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Ayaz O, Banga S, Heinze-Milne S, Rose RA, Pyle WG, Howlett
SE. Long-term testosterone deficiency modifies myofilament and
calcium-handling proteins and promotes diastolic dysfunction in the
aging mouse heart. Am J Physiol Heart Circ Physiol 316: H768–
H780, 2019. First published January 18, 2019; doi:10.1152/ajp-
heart.00471.2018.—The impact of long-term gonadectomy (GDX) on
cardiac contractile function was explored in the setting of aging. Male
mice were subjected to bilateral GDX or sham operation (4 wk) and
investigated at 16–18 mo of age. Ventricular myocytes were field
stimulated (2 Hz, 37°C). Peak Ca2� transients (fura 2) and contrac-
tions were similar in GDX and sham-operated mice, although Ca2�

transients (50% decay time: 45.2 � 2.3 vs. 55.6 � 3.1 ms, P � 0.05) and
contractions (time constant of relaxation: 39.1 � 3.2 vs. 69.5 � 9.3 ms,
P � 0.05) were prolonged in GDX mice. Action potential duration was
increased in myocytes from GDX mice, but this did not account for
prolonged responses, as Ca2� transient decay was slow even when cells
from GDX mice were voltage clamped with simulated “sham” action
potentials. Western blots of proteins involved in Ca2� sequestration
and efflux showed that Na�/Ca2� exchanger and sarco(endo)plasmic
reticulum Ca2�-ATPase type 2 protein levels were unaffected,
whereas phospholamban was dramatically higher in ventricles from
aging GDX mice (0.24 � 0.02 vs. 0.86 � 0.13, P � 0.05). Myofila-
ment Ca2� sensitivity at physiological Ca2� was similar, but phos-
phorylation of essential myosin light chain 1 was reduced by �50%
in ventricles from aging GDX mice. M-mode echocardiography
showed no change in systolic function (e.g., ejection fraction). Criti-
cally, pulse-wave Doppler echocardiography showed that GDX
slowed isovolumic relaxation time (12.9 � 0.9 vs. 16.9 � 1.0 ms,
P � 0.05), indicative of diastolic dysfunction. Thus, dysregulation of
intracellular Ca2� and myofilament dysfunction contribute to deficits
in contraction in hearts from testosterone-deficient aging mice. This
suggests that low testosterone helps promote diastolic dysfunction in
the aging heart.

NEW & NOTEWORTHY The influence of long-term gonadectomy
on contractile function was examined in aging male hearts. Gonad-
ectomy slowed the decay of Ca2� transients and contractions in
ventricular myocytes and slowed isovolumic relaxation time, demon-
strating diastolic dysfunction. Underlying mechanisms included Ca2�

dysregulation, elevated phospholamban protein levels, and hypophos-
phorylation of a myofilament protein, essential myosin light chain.
Testosterone deficiency led to intracellular Ca2� dysregulation and

myofilament dysfunction, which may facilitate diastolic dysfunction
in the setting of aging.

aging; excitation-contraction coupling; orchiectomy; sex differences;
sex hormones

INTRODUCTION

The rise in the incidence of cardiovascular disease with age,
as circulating estrogen and testosterone levels fall, suggests a
link between sex steroid hormones and cardiovascular disease
(38, 48). Although cardioprotective effects of estrogen have
been explored in women (6, 37, 46), the idea that low testos-
terone contributes to increased cardiovascular risk in aging has
only recently received attention (25, 34, 40, 64, 65). Observa-
tional studies have shown that low testosterone increases the
risk of cardiovascular disease and related mortality in older
men (3, 10, 43, 49). This is especially true of diseases charac-
terized by impaired contractility, such as heart failure. Evi-
dence indicates lower testosterone levels in male patients with
heart failure (31, 61; but cf. 43) and an increase in heart failure
severity as circulating testosterone levels decline (29, 31).
Thus, there is an association between low testosterone and
impaired cardiac contractility in older men, although the mech-
anisms involved are not understood.

The biological effects of testosterone are mediated by an-
drogen receptors, which are present in the gonads and in many
other tissues, including the heart (15, 16). Importantly, studies
in rodent models have shown that androgen receptors are
expressed in cardiomyocytes (35, 36). Thus, it is possible that
chronic exposure to low testosterone modifies cardiac contrac-
tility, at least in part, by effects on the cardiomyocytes them-
selves. Most studies have inferred information about the effects
of testosterone on cardiac contraction in hearts and myocytes
isolated from young adult (3�6 mo old) male animals sub-
jected to bilateral gonadectomy (GDX) (for a review, see Ref.
4). Studies in Langendorff-perfused hearts have shown that left
ventricular developed pressure is not affected by GDX (9, 47,
57; but cf. 17). The rate of pressure development is also not
affected by GDX, but the rate of pressure decay is slowed (17,
47, 50, 52, 57). At the cellular level, most studies have
indicated that GDX slows the decay of contractions and Ca2�

transients in ventricular myocytes isolated from young male
rodents, although whether GDX affects peak responses is
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controversial (9, 13, 27, 45, 47, 54, 57, 60, 62). Less is known
about the impact of GDX on cardiac contractile function in
vivo, although in vivo studies with M-mode echocardiography
have suggested that GDX reduces ejection fraction in young
male rats and mice (54, 60). Whether GDX affects diastolic
function has not been investigated (54, 60). Together, these
findings suggest that low testosterone modifies cardiac contrac-
tile function, at least in young adult animals.

Although testosterone deficiency affects contractile function
in hearts from young animals, most cardiovascular disease
occurs in older individuals (38, 48). Growing evidence sug-
gests that the heart undergoes distinct cellular, structural, and
functional changes as a consequence of normal aging, which
may adversely affect contractile function (19, 22, 26, 33). Our
group has shown that cardiac contractile function declines with
age at the organ and cellular levels in male mice (23, 28, 30).
This may increase the risk of heart failure with reduced
ejection fraction in the setting of aging. We have also shown
that relaxation rates and Ca2� transient decay rates are pro-
longed in aging male mice (23, 28, 30). This may promote
diastolic dysfunction as well as heart failure with preserved
ejection fraction (HFpEF), which is common in older individ-
uals (58).

It is possible that the effects of age on cardiac contractile
function are exacerbated by chronic exposure to low testoster-
one, although this has not been established. This is important,
because it could provide a mechanistic explanation for links
between low testosterone levels and heart failure in the aging
population. The goal of the present study was to investigate the
impact of long-term testosterone deficiency on cardiac contrac-
tile function in the setting of aging. In vivo, cellular, and
molecular experiments were conducted in aging (16�18 mo
old) male C57BL/6 mice subjected to GDX or sham operation
at a young age to determine whether long-term testosterone
deficiency exacerbates adverse effects of aging on cardiac
contractile function.

MATERIALS AND METHODS

Animals. All animal protocols were approved by the Dalhousie
University Committee on Laboratory Animals and conformed with
the Guide to the Care and Use of Experimental Animals (Canadian
Council on Animal Care, Ottawa, ON, Canada, vol. 1, 2nd ed., 1993,
and vol. 2, 1984). Male C57BL/6J mice were obtained from Charles
River Laboratories (St. Constant, QC, Canada). Mice were subjected
to bilateral removal of the testes (GDX) or a similar surgery that left
the testes intact (sham) at 1 mo of age. Mice were used in experiments
at 16–18 mo of age. In some experiments, 5- to 6-mo-old sham and
GDX mice also were used to investigate the impact of age and GDX
on serum testosterone levels. In each mouse, GDX was confirmed
visually by the absence of testes. Mice were housed at the Carleton
Animal Care Facility at Dalhousie University and maintained on a
12:12-h light-dark cycle with free access to food and water.

Cell experiments. Ventricular myocytes were isolated by enzymatic
dissociation and used in field stimulation, current-clamp, and voltage-
clamp experiments with our established techniques (20, 21, 55).
Briefly, mice were weighed and anesthetized (200 mg/kg ip pento-
barbital sodium with 100 units heparin). The aorta was cannulated to
perfuse the heart (2 ml/min, 10 min) with Ca2�-free buffer containing
(in mM) 105 NaCl, 5 KCl, 25 HEPES, 0.33 NaH2PO4, 1.0 MgCl2, 20
glucose, 3.0 Na-pyruvate, and 1.0 lactic acid (pH 7.4, 37°C, gassed
with 100% O2). The heart was perfused with this buffer plus 50 �M
Ca2�, collagenase type 1 (8 mg/30 ml, 250 U/mg, Worthington),
dispase II (3.5 mg/30 ml, Roche), and trypsin (0.5 mg/30 ml, Sigma).

After 8–10 min, the ventricles were excised, minced, and stored in a
high-K� buffer containing (in mM) 50 L-glutamic acid, 30 KCl, 30
KH2PO4, 20 taurine, 10 HEPES, 10 glucose, 3 MgSO4, and 0.5 EGTA
(pH 7.4, room temperature). Cells were filtered with a 225-�m
polyethylene mesh filter (Spectra/Mesh).

Cells were loaded with Ca2�-sensitive dye (fura 2-AM, 2.5 �M;
Invitrogen, Burlington, ON, Canada) for 20 min in darkness in a
chamber on an inverted microscope (Nikon Eclipse TE200, Nikon
Canada, Mississauga, ON, Canada). In all experiments, cells were
superfused (3 ml/min) with standard buffer (mM): 145 NaCl, 10
glucose, 10 HEPES, 4 KCl, 1 CaCl2, and 1 MgCl2 (pH 7.4, 37°C). For
simultaneous recording of cell shortening and Ca2� transients, a
custom-made dichroic mirror (Chroma Tech, Rockingham, VT) was
used to split the microscope light between a camera (model TM-640,
Pulnix America) and a photomultiplier tube (PTI, Brunswick, NJ).
Cells were imaged on a closed-circuit television monitor connected to
a video edge detector (Crescent Electronics, Sandy, UT) that mea-
sured cell length (120 samples/s). A DeltaRAM fluorescence system
(Photon Technologies, Birmingham, NJ) was used to excite cardio-
myocytes at 340 and 380 nm. Felix software (Photon Technologies)
was used to record fluorescence emission (at 510 nm) for both
wavelengths (200 samples/s). Background fluorescence was sub-
tracted from all recordings, and the ratio of emissions was used for
conversion to intracellular Ca2� concentrations via an in vitro cali-
bration curve, as previously described (20, 55).

For field stimulation experiments, cells were paced at 2 Hz with
bipolar pulses via platinum electrodes coupled to a stimulus isolation
unit (model SIU-102, Warner Instruments, Hamden, CT) controlled
by pClamp 8.1 software (Molecular Devices, Sunnyvale, CA). In
some experiments, the pacing frequency was increased to 4 Hz.
Stimulation was stopped after 30 s, but recording continued for an
additional 10 s to allow detection of spontaneous contractions, if
present. Current- and voltage-clamp recordings were made with high-
resistance (18�25 M�) microelectrodes (filled with filtered 2.7 M
KCl) and an Axoclamp 2B amplifier controlled by pClamp software
(Molecular Devices). Current-clamp mode was used to record action
potentials; cells were paced with 3-ms pulses delivered at a frequency
of 2 Hz to match the field stimulation protocol. For voltage-clamp
experiments, we used high-resistance microelectrodes and discontin-
uous single-electrode voltage-clamp techniques (switch clamp, 5–8
kHz) with established techniques used in our previous studies (20, 21,
23, 28, 41, 42). The use of high-resistance microelectrodes plus switch
clamp allows us to voltage clamp cells with minimal dialysis of the
intracellular milieu to avoid buffering internal Ca2�. In these exper-
iments, simulated “sham” and “GDX” action potential waveforms
were created from mean values recorded from myocytes from sham
and GDX mice, as described below in RESULTS. Myocytes from sham
and GDX mice were then voltage clamped with trains (2 Hz) of these
simulated action potentials, characteristic of cells from sham or GDX
mice, and Ca2� transients were recorded simultaneously.

Western blots for Ca2�-handling proteins. Western blot analysis
was used to compare the levels of major Ca2�-handling proteins in
ventricles from aging sham and GDX mice. Mice were anesthetized as
described above, and hearts were removed. The ventricles were
weighed, flash frozen in liquid nitrogen, and stored at �80°C until
use. Tibia length was also measured and used as an index of heart
weight. The ventricles were homogenized (1 min) with a glass Dounce
homogenizer (Sigma) in cold RIPA buffer containing 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM
Tris·HCl (pH 7.8), 1 mM EDTA, and 1 mM EGTA plus a protease
inhibitor cocktail (Halt protease inhibitor cocktail, Thermo Scientific)
and a phosphatase inhibitor cocktail (Halt phosphatase inhibitor cock-
tail, Thermo Scientific). The homogenate was centrifuged (12,000
rpm, 4°C, Beckman Coulter) for 10 min, and the supernatant was
divided into aliquots and stored at �80°C. The protein concentration
for each sample was quantified with a DC protein assay (Bio-Rad).
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Homogenates were reconstituted in 4	 Laemmli sample buffer and
heated (95°C, 5 min). Equal amounts of sham and GDX sample
protein (25 �g/well) were resolved on 7% polyacrylamide gels in all
Western blot experiments. The primary antibodies were Na�/Ca2�

exchanger (NCX; 1:1,000 dilution, catalog no. R3F1, Swant), sarco-
(endo)plasmic reticulum Ca2�-ATPase type 2 (SERCA2; 1:2,000
dilution, catalog no. MA3-919, ThermoFisher Scientific), phospho-
lamban (PLB; 1:5,000 dilution, catalog no. A010-12, Badrilla), and

-actin (1:10,000 dilution, catalog no. A5441, Sigma). The secondary
antibodies were anti-mouse (1:20,000 dilution, catalog no. ab97046,
Abcam) and anti-rabbit (1:20,000 dilution, catalog no. ab6721, Ab-
cam) horseradish peroxidase-conjugated polyclonal antibodies. The
membrane was incubated for 5 min with Clarity Western ECL
substrate (Bio-Rad), and protein chemiluminescence signals were
imaged using a ChemiDoc MP system (Bio-Rad Laboratories, Mis-
sissauga, ON, Canada). Protein band intensities were quantified with
ImageJ software (v1.34, National Institutes of Health). Target proteins
were normalized to 
-actin or by staining the polyvinylidene difluo-
ride membrane with amido black (naphthol blue, Sigma) to verify
equal protein loading.

Myofilament experiments. Myofilaments were isolated using tech-
niques we have previously described (24). The protocol for harvesting
the ventricles is described above (see Western blots for Ca2�-han-
dling proteins). The tissue was homogenized in ice-cold buffer con-
taining (in mM) 60 KCl, 30 imidazole (pH 7.0), 2 MgCl2, 0.01
leupeptin, 0.1 PMSF, 0.2 benzamidine, and phosphatase inhibitors
(catalog no. P0044, Sigma-Aldrich). The homogenate was centrifuged
(14,000 g, 15 min, 4°C), and the pellet was resuspended in the buffer
described above for tissue homogenization plus 1% Triton X-100 for
45 min on ice. This solution was centrifuged (1,100 g, 15 min, 4°C),
and the pellet containing the myofilaments was washed three times in
ice-cold buffer and then resuspended in homogenization buffer. The
myofilaments were either flash frozen to assess myofilament protein
phosphorylation or kept on ice and used immediately to evaluate
actomyosin Mg2�-ATPase activity. Actomyosin Mg2�-ATPase ac-
tivity was measured by incubation of the myofilaments (25 �g) in
ATPase buffers that contained variable concentrations of free Ca2�

(10 min, 32°C) using techniques we have previously described (63).
The reaction was quenched by the addition of 10% trichloroacetic
acid. Equal volumes of FeSO4 (0.5%) and ammonium molybdate
(0.5%) in 0.5 M H2SO4 were added, and absorbance at 630 nm was
read to quantify production of inorganic phosphate.

Phosphorylation of major myofilament proteins was investigated as
we have previously described (24). Myofilament proteins (10 �g)
were separated by SDS-PAGE (12%) and then fixed in 50% metha-
nol-10% acetic acid (23°C) overnight. Myofilament protein phosphor-
ylation was assessed with Pro-Q Diamond staining according to the
manufacturer’s instructions (Molecular Probes, Eugene, OR). The
gels were imaged with a ChemiDoc MP imaging system (Bio-Rad

Laboratories) and analyzed with ImageJ software. The gels were
stained with Coomassie blue dye for the determination of protein
loading, and actin was used as a loading control.

Echocardiography. Mice were anesthetized with 2% isoflurane in
oxygen and placed in the supine position on a 37°C platform, and
ECG was monitored with subcutaneous limb electrodes. Two-dimen-
sional, guided M-mode echocardiography was then performed with a
high-resolution linear transducer (model i13L, GE Ultrasound,
Horten, Norway) and a Vivid 7 imaging system (GE Medical Sys-
tems, Horten, Norway). Images were generated in M-mode, and ECG
recordings were used to determine heart rate. Systolic and diastolic
ventricular dimensions were measured to determine or derive the
following parameters: interventricular septum thickness at diastole
and end systole, left ventricular internal diameter at diastole and end
systole, left ventricular posterior wall thickness at diastole and end
systole, relative wall thickness, left ventricular mass, fractional short-
ening, ejection fraction, and stroke volume. Diastolic function was
evaluated with pulse-wave Doppler echocardiography in the apical
long-axis view. Maximal transmitral inflow velocities were recorded
by setting the sample volume near the tip of the mitral leaflets in the
mitral orifice, parallel to the direction of blood flow. From the
pulse-wave Doppler waveforms, we assessed the following parame-
ters: peak early transmitral velocity (E wave) and peak late transmitral
velocity (A wave), E-to-A ratios, E wave deceleration time, and
isovolumic relaxation time.

Serum testosterone analysis. A mouse ELISA kit (Crystal Chem,
Elk Grove Village, IL) was used to compare serum testosterone levels
in adult and aged sham and GDX mice. Blood was obtained from the
facial vein in anesthetized mice. Serum was isolated using a standard
protocol. Briefly, the blood was left for 30 min at room temperature
and then processed for 10 min using an Eppendorf centrifuge (1,500 g,
4°C). The supernatant (serum) was stored at �20°C until use. The
testosterone assay was performed following the manufacturer’s in-
structions. Serum was thawed on ice, and 10-�l standards and samples
were transferred via pipette onto the 96-well ELISA plate. The plate

Table 1. Physical characteristics and morphometric data for sham and GDX mice

Parameter Sham GDX P Value

Body weight, g 45.5 � 3.4 (9) 43.3 � 3.0 (9) 0.63
Heart weight, mg 241.4 � 19.6 (9) 200.2 � 12.9 (9) 0.10
Heart weight/body

weight, mg/g 5.4 � 0.4 (9) 4.7 � 0.3 (9) 0.17
Heart weight/tibia

length, mg/mm 11.2 � 0.9 (5) 9.6 � 1.0 (5) 0.28
Cell length, �m 131.2 � 3.7 (49) 123.5 � 3.8 (41) 0.16
Cell width, �m 28.5 � 1.1 (49) 26.1 � 1.2 (41) 0.14
Cell area, �m2 3,737.6 � 185.9 (49) 3,266.3 � 206.8 (41) 0.045*
Cell length-to-width ratio 5.0 � 0.2 (49) 5.1 � 0.3 (41) 0.63
Wet lung weight, g 0.17 � 0.01 (3) 0.17 � 0.01 (3) 0.84
Lung wet weight-to-

dry weight ratio 4.08 � 0.20 (3) 4.24 � 0.48 (3) 0.78

Values are means � SE; sample sizes are shown in parentheses. GDX, gonadectomized. *P � 0.05.

Table 2. Serum testosterone levels in adult and aged sham
and GDX mice

Testosterone, ng/ml Sample Size

Adult
Sham 1.15 � 0.43 9
GDX 0.01 � 0.01* 10

Aged
Sham 0.86 � 0.41 7
GDX 0.05 � 0.02* 8

Values are means � SE. GDX, gonadectomized. *P � 0.05 (by two-way
ANOVA).
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was activated by addition of the enzyme conjugate plus incubation
buffer and then incubated with shaking at 600 rpm at room temper-
ature (1 h). The plate was washed four times with buffer, the substrate
was added, and the plate was incubated in darkness for 30 min at room
temperature. The reaction was stopped, and absorbance at 450- and
630-nm wavelengths was measured using a Fluostar Omega micro-

plate reader. Serum testosterone concentrations were calculated from
a four-parameter logistic curve fit, as recommended.

Data analyses. Field stimulation and electrophysiology data were
analyzed using Clampfit 8.2 (Molecular Devices). In field stimulation
experiments, 50 contractions or Ca2� transients were averaged, and
responses were then measured. Peak cell shortening was measured as
the difference between cell length at rest and the peak contraction. The
velocity of cell shortening was measured to quantify the rate of
shortening. The relaxation phase was fit with an exponential function
to measure the time constant of relaxation (�). Peak Ca2� transients
were measured as the difference between diastolic and systolic Ca2�

levels. The rate of rise of Ca2� transients and the time to 50% decay
were also measured. Sigmaplot (version 12.5, Systat Software) was
used for all statistical analyses and curve-fitting analyses as well as
figure construction. Values are means � SE. Differences between
means were tested using a Student’s t-test. A nonparametric Mann-
Whitney rank sum test was used for data that were not normally
distributed. Differences were considered significant if P � 0.05.

Chemicals. All chemicals, unless otherwise stated, were purchased
from Sigma-Aldrich (Oakville, ON, Canada) or BDH (Toronto, ON,
Canada). Fura 2-AM was prepared in anhydrous DMSO and stored at
�20°C.

RESULTS

Physical characteristics, morphometric data, and serum
testosterone levels for sham and GDX male mice. We first
compared physical characteristics of aging sham and GDX
mice and their hearts. Both groups of mice were similar in
body weight (Table 1). Heart weights were lower in GDX than
sham animals, but this difference was not statistically signifi-
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Fig. 1. Long-term testosterone deficiency prolonged relaxation and Ca2�

transient decay in isolated ventricular myocytes. Myocytes were loaded with
fura 2-AM and field stimulated at 2 Hz, and contractions and Ca2� transients
were recorded simultaneously. A and B: representative traces of contractions
(left) and Ca2� transients (right) in myocytes from sham-operated (sham) and
gonadectomized (GDX) mice. Responses appeared similar in size, with slower
decay in the GDX cell than sham control cell. C: peak contractions normalized
to resting cell length (cell shortening) were similar in sham and GDX groups.
D: velocity of shortening did not differ between GDX and sham control
groups. E: time course of cell lengthening (�) was prolonged in the GDX group
compared with the sham control group. F and G: peak Ca2� transient
amplitudes and rates of rise were similar in GDX and sham control groups. H:
time to 50% decay of the Ca2� transient was significantly increased in GDX
mice compared with sham control mice. Values are means � SE; n � 49 sham
and 41 GDX cells isolated from 8 sham and 7 GDX mice. *P � 0.05 (by
t-test).
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cant, even when heart weights were normalized to either body
weight or tibia length (Table 1). Although cell lengths and
widths were similar in the two groups, myocyte cross-sectional
area was significantly smaller in GDX than sham control mice
(Table 1). There was no significant difference in length-to-
width ratios between groups (Table 1), which suggests a
proportional reduction in size in GDX cells. Together, these
data suggest that long-term testosterone deficiency in older
animals causes a small, but significant, decrease in ventricular
myocyte size compared with sham control animals. Wet lung
weight and the ratio of wet lung weight to dry lung weight were
quantified as an index of pulmonary congestion/heart failure
(1). There was no significant difference in lung weight between
sham and GDX mice (Table 1). Table 2 shows serum testos-
terone levels for adult (5�6 mo old) and aged (�18 mo old)
sham and GDX mice. These data show no significant decline in
circulating testosterone levels with age but a marked decrease
after GDX in both age groups.

Impact of GDX on contractions, Ca2� transients, and action
potential configuration in ventricular myocytes from aging
mice. The next series of experiments investigated whether
long-term GDX modified contractions and Ca2� transients in
the setting of aging. Cells were field stimulated at 2 Hz, and
cell shortening and Ca2� transients were recorded simultane-
ously. Representative examples from a sham myocyte and a
GDX myocyte are shown in Fig. 1, A and B. Mean data clearly
demonstrated that peak contraction (Fig. 1C) and the velocity
of shortening (Fig. 1D) were similar in the two groups, but the
rate of relaxation was prolonged in cells from aging GDX mice
(Fig. 1E). Parallel changes occurred in the underlying Ca2�

transients. Although peak Ca2� transients (Fig. 1F) and their
rates of rise (Fig. 1G) were not affected, the time to 50% decay
was significantly prolonged in cells from GDX animals (Fig.
1H). In some experiments, pacing frequency was increased to

4 Hz, which is closer to the physiological heart rate for mice.
We found that the mean Ca2� transient time to 50% decay at
4 Hz was also prolonged by GDX (38.8 � 1.5 and 44.8 � 1.8
ms for sham and GDX groups, respectively, P � 0.01). The
number of spontaneous contractions after the stimulus was
stopped was significantly higher in myocytes from GDX than
sham control mice (1.5 � 0.5 vs. 4.9 � 1.6, P � 0.02). Thus,
long-term GDX caused a marked prolongation of the decay
rates of myocyte contractions and Ca2� transients as well as an
increase in spontaneous beats. These findings indicate dysregu-
lated intracellular Ca2� homeostasis in hearts from aging,
testosterone-deficient mice.

When myocytes are field stimulated, responses are activated
by action potentials. A difference in action potential configu-
ration between cardiomyocytes from sham and GDX mice may
help prolong contractions and Ca2� transients in cells from
GDX mice. To test this idea, action potentials were recorded in
sham and GDX cells in current-clamp mode (Fig. 2). Repre-
sentative examples of action potentials recorded from the two
groups are shown in Fig. 2A. Mean data demonstrated no
significant difference in either resting membrane potential (Fig.
2B) or action potential duration (APD) at 50% repolarization
(APD50; Fig. 2C). On the other hand, GDX was associated with
a significant increase in APD at 90% repolarization (APD90) in
myocytes from aging hearts (Fig. 2D). This increase in APD
would be expected to prolong the duration of depolarization
and could account for the longer Ca2� transients in myocytes
from GDX mice. To investigate this, simulated sham and GDX
action potential waveforms were created based on mean action
potential configurations (Fig. 3, A and C). Cells from sham and
GDX mice were then voltage clamped with trains of simulated
sham (short) and GDX (longer) action potentials delivered at a
frequency of 2 Hz as in the field stimulation experiments. Ca2�

transient decay rates remained prolonged in GDX cells com-
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Fig. 3. Ca2� transients were prolonged in myocytes from
gonadectomized (GDX) mice when cells were voltage
clamped with simulated “sham” and “GDX” action po-
tential waveforms. Cells were loaded with fura 2-AM,
voltage clamped with simulated action potential wave-
forms, and paced at 2 Hz, and Ca2� transients were
recorded. A: a simulated sham action potential based on
the average action potential configuration recorded in
myocytes from sham mice. B: Ca2� transients were
longer for GDX than sham control mice when myocytes
were paced with the shorter action potentials character-
istic of cells from the sham control group. C: a simulated
GDX action potential was created from the average
action potential configuration recorded in cells from
GDX mice. D: Ca2� transients were prolonged in cells
from GDX mice when they were paced with the longer
GDX action potential. �, Time course of cell lengthen-
ing. Values are means � SE; n � 4 sham and 6 GDX
myocytes isolated from 2 sham and 2 GDX mice. *P �
0.05 (by t-test).
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pared with sham cells, regardless of APD (Fig. 3, B and D).
These findings indicate that although APD is prolonged in
aging myocytes from GDX compared with sham control mice,
this does not account for the slower Ca2� transient decay
observed in GDX cells.

Western blots of proteins involved in Ca2� efflux and se-
questration in ventricles from aging sham and GDX mice. To
explore mechanisms involved in Ca2� dysregulation, we used
Western blot analysis to compare the levels of major proteins
involved in Ca2� efflux and Ca2� sequestration in the ventri-
cles of aging sham and GDX mice. Our results showed that
levels of NCX protein, which functions primarily to remove
Ca2� from the myocyte, were virtually identical in the two
groups (Fig. 4A). Thus, slower Ca2� transients in GDX cells
were not due to reduced Ca2� efflux through NCX. We also
showed that SERCA2 protein levels were similar in ventricles
from aging sham-operated and GDX mice (Fig. 4B). This
demonstrates that the slower Ca2� transient decay rates in
myocytes from GDX mice were not explained by a decrease in
protein levels of this important sarcoplasmic reticulum Ca2�

sequestration mechanism. We also compared PLB protein
levels in hearts from sham and GDX mice and showed that
PLB protein levels were dramatically higher in aging GDX
than sham control hearts (Fig. 4C). This observation suggests
that the prolonged Ca2� transient decay in myocytes from
aging GDX mice is attributable, at least in part, to an increase
in PLB.

Impact of GDX on myofilament Ca2� sensitivity and myo-
filament protein phosphorylation in the aging heart. Long-term
GDX may also affect cardiac contraction at the myofilament

level. To determine if GDX modified myofilament Ca2� sen-
sitivity, actomyosin Mg2�-ATPase activity was measured in
ventricles from aging sham and GDX mice. Figure 5A shows
actomyosin Mg2�-ATPase activity expressed as a function of
Ca2� concentration for ventricles from sham and GDX mice.
The curves were not statistically different except that maximal
actomyosin Mg2�-ATPase activity was higher in hearts from
GDX mice. However, this was only seen at the highest,
supraphysiological, Ca2� concentration. When the data were
normalized to the maximal activity for each group, curves for
sham and GDX groups overlapped (Fig. 5B), which suggests
that there was no difference in normalized actomyosin Mg2�-
ATPase activity. This was quantified by comparing the con-
centration of Ca2� required to produce a 50% increase in
activity (EC50 values), which was similar in the two groups
(Fig. 5C). Hill coefficients also were not affected by GDX (Fig.
5D). These results suggest that changes in myofilament Ca2�

sensitivity are unlikely to contribute to the contractile dysfunc-
tion in hearts from GDX mice.

Because phosphorylation strongly influences myofilament
function, phosphorylation levels of critical myofilament pro-
teins were compared in the two groups (Fig. 6). Myofilament
proteins were stained with Pro-Q Diamond to compare phos-
phorylation of myofilament proteins in hearts from sham and
GDX mice (Fig. 6A, left). The gels were then stained with
Coomassie blue dye to examine total protein load (Fig. 6A,
right). GDX did not affect phosphorylation of most major
myofilament proteins, including myosin-binding protein C,
desmin, troponin T, tropomyosin, troponin I, and regulatory
myosin light chain/myosin light chain 2 (Fig. 6B). In contrast,
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Fig. 4. Gonadectomy (GDX) increased levels of phospholam-
ban (PLB) protein in ventricles from aging mice but had no
effect on Na�/Ca2� exchanger (NCX) or sarco(endo)plasmic
reticulum Ca2�-ATPase (SERCA) protein levels. Left: repre-
sentative Western blots illustrate major Ca2�-handling pro-
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ized protein. A: NCX protein levels were similar in ventri-
cles from sham and GDX mice. B: SERCA2 protein levels
were similar in hearts from aging sham and GDX mice. C:
PLB protein levels were significantly higher in hearts from
aging GDX than sham mice. AU, arbitrary units. Values are
means � SE; n � 3 sham and 3 GDX hearts (A and B) and
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there was a marked decrease in phosphorylation of essential
myosin light chain/myosin light chain 1 (ELC), one of two
regulatory myosin light chains, in hearts from GDX compared
with sham control mice (Fig. 6B). Thus, long-term GDX is
associated with a marked decrease in phosphorylation of a key
myosin regulatory protein in the aging heart.

Influence of long-term GDX on myocardial systolic and
diastolic function in vivo in the setting of aging. Inasmuch as
GDX slows cardiac relaxation at the cellular level, it would be
expected to slow cardiac contraction in vivo. To test this, we
used echocardiography to compare systolic and diastolic func-

tion in sham and GDX mice. Figure 7, A and B, shows
representative M-mode recordings used to evaluate cardiac
structure and systolic function in the two groups. Representa-
tive pulse-wave Doppler recordings used to evaluate diastolic
function in sham and GDX mice are shown in Fig. 7, C and D.
Data for key echocardiography measurements are shown in
Fig. 8; additional data are shown in Table 3. In terms of
functional parameters, there was no effect of GDX on heart
rate, ejection fraction, or fractional shortening (Fig. 8, A–C).
We also evaluated structural parameters and found that GDX
had no effect on left ventricular internal diameter and left
ventricular posterior wall thickness at systole or diastole
(Fig. 8, D and E, and Table 3). In contrast, long-term GDX was
associated with a thinning of the interventricular septum at
systole and diastole (Fig. 8F and Table 3) and with a significant
decrease in left ventricular mass in the aging heart (Fig. 8G).
We also assessed diastolic function with pulse-wave Doppler
echocardiography and found that although GDX had no effect
on E-wave deceleration time (Fig. 8H) or E-to-A ratio (Fig. 8I),
it did cause a marked prolongation of isovolumic relaxation
time (Fig. 8J). Together, these findings suggest that long-term
GDX reduces left ventricular mass, promotes septal thinning,
and slows myocardial relaxation in vivo in the setting of aging.

DISCUSSION

The objective of the present study was to investigate the
impact of long-term GDX on cardiac contractile function in the
setting of aging. We found that ventricular myocytes were
smaller and rates of decay for contractions and Ca2� transients
were slower in GDX mice than in sham control mice. APD also
was prolonged in myocytes from aging GDX compared with
sham control mice, but this did not account for the slower Ca2�

transients. Indeed, Ca2� transient decay was slow in the GDX
group, even when cells were voltage clamped with simulated
sham action potentials. To investigate underlying mechanisms,
we compared proteins involved in Ca2� sequestration and
efflux in hearts from aging sham and GDX mice. Although
NCX and SERCA2 protein levels were unaffected by GDX,
PLB protein was dramatically higher in hearts from aging
GDX mice than control mice. Higher levels of PLB could
prolong Ca2� uptake into the sarcoplasmic reticulum and help
explain prolonged Ca2� transient decay in myocytes from
aging GDX mice. Although myofilament Ca2� sensitivity was
similar in the two groups, phosphorylation of the regulatory
myosin light chain ELC was reduced in hearts from aging
GDX mice. Thus, changes in myofilaments in hearts from
GDX mice also may contribute to changes in contractile
function. Long-term GDX was also associated with structural
and functional changes in the aging heart in vivo, where GDX
reduced left ventricular mass and promoted septal thinning.
Critically, GDX also slowed isovolumic relaxation time, which
suggests that chronic exposure to low testosterone may pro-
mote diastolic dysfunction in the aging heart.

Previous work in ventricular myocytes from young adult
male rodents showed that GDX resulted in smaller, slower
contractions and Ca2� transients (9, 13, 27, 45, 47, 54, 57, 60,
62). In contrast, we found that long-term GDX had no effect on
peak responses in ventricular myocytes from aging animals but
prolonged contractions and the underlying Ca2� transients.
This was seen even when we increased the pacing frequency to
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Fig. 5. Myofilament Ca2� sensitivity was similar in aging hearts from sham-
operated (sham) and gonadectomized (GDX) mice, although maximal ATPase
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mice. Myofilament Ca2� sensitivity in the ventricles was assayed as actomy-
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4 Hz, which is closer to the physiological rate for mice (2).
These observations strongly suggest that the combination of
testosterone deficiency and advanced age leads to marked
slowing of relaxation in myocytes from the aging heart. Unlike
previous studies where contractions or Ca2� transients were
recorded separately (9, 13, 27, 45, 47, 54, 57, 60, 62), we
recorded responses simultaneously. Thus, our data directly
demonstrate that dysregulation of intracellular Ca2� contrib-
utes to the effect of GDX on contraction in the setting of aging.

We compared the levels of major proteins involved in Ca2�

sequestration and efflux in ventricles from sham and GDX
mice to identify the cellular mechanisms involved. Our results
showed that although NCX and SERCA2 protein levels were
similar in the two groups, the levels of PLB protein were
dramatically higher in hearts from aging GDX mice. These

observations suggest that GDX prolongs Ca2� transient decay,
at least in part, by increasing levels of PLB, which may reduce
the rate of Ca2� sequestration into the sarcoplasmic reticulum.
Earlier studies of PLB protein in hearts from young adult rats
and mice have consistently reported no change in PLB protein
levels after GDX (9, 47, 54, 57, 62). Thus, the increase in PLB
protein reported here likely reflects the combined impact of
chronic testosterone deficiency and aging on the heart.

Although GDX clearly affects contractile function at the
level of the ventricular myocyte, few studies have examined its
effects on ventricular function in vivo. M-mode echocardiog-
raphy studies have suggested that GDX reduces ejection frac-
tion in young adult rodents (54, 60), although whether GDX
affects diastolic function was not explored. Our work in aging
sham and GDX mice showed that measures of systolic func-
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tion, including ejection fraction and fractional shortening, were
similar in the two groups. In contrast, pulse-wave Doppler
echocardiography studies showed that long-term GDX was
associated with a marked increase in isovolumic relaxation
time, with no effect on E-to-A ratios or E-wave deceleration
times, in the aging heart. Isovolumic relaxation time is a more
reliable indicator of diastolic dysfunction in mice than either
E-to-A ratios or E-wave deceleration times because of fusion of

E and A waves at the rapid heart rates characteristic of mice
(53). This pattern of increased isovolumic relaxation time with
no change in E-to-A ratios is associated with the first stage of
diastolic dysfunction (39). Our results show diastolic dysfunc-
tion with normal systolic function in aging GDX mice. This
suggests that aging male GDX mice are developing HFpEF, a
form of heart failure that is increasingly common in our aging
population (58). However, we found no significant increase in
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lung weight in GDX mice, which suggests that they did not yet
have pulmonary congestion. These findings support the further
exploration of links between testosterone and HFpEF in older
adults. Studies with additional markers of heart failure would
also be of interest.

A novel observation reported here is that the myofilaments
themselves are influenced by long-term GDX in the aging
heart. Although chronic testosterone deficiency had no effect
on normalized myofilament Ca2� sensitivity, it did increase
maximal actomyosin Mg2�-ATPase activity at 100 �M
Ca2�. Still, these saturating Ca2� levels are much higher than
physiological, so the functional significance of this finding is
unclear. On the other hand, long-term GDX led to a marked
decrease in phosphorylation of ELC in the aging heart. While
phosphorylation of regulatory myosin light chain/myosin light
chain 2 by myosin light chain kinase is well known to increase
contractility, much less is known about the role of ELC and its
phosphorylation in the regulation of cardiac contraction (18). It
has been previously reported that ELC may affect myosin
heavy chain kinetics in a manner that depends on the isoform
of myosin heavy chain expression (59). These functional ef-
fects are unlikely to be a factor here, because previous studies
have shown that GDX did not affect myosin heavy chain
expression in the hearts of male mice (44). A recent study by
Sheid and colleagues (51) examined zebrafish hearts express-
ing COOH-terminal ELC that is missing the S195 phosphory-
lation site. This de facto hypophosphorylation model produced
hearts that were inefficient in their force-generating properties
and rendered the zebrafish more susceptible to physical stress.
Here, we found no changes in myofilament actomyosin Mg2�-
ATPase activity within the physiological range of Ca2�, but we
are unable to say if the kinetics or force-generating capacity of
the myofilaments is affected. The finding by Scheid et al. (51)
that the loss of a key phosphorylation site within ELC renders
zebrafish hearts vulnerable to stress-induced dysfunction, com-
bined with our novel finding that aged GDX mice have lower
levels of ELC phosphorylation, may explain the increased risk
for heart failure with aging in the presence of low testosterone.

Our observation that chronic testosterone deficiency slows
relaxation and facilitates development of diastolic dysfunction
in the aging heart is potentially important. Diastolic dysfunc-
tion and ensuing HFpEF are common in older individuals (58).

The incidence of this condition is also increasing dramatically
with the aging of the population, but our understanding of the
pathophysiology of diastolic dysfunction is incomplete (58).
To our knowledge, a role for testosterone in the pathogenesis
of diastolic dysfunction has not been shown previously. Sev-
eral clinical studies have suggested that low testosterone is
associated with diastolic dysfunction, at least in men with
cardiovascular risk factors (11, 12, 32, 56). Additional studies
to explore links between testosterone deficiency, aging, and
diastolic dysfunction would be of interest.

The present study also found that APD was prolonged in
ventricular myocytes from aging GDX mice compared with
sham-operated control mice and that this increase in APD did
not account for the slower Ca2� transients observed in GDX
cells. Earlier studies of younger rats and mice subjected to
GDX have also reported an increase in APD in both multicel-
lular heart muscle preparations and ventricular myocytes (8,
14). This increase in APD is not due to changes in L-type Ca2�

current (45) but has been attributed to a reduction in the
magnitude of the ultrarapid delayed rectifier K� current, at
least in hearts from GDX mice (7). Our data suggest that this
increase in APD after GDX persists in the aging heart. This
may facilitate development of arrhythmias, which are common
in aging men with low testosterone (5). In support of this, we
did observe an increase in spontaneous contractions in ventric-
ular myocytes isolated from GDX hearts. Additional studies
with in vitro and in vivo electrophysiological recordings are
required to explore this relationship further.

We also found that GDX led to a modest, but significant,
decrease in ventricular myocyte size and left ventricular mass
and thinner intraventricular septum compared with sham con-
trol mice. This reduction in heart size has not been reported in
studies of younger mice subjected to GDX (47, 54, 62).
However, these latter studies used heart weight normalized to
tibia length and/or body weight to evaluate the impact of GDX
on the size of the heart (47, 54, 62). We also saw no effect of
GDX on heart weight when normalized to body weight or tibia
length. This suggests that the effects of GDX on heart and
myocyte size cannot be detected by simply weighing the tissue
and that more detailed experimental approaches are needed.

The results of this study highlight a number of interesting
directions for future research. Although we compared levels of
Ca2�-handling proteins in hearts from aging sham and GDX
mice, we did not explore all relevant Ca2�-handling proteins
and we did not examine phosphorylation of these proteins
by either protein kinase A or Ca2�/calmodulin-dependent
kinase II. Future experiments to investigate these pathways
and their effects on phosphorylation of Ca2�-handling pro-
teins, in particular PLB, would be informative. Our study
used myocytes that were paced at 2 Hz (or, in some cases,
4 Hz), which is below the physiological pacing rates seen in
our echocardiography studies. It is possible that diastolic dys-
function would be exacerbated at higher pacing frequencies;
additional studies at higher pacing rates would be of interest.
We also found a marked decrease in circulating testosterone
levels after GDX in both adult and aged mice. Testosterone
also declined, but not significantly, with age in sham mice.
However, we compared 5- to 6-mo-old mice with 18-mo-old
mice. We might have observed an age-dependent decline in
testosterone if we had used even younger sham mice and
compared them with even older sham mice. Here, we subjected

Table 3. Additional in vivo M-mode and pulse-wave Doppler
echocardiography data from sham and GDX mice

Parameter Sham GDX P Value

M-mode echocardiography
LVIDs, mm 2.99 � 0.13 (22) 2.75 � 0.09 (29) 0.12
LVPWs, mm 0.98 � 0.07 (22) 0.91 � 0.06 (29) 0.47
IVSs, mm 0.97 � 0.04 (22) 0.86 � 0.04 (29) 0.04*
Relative wall thickness 0.33 � 0.03 (22) 0.31 � 0.02 (29) 0.48
Stroke volume, ml 0.10 � 0.01 (22) 0.09 � 0.01 (29) 0.54

Pulse-wave Doppler echocardiography
E wave, m/s 0.62 � 0.02 (14) 0.57 � 0.02 (17) 0.08
A wave, m/s 0.40 � 0.02 (14) 0.36 � 0.01 (17) 0.07

Values are means � SE; sample sizes are shown in parentheses. GDX,
gonadectomized; LVIDs, left ventricular internal dimension at end systole;
LVPWs, left ventricular posterior wall thickness at end systole; IVSs, inter-
ventricular septum thickness at end systole; E wave, peak velocity of early
diastolic transmitral flow; A wave, peak velocity of late transmitral flow. *P �
0.05.
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mice to GDX early in life, which resulted in a model of
long-term testosterone deficiency in aging mice. Similar mod-
els of early ovariectomy have been used in female mice to
investigate effects of long-term estrogen deprivation (20, 35,
41, 42). In the present study, this model did allow us to detect
important effects of GDX on the hearts of aging animals.
However, studies in mice subjected to GDX in midlife and
investigated in late life would likely be more physiologically
relevant. Ultimately, it will be important to investigate whether
testosterone replacement reverses the adverse effects of GDX
on the aging heart. Based on the results presented here, further
investigations in such a model are warranted.

In summary, long-term GDX slowed relaxation of contrac-
tion in the aging male heart. These effects were observed at the
cellular level and in vivo by echocardiography. Slower con-
tractions in ventricular myocytes from GDX mice were medi-
ated by slower decay of the underlying Ca2� transients. Addi-
tional mechanistic studies demonstrated that increased levels of
PLB protein, along with hypophosphorylation of ELC, a key
myofilament protein, are involved in these effects of GDX on
the aging heart. Our findings indicate that testosterone defi-
ciency causes intracellular Ca2� dysregulation and myofila-
ment dysfunction, which may facilitate development of dia-
stolic dysfunction in aging hearts and increase the risk of heart
failure.
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