolog-
ical, Ca2þ regulatory, and steroidogeneses features
with humans (13).

HEART FAILURE AND OVARIECTOMY. Aortic constric-
tion progresses in males of this species to the pre-
sentation of heart failure with reduced ejection
fraction (HFrEF) approximately 150 days later
(Sham mean EF ¼ 73%, HF mean ¼ 37%) (14). Sig-
nificant cardiac hypertrophy develops with an
enlargement of the diastolic internal left-ventricular
diameter, indicating volume retention in the left
chambers that produces pulmonary congestion,
confirmed by the increased LW:BW. A duplication
of the procedure in female animals in this paper
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also causes a decrease in EF, indicating that systolic
function is affected.

Ventricular myocytes isolated from the female
failing hearts had reduced Ca2þ transient amplitudes
that, given the unaltered fractional SR Ca2þ release,
are a likely consequence of the decrease in SR Ca2þ

content. The reduced amplitude of the Ca2þ transient
combined with a reduction in myofilament sensitivity
that accompanies a reduction in estrogen (9) will
contribute to worse diastolic dysfunction compared
with the AC group and correlates well with the in-
crease in left-ventricular chamber dimensions during
systole (LVIDs), indicating weaker in vivo contractile
force and reduced fractional shortening.

The slower transient decay kinetics indicates that
cytosolic Ca2þ removal systems are less effective.
Although declining SERCA function is well known in
heart failure and results in reduced SR Ca2þ content,
our other measurements point to altered intracellular
Naþ regulation in heart failure that will affect the
function of the Naþ/Ca2þ exchange. The reduction in
Naþ/Kþ ATPase current and Naþ extrusion rate lead to
an increase in intracellular [Naþ] aggravated by the
increase in Naþ influx via INa,late that will contribute
to a prolongation of the action potential. These
changes will alter the balance of Ca2þ flux generated
by the Naþ/Ca2þ exchange, reducing its forward
mode, slowing cytosolic Ca2þ removal during the
cardiac cycle. It is likely that the reduced whole heart
function, reduction in myocyte SR Ca2þ contents, and
Ca2þ transients are partly offset by the increase in
intracellular [Naþ] reported in other heart-failure
models (28–30) and in human (31,32). We have sug-
gested that the increase in inward Naþ flux and the
decrease in Naþ/Kþ ATPase current and function al-
ters the balance of Ca2þ flux mediated by the Naþ/
Ca2þ exchange during the cardiac cycle that limits
early contractile impairment (14).

One hundred-fifty days following ovariectomy,
uterine weight and serum estradiol levels had
significantly decreased in the ACOV group, confirm-
ing a long-term absence of ovarian hormones and in
line with our published ovariectomy results (8).
Following ovariectomy, failing hearts showed addi-
tional impairment of global function, and their ven-
tricular myocytes displayed further deterioration of
cellular Ca2þ regulation compared with the gonad-
intact heart failure group. When these animals
received 17b-estradiol, the global and cellular func-
tional indicators improved to match the values of the
gonad-intact heart failure group. Other work, using
animal models of cardiac pathology that provided
estrogen supplementation, supports these observa-
tions. Some studies find that the development of
ventricular hypertrophy is slowed (33,34); reversed
(35); or there are different effects, depending on the
type of pathological insult (36).

These other studies were limited to descriptions
of whole heart function and morphology. Here we
describe not only global changes occurring in
response to estrogen supplementation following
pressure overload but also concurrent alterations
to myocyte Ca2þ and Naþ regulation. To our
knowledge this is the first time such studies
have been described, and they suggest that estro-
gen can modulate ventricular myocyte responses
to heart failure and, more specifically, the function
of proteins involved in intracellular ionic
regulation.

Knowledge of the underlying mechanisms is scant
and much more exploration will be required to
improve our understanding of them (37). There is
evidence that they may involve estrogen receptor a

(ERa) and its interaction with nuclear factor (NF)-kB
in modulating estrogen-dependent transcriptional
regulation (38,39); and/or G-protein-coupled estrogen
receptor-1 (GPER1 or GPR30), as its activation has
been reported to reduce infarct size and improve
function following ischemia/reperfusion (40); inhib-
iting the translocation of the hypertrophic transcrip-
tion factor, NF-AT, to the nucleus of the cardiac
myocyte; and stimulating NF-AT transcriptional ac-
tivity (41). Cardiac-specific overexpression of ERa
may protect female mouse hearts following myocar-
dial infarction induced by coronary artery ligation
through encouraging angiogenesis and reducing
fibrosis, but the effects of overexpression of ERs or
the effects mediated by ERs on Ca2þ regulation are
largely unknown (39). In smooth muscle, GPER1 may
be involved in the regulation of intracellular Ca2þ by
voltage-sensitive channels (42) and in the kidney
appears to mediate changes in Ca2þ signaling that do
not occur in GPER1 knockout mice (43). It has also
been observed that overexpression of ERb improves
cardiac function following infarction (44), and both
receptors have been implicated in suppressing
isoprenaline-induced cardiac hypertrophy (45,46).

ESTROGEN EFFECTS ON THE CHANGES TO

ELECTROPHYSIOLOGY. The spark-mediated SR leak
was greater in the dual-surgery (ACOV) group
compared with AC group. This may partly explain the
smaller SR Ca2þ content in the former group (47) and
could be proarrhythmic because larger spontaneous
Ca2þ release events will activate the NCX that, in turn,
may lead to the formation of after-depolarizations.
Ca2þ spark frequency is dependent on SR Ca2þ con-
tent, and at least part of the reduced SR Ca2þ content



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The myocardial

actions of sex steroids are complex, but evidence is emerging

that suggests they may be beneficial in specific situations. The

challenge is to determine the mechanisms whereby sex steroids

affect electrophysiological and Ca2þ homeostasis remodeling of

the cardiac myocyte, ultimately improving lusitropic function and

reducing proarrhythmic substrate. A better understanding of the

mechanisms involved will influence a more tailored—and there-

fore more effective—approach to treatment strategies for female

patients that may, in the longer term, benefit both sexes. Here,

we describe not only beneficial global changes occurring in

response to estrogen supplementation following pressure over-

load but also concurrent improvements to cardiac myocyte Ca2þ

regulation. The results support the view that estrogen supple-

mentation can influence cardiac remodeling, improving function

at whole-heart and cellular levels.

TRANSLATIONAL OUTLOOK: Cardiomyocytes express

sarcolemmal- and nuclear-bound estrogen receptors ERa and

ERb, and GPER; however, their influence on mechanisms and

processes involved in excitation-contraction coupling and ionic

regulation are essentially unexplored. It would be tempting to

suggest that 17b-estradiol directly interacts with estrogen re-

ceptors on the cardiomyocyte membrane, eliciting downstream

signaling cascades that modulate ion channel/transporter/

exchanger function. Future studies would need to pinpoint the

receptors involved, tailoring toward gender-specific therapy.
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is undoubtedly caused by the enhanced leak that may
be spark mediated or by other routes (48).

Activated exchange current may contribute to the
action potential prolongation and may increase the
potential for re-excitation. A key feature of heart
failure is prolongation of the cardiac action potential,
and we have suggested in this animal model that an
increase in Naþ influx via INa,late is involved (14).
Strikingly, the absence of estrogen in heart failure
further increases INa,late and further prolongs the APD
compared with heart failure when estrogen is pre-
sent. The role of estrogen in arrhythmias is contro-
versial (49), but this result indicates that estrogen
alters the function of ion channels that control car-
diac excitation and repolarization.

STUDY LIMITATIONS. The Ca2þ transient measure-
ments are qualitative rather than quantitative, and
we do not know if changes to cellular Ca2þ buffering
occur. Given the nonlinear relationship between free
[Ca2þ]i and fluxes this imposes limitations on some of
the interpretations of our data, notably the compari-
son of rate constants, which can only be done over
similar ranges of free [Ca2þ]i.

CONCLUSIONS

Many of the changes to global and cellular functions
that take place during the onset of heart failure were
made worse following reduction of circulating levels
of ovarian hormones by ovariectomy. The worsening
of function could be counteracted with 17b-estradiol
supplementation, suggesting that estrogens play a
role in the adaptive and maladaptive responses
occurring during the onset of heart failure.
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