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Abstract

Variation between the sexes in cardiac function have been established. The extent to which sex hor-
mones are responsible for these differences is unclear. The current study was designed to determine
whether testosterone acts acutely to enhance contractility of cultured rat ventricular myocytes. Fol-
lowing a 24-h treatment with testosterone (1mM), isolated rat ventricular myocytes display a 21%
increase (P , 0.01) in peak shortening and an 18% decrease (P , 0.02) in time to peak shortening.
In accordance with this change, testosterone treatment produced an 18% decline (P , 0.002) in the
time to relengthening when compared to vehicle-treated controls. These results provide the first evi-
dence that short-term androgen exposure acts directly to stimulate contractility of isolated rat ventri-
cular myocytes and thus may play a role in regulating cardiac performance in males and thereby
contribute to sex differences in cardiac function.
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Introduction

Gender disparities in cardiac function have been well
established. For example, women have significantly
higher peak- and end-systolic pressures when com-
pared to men (1). Sex differences exist in the control
of myocardial adaptations in response to changes in
afterload (2). Gender differences in myocardial mechan-
ical properties also have been reported in rodents (3, 4).
Sex variances in myocyte calcium handling occur after
puberty, suggesting that sex hormones may play a role
in cardiac function (5).

Studies examining the impact of androgens on the
function of cardiac myocytes are limited. A prerequisite
for direct myocyte effects of androgens is the expression
in myocytes of the androgen receptor protein. Evidence
demonstrating androgen-binding proteins in heart
come from Kreig et al. (6) and McGill et al. (7), who
showed the presence of high-affinity androgen-binding
proteins in whole-heart cytosol from both rats and pri-
mates. However, these studies stopped short of demon-
strating whether these androgen-binding proteins were
androgen receptors. Furthermore, because the heart is
comprised of a heterogenous population of cells includ-
ing fibroblasts, nerve cells, and smooth muscle cells, it
is still uncertain whether androgen receptor proteins
exist in cardiac myocytes.

Cardioregulatory actions of androgens have been
documented. Our laboratory has provided the first evi-
dence that gonadectomy and testosterone replacement
alters expression of calcium-regulatory proteins and
contractile properties of isolated male rat ventricular

myocytes (8). Following a 16-week castration period,
isolated cardiac myocytes from male rats display a sig-
nificant reduction in contraction and relaxation vel-
ocities. Testosterone replacement completely restored
contractile function. These data, along with those pub-
lished by Scheuer et al. (9, 10), who used an isolated rat
heart perfusion model to show enhancement of cardiac
function in gonadectomized animals following andro-
gen delivery, provide important insights into the poten-
tial role of androgens as cardioregulatory hormones.
However, it is uncertain whether androgens exert
direct beneficial effects on cardiac myocytes or whether
androgens enhance contractile function via activation
of other humoral or neural variables. The aims of the
current investigation are to first determine whether
androgen receptor proteins are detectable in cardiac
myocytes and to examine the acute effects of androgens
on the contractility of isolated adult rat ventricular
myocytes. Understanding the influence of androgens
as cardioregulatory hormones in males has important
clinical implications. A loss of androgen receptor sig-
naling in males during aging or because of therapeutic
intervention (e.g. treatment for prostate cancer) may
have important consequences on cardiac function.

Materials and methods

Cell-isolation procedures

The animal care committee at the Wayne State Univer-
sity School of Medicine approved this study. Four
60-day-old male Sprague–Dawley rats were housed
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individually, fed and watered ad libitum and maintained
on a 12-h light/dark cycle at 238C. Single ventricular
myocytes were isolated enzymatically as described pre-
viously (11). Briefly, hearts were rapidly removed and
perfused (at 378C) with Krebs–Henseleit bicarbonate
(KHB) buffer containing 118mM NaCl, 4.7mM KCl,
1.25mM CaCl2, 1.2mM MgSO4, 1.2mM KH2PO4,
25mM NaHCO3, 10mM Hepes and 11.1 glucose. The
KHB was equilibrated with 5% CO2/95% O2. Hearts
were subsequently perfused with a nominally Ca2þ-
free KHB buffer for 2-3min until spontaneous contrac-
tions ceased. This was followed by a 20-min perfusion
with Ca2þ-free KHB containing 223U/ml collagenase
(Worthington Biochemical Corp., Freehold, NJ, USA)
and 0.1mg/ml hyaluronidase (Sigma). After perfusion,
ventricles were removed and minced, under sterile con-
ditions, and incubated with the above enzymatic sol-
ution for 3–5min. The cells were further digested
with 0.02mg/ml trypsin (Sigma) before being filtered
through a nylon mesh (300mm) and subsequently sep-
arated from the enzymatic solution by centrifugation
(60g for 30 s). Myocytes were resuspended in a sterile
filtered, Ca2þ-free Tyrode’s buffer that contained
131mM NaCl, 4mM KCl, 1mM MgCl2, 10mM Hepes
and 10mM glucose, supplemented with 2% BSA, pH
7.4, at 378C. Cells were initially washed with Ca2þ-
free Tyrode’s buffer to remove remnant enzyme and
extracellular calcium was added incrementally back
to 1.25mM. Following the isolation procedure rat ven-
tricular myocytes were treated with either testosterone
propionate (1mM; Sigma) or vehicle for 24h and mech-
anical properties were analyzed.

Immunoblot analysis

Ventricular myocytes were isolated from four 60-day-
old male rats (see above) and proteins were solubilized
in SDS sample buffer containing 1% 2-mercaptoethanol
at 1008C for 10min. Proteins were separated by
SDS/PAGE and then transferred to nitrocellulose mem-
branes. Nonspecific binding was blocked with 5% BSA
for 30min in buffer containing 9mM Na2HPO4·7H2O,
3mM NaH2PO4, 125mM NaCl and 0.08% Tween-20.
The membranes were then washed three times for
15min and probed with a polyclonal anti-androgen
receptor antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). After washing three times for 15min
the androgen receptor protein was detected using
enhanced chemiluminescence (ECL) reagent (Amer-
sham).

Immunohistochemistry

Tissue sections from three 60-day-old male rats were
incubated for 1 h in 1.5% blocking serum in PBS
(ABC Staining System; Santa Cruz Biotechnology). Sec-
tions were incubated with an androgen receptor poly-
clonal antibody (1:500 dilution; Santa Cruz

Biotechnology) for 30min overnight at 48C. Sections
were washed and then incubated for 30min with
biotin-conjugated secondary antibody as provided
(ABC Staining System) in PBS with 1.5% blocking
serum. Detection was accomplished using avidin-bioti-
nylated horseradish peroxidase.

Cell shortening/relengthening

Mechanical properties of ventricular myocytes isolated
from four 60-day-old male rats were assessed using a
SoftEdge video-based edge-detection system (IonOptix
Corporation, Milton, MA, USA) (11). In brief, cells
were placed in a Warner chamber mounted on the
stage of an inverted microscope (Olympus, IX-70) and
superfused (approximately 1ml/min at 378C) with a
buffer containing 131mM NaCl, 4mM KCl, 1mM
CaCl2, 1mM MgCl2, 10mM glucose and 10mM
Hepes (pH 7.4). The cells were field stimulated with
suprathreshold voltage at a frequency of 0.5Hz and
3-ms duration, using a pair of platinum wires placed
on opposite sides of the chamber connected to a
MyoPacer stimulator (IonOptix Corporation, Milton,
MA, USA). The myocyte being studied was displayed
on the computer monitor using an IonOptix MyoCam
camera. The SoftEdge software was used to capture
changes in cell length during shortening and relength-
ening. Myocytes with obvious sarcolemmal blebs or
spontaneous contractions were not used; only rod-
shaped myocytes with clear edges were selected for
recording of mechanical properties.

Data analysis

Data were analyzed using GB-STAT software (Dynamic
Microsystems, Silver Springs, MD, USA). Differences
between variables were analyzed by the nonparametric
Kruskal–Wallis one-way analysis of variance. Data are
shown as means^S.E.M.

Results

Figure 1A shows immunoblot analysis of androgen
receptor protein in isolated ventricular myocytes. As a
positive control, protein samples isolated from rat pros-
tate were conducted in parallel (Fig. 1A, lane 2). Figure
1A (lane 1) shows that isolated rat cardiac myocytes
are strongly immunoreactive for androgen receptor.
We further confirmed the presence of AR by immuno-
histochemical analysis of adult male heart (Fig. 1B,
right-hand panel). Immunostaining of whole heart
revealed uniform expression of androgen receptor
protein in both cytosolic and nuclear compartments.
Sarcomeric striation patterns, a well-known character-
istic of cardiac muscle, were evident.

To determine whether androgens are capable of
acute actions on cardiac myocyte function, we exam-
ined the effects of testosterone (1mM) on contractile
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properties of isolated cardiac myocytes following a 24-h
exposure (Fig. 2). This time point was selected to elim-
inate the confounding influence of androgen-induced
hypertrophy on contractile performance that is pro-
duced by longer-term treatment (12). The concen-
tration of testosterone was chosen to examine the
functional consequences of altered expression of car-
diac calcium regulatory genes in response to 1mM tes-
tosterone treatment, which has been published
previously (13). Testosterone treatment produced a
21% (P , 0.01) increase in peak shortening as normal-
ized to cell length (Fig. 3). Figure 4 shows the effects of
testosterone treatment on myocyte contractile velocity.
Myocytes exposed to testosterone also displayed an 18%
decrease (P , 0.02) in time to peak shortening. When
the effect of testosterone on myocyte time to relaxation
was analyzed, testosterone exposure resulted in a 17%
increase (P , 0.002) in myocyte relaxation velocity
(Fig. 5).

Discussion

There are two major findings of this investigation. First,
we demonstrate for the first time that androgen recep-
tor protein is present in cardiac myocytes. Secondly, we
demonstrate a positive inotropic effect of testosterone in

cardiac myocytes that is clearly distinct from systemic
effects or paracrine effects of other cell types.
Furthermore, it demonstrates that myocytes from a tes-
tosterone-rich in vivo milieu can respond to pharmaco-
logical doses of testosterone in vitro. Of note, shorter
treatment times of myocytes with testosterone (5min)
had no effect on contraction and relaxation properties
(results not shown).

Androgens exert their actions on target tissues by
binding to a nuclear receptor which operates as a tran-
scriptional regulator (14). In this study, we have pro-
vided novel data demonstrating the presence of
androgen receptor protein in isolated cardiac myocytes.

Figure 3 Testosterone enhances cell peak shortening of isolated
cardiac myocytes following a 24 h treatment; *P , 0.02, n ¼ 55–
63/group.

Figure 1 (A) Detection of androgen receptor protein in isolated rat
ventricular myocytes. Cell lysates from isolated cardiac myocytes
(CM; lane 1) and rat prostate (lane 2) were probed with an anti-
androgen receptor mouse polyclonal antibody. Lane 3 represents
a negative control exposed to secondary antibody alone. Protein
samples were subjected to SDS/PAGE, electrotransfer and immu-
noblotting. A representative experiment out of four with similar
results is shown. (B) Immunohistochemical staining of rat ventri-
cular myocardium with an anti-androgen receptor antibody shows
strong expression of androgen receptor (right-hand panel) within
myofibrils. Negative control sections were incubated with second-
ary antibody alone (left-hand panel).

Figure 2 Testosterone augments contractility of isolated ventricu-
lar myocytes. Representative traces showing contractility of adult
cardiac myocytes treated with testosterone propionate (T; 1mM)
or vehicle control (C) for 24 h.
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These results support those of Marsh et al. (12) who
showed the existence of androgen receptor transcripts
in isolated cardiac myocytes from animals and
humans. The androgen receptor mediates dramatic
effects of androgens on cardiac morphology and gene
expression (12, 13). Although it is difficult to be certain
whether the aggrandized cardiac response to androgen
treatment in the current study is due to direct signaling
via myocyte androgen receptors, it is hypothesized
given that androgen receptors are required for andro-
genic stimulation of cellular and nuclear hypertrophy
(12, 13). These conclusions are based on data showing
that androgen-induced structural alterations of isolated
cardiac myocytes are inhibited by the androgen recep-
tor antagonist cyproterone acetate. The presence of
androgen receptor protein in ventricular myocytes sup-
ports a direct regulatory role of androgens on cardiac
function.
Consistent with our previously published results, cul-

tured cardiac myocytes display a significant increase in
contractile velocity following acute testosterone treat-
ment (8). Surprisingly, the magnitude of this effect is

identical when comparing cultured myocytes treated
in vitro to freshly dissociated myocytes from gonadecto-
mized animals treated chronically with and without
androgens. These results suggest that androgens are
capable of directly enhancing cardiac myocyte function
in the presence and/or absence of other cardioregula-
tory hemodynamic and humoral factors. In vivo studies
show that augmented contractile velocity in orchiecto-
mized animals administered testosterone is associated
with a profound switch in myocyte myosin heavy-
chain isoform expression from the slower myosin
heavy chain b to the faster myosin heavy chain a
and enhanced L-type calcium-channel mRNA accumu-
lation (8). In support of the latter, Liu et al. (15) have
shown that a consensus hormone-response element
within the 50-untranslated region of the gene encoding
the a1c subunit of the L-type calcium channel alone is
capable of driving reporter gene expression in response
to testosterone treatment. These data suggest that tes-
tosterone may contribute to the larger intracellular cal-
cium transients reported in male myocytes when
compared to females (16). The relative contribution of
myosin isoform switching and enhanced calcium-chan-
nel expression to the overall increase in contractile vel-
ocity and peak shortening are unclear but it
demonstrates that testosterone regulates the expression
of key proteins that affect myocyte contractility.

Similar to the changes in shortening velocity, acute
testosterone treatment produced a coordinate compar-
able increase in the rate of relaxation of isolated cardiac
myocytes. Our results are consistent with reports of
increased relaxation rates in isolated papillary muscles
isolated from gonadectomized animals administered
testosterone (10). The intracellular mechanism by
which testosterone enhances relaxation of cardiac
myocytes is unclear but may involve a faster rate
of calcium removal. In support of this hypothesis,
Hintz et al. (17) showed that cardiac myocytes isolated
from gonadectomized animals display a prolonged cal-
cium-transient decay rate when compared to cardiac
myocytes isolated from sham-operated controls.
Additionally, our laboratory has shown that castration
of male rats reduces cardiac myocyte Na/Ca-exchanger
gene expression. Androgen replacement completely
restores Na/Ca-exchanger mRNA levels, most likely
via complex protein–protein interactions involving
the androgen receptor and a number of cis- and trans-
acting factors (18).

In summary, this is the initial demonstration of
androgen receptor protein in isolated cardiac myocytes,
which provides initial mechanistic insights into andro-
gen signaling in heart. Furthermore, it is clear that
androgens act acutely to stimulate contractility of car-
diac myocytes independent of other factors which can
influence myocyte function in vivo. The extent to
which a decline in androgens, as a result of aging or
as part of treatment for some tumors (e.g. prostate),
impacts cardiac function has not been explored.

Figure 4 Testosterone (1mM) decreases the time to peak short-
ening (TPS) of isolated rat ventricular myocytes; *P , 0.001,
n ¼ 55–63/group.

Figure 5 Testosterone reduces the time to 90% relengthening
(TR90) of isolated ventricular myocytes; *P , 0.002, n ¼ 55–
63/group.
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However, androgen-replacement therapy has gained
considerable attention over the past few years as a
means to prevent or reverse aging. The ability of testos-
terone to enhance contractility of ventricular myocytes
may account for some of the observed sex differences in
cardiac function.

Acknowledgements

K L G is supported by a grant from the NIH (K01
HL04356-02).

References

1 Hayward CS, Kalnins WV & Kelly RP. Gender-related differences
in left ventricular chamber function. Cardiovascular Research
2001 49 340–350.

2 Luchner A, Brockel U, Muscholl M, Hense HW, Doring A,
Riegger GA & Schunkert H. Gender-specific differences of cardiac
remodeling in subjects with left ventricular dysfunction: a popu-
lation-based study. Cardiovascular Research 2002 53 720–727.

3 Brown RA, Anthony MJ, Petrovski P & Ren J. The influence of
gender, diabetes, and acetaldehyde on the intrinsic contractile
properties of isolated rat myocardium. Cardiovascular Toxicology
2001 1 35–42.

4 Zhang X, Ye G, Duan J, Chen AF & Ren J. Influence of gender on
intrinsic contractile properties of isolated ventricular myocytes
from calmodulin-induced diabetic transgenic mice. Endocrine
Research 2003 29 227–236.

5 Leblanc N, Chartier D, Gosselin H & Rouleau JL. Age and gender
differences in excitation-contraction coupling of the rat ventricle.
Journal of Physiology 1998 511 533–548.

6 Krieg M, Smith K & Bartsch W. Demonstration of a specific andro-
gen receptor in rat heart muscle: relationship between binding,
metabolism, and tissue levels of androgens. Endocrinology 1978
103 1686–1694.

7 McGill Jr HC, Anselmo VC, Buchanan JM & Sheridan PJ. The
heart is a target organ for androgen. Science 1980 207 775–777.

8 Golden KL, Marsh JD, Jiang Y, Brown T & Moulden J. Gonadect-
omy of adult male rats reduces contractility of isolated cardiac

myocytes. American Journal of Physiology Endocrinology and Metab-
olism 2003 285 E449–E453.

9 Schaible TF, Malhotra A, Ciambrone G & Scheuer J. The effects of
gonadectomy on left ventricular function and cardiac contractile
proteins in male and female rats. Circulation Research 1984 54
38–49.

10 Scheuer J, Malhotra A, Schaible TF & Capasso J. Effects of gona-
dectomy and hormonal replacement on rat hearts. Circulation
Research 1987 61 12–19.

11 Golden KL, Fan QI, Chen B, Ren J, O’Connor J & Marsh JD. Adre-
nergic stimulation regulates Na(þ )/Ca(2 þ )Exchanger
expression in rat cardiac myocytes. Journal of Molecular Cell Cardi-
ology 2000 32 611–620.

12 Marsh JD, Lehmann MH, Ritchie RH, Gwathmey JK, Green GE &
Schiebinger RJ. Androgen receptors mediate hypertrophy in car-
diac myocytes. Circulation 1998 98 256–261.

13 Golden KL, Marsh JD & Jiang Y. Testosterone regulates mRNA
levels of calcium regulatory proteins in cardiac myocytes. Hor-
mone and Metabolic Research 2004 36 197–202.

14 He B, Lee LW, Minges JT & Wilson EM. Dependence of selective
gene activation on the androgen receptor NH2- and COOH-term-
inal interaction. Journal of Biological Chemistry 2002 277
25631–25639.

15 Liu L, Fan QI, El Zaru MR, Vanderpool K, Hines RN & Marsh JD.
Regulation of DHP receptor expression by elements in the 50-
flanking sequence. American Journal of Physiology Heart Circulation
Physiology 2000 278 H1153–H1162.

16 Curl CL, Wendt IR & Kotsanas G. Effects of gender on intracellular.
Pflugers Archiv 2001 441 709–716.

17 Hintz KK, Wold LE, Colligan PB, Scott GI, Lee KJ, Sowers JR &
Ren J. Influence of ovariectomy on ventricular myocyte contrac-
tion in simulated diabetes. Journal of Biomedical Sciences 2001 8
307–313.

18 Lobaccaro JM, Poujol N, Terouanne B, Georget V, Fabre S,
Lumbroso S & Sultan C. Transcriptional interferences between
normal or mutant androgen receptors and the activator protein
1–dissection of the androgen receptor functional domains. Endo-
crinology 1999 140 350–357.

Received 19 March 2004

Accepted 9 November 2004

Testosterone action on ventricular myocytes 483EUROPEAN JOURNAL OF ENDOCRINOLOGY (2005) 152

www.eje-online.org


