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Abstract

The testicular feminized (Tfm) mouse carries a nonfunctional androgen receptor (AR) and reduced circulating testosterone 
levels. We used Tfm and castrated mice to determine whether testosterone modulates markers of aging in cardiomyocytes via 
its classic AR-dependent pathway or conversion to estradiol. Male littermates and Tfm mice were divided into 6 experimental 
groups. Castrated littermates (group 1) and sham-operated Tfm mice (group 2, N = 8 each) received testosterone. Sham-
operated Tfm mice received testosterone in combination with the aromatase inhibitor anastrazole (group 3, N = 7). Castrated 
littermates (group 4) and sham-operated untreated Tfm mice (group 5) were used as controls (N = 8 and 7, respectively). An 
additional control group (group 6) consisted of age-matched non-castrated littermates (N = 8). Cardiomyocytes were isolated 
from the left ventricle, telomere length was measured by quantitative PCR and expression of p16INK4α, retinoblastoma (Rb) 
and p53 proteins was detected by Western blot 3 months after treatment. Compared with group 6, telomere length was short 
(P < 0.01) and expression of p16INK4α, Rb and p53 proteins was significantly (P < 0.05) up-regulated in groups 4 and 5. These 
changes were improved to nearly normal levels in groups 1 and 2 (telomere length = 0.78 ± 0.05 and 0.80 ± 0.08; p16INK4α = 
0.13 ± 0.03 and 0.15 ± 0.04; Rb = 0.45 ± 0.05 and 0.39 ± 0.06; p53 = 0.16 ± 0.04 and 0.13 ± 0.03), but did not differ between 
these two groups. These improvements were partly inhibited in group 3 compared with group 2 (telomere length = 0.65 ± 0.08 
vs 0.80 ± 0.08, P = 0.021; p16INK4α = 0.28 ± 0.05 vs 0.15 ± 0.04, P = 0.047; Rb = 0.60 ± 0.06 vs 0.39 ± 0.06, P < 0.01; p53 = 
0.34 ± 0.06 vs 0.13 ± 0.03, P = 0.004). In conclusion, testosterone deficiency contributes to cardiomyocyte aging. Physiological 
testosterone can delay cardiomyocyte aging via an AR-independent pathway and in part by conversion to estradiol.
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Aging per se is a risk factor for reduced cardiac function 
and heart disease, even when adjusted for conventional 
cardiovascular risk factors. With aging, cardiac function is 
organically and cellularly impaired. Cardiomyocytes, the 
major components of the contractile apparatus, undergo 
a number of physiological and morphological changes 
with age, and these changes are thought to contribute 
to reduced cardiac function and heart disease (1). It is 
likely that modulation of cardiomyocyte aging changes the 
threshold for the manifestation of signs and symptoms of 

heart disease.
Testosterone is the major circulating androgen and its 

level declines with age in men (2). It is known that testos-
terone replacement therapy restores many of the adverse 
pathophysiological events, which occur in androgen defi-
ciency (3). Several studies have suggested a relationship 
between testosterone and brain aging with an effect on 
cognition (4-6). Also, reduced androgen levels have been 
associated with aging-related cardiovascular diseases and 
testosterone replacement therapy may have some benefi-
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cial effects on cardiovascular function (7). Furthermore, in 
experimental rats with low testosterone levels, physiological 
testosterone therapy can improve reduced cardiac functional 
capacity, probably by inhibition of tumor necrosis factor alpha 
(TNF-α) (8), which is a pro-inflammatory cytokine closely 
linked to the aging process (1). These data have led to the 
hypothesis that testosterone has a positive impact on the 
aging process of the cardiovascular system.

Testosterone exerts a variety of anabolic and andro-
genic effects on many organs and most of these actions 
are mediated by the nuclear androgen receptor (AR) (9). 
The AR gene is also expressed in mammalian and primate 
cardiomyocytes, suggesting that androgens may play a 
role in the heart (10,11). Golden et al. (11) reported that 
gonadectomy slowed the contractile velocity by altering 
myosin heavy chain composition in isolated cardiomyocytes 
of adult male rats. Moreover, in castrated rats testosterone 
supplementation reversed the decline in myosin heavy 
chain content to values seen in sham-operated controls. 
The same investigators reported that testosterone regulated 
the functional expression of L-type calcium channel mRNA 
levels in isolated rat cardiomyocytes and this effect was 
mediated by the AR (12). In addition to the AR pathway, 
the beneficial effect of long-term testosterone on cardio-
myocytes may have been due to the conversion to estradiol 
by aromatase activity (13,14). Although testosterone may 
be of pathophysiological importance to the heart, there are 
no published studies, which demonstrate the role of testos-
terone and AR as modulators of aging in cardiomyocytes. 

The testicular feminized (Tfm) mouse exhibits an X-
linked, single base-pair deletion in the gene encoding the 
AR. This deletion results in premature termination of AR 
protein synthesis, with the occurrence of a nonfunctional 
AR (15,16). In addition, circulating levels of testosterone 
are reduced in the Tfm mouse, reportedly being 10-fold 
lower compared to male littermates (16). Cellular aging is 
characterized by an irreversible cell cycle arrest and loss of 
specialized functions. Telomere length, p16INK4α and p53 
expression are plotted as a function of age (17). Cellular 
aging is also modulated by Rb. p16INK4α inhibits cyclin-de-
pendent kinases and maintains Rb in its unphosphorylated, 
growth-suppressive state (17). Therefore, in the present 
study, we investigated whether testosterone deficiency 
and/or the absence of a functional AR are associated with 
the changes of telomere length and of the expression of 
the above-mentioned genes in murine cardiomyocytes. 
Furthermore, we determined whether physiological tes-
tosterone therapy modulates cardiomyocyte aging via the 
AR-dependent pathway or conversion to estradiol in Tfm 
and castrated male mice. 

Material and Methods

Experimental animals and design 
All experimental procedures and protocols used in 

this investigation were reviewed and approved by the 
Ethics Committee of Nanfang Hospital, Southern Medical 
University. Male littermates and Tfm mice were bred from 
mice purchased from the Model Animal Research Center of 
Nanjing University (female = AW-J/AW-J EdaTa-6J +/+ArTfm; 
male = AW-J/AW-J EdaTa-6J +/Y). The gender of Tfm mice 
was identified by PCR. Mice were kept under standard 
temperature (20-26°C), humidity (40-70%), and illumination 
(12-h light/12-h dark cycle, lights on at 8:00 h). 

At 8 weeks of age, male littermates and Tfm mice un-
derwent surgical castration or sham operation, respectively. 
Four weeks after surgery, castrated mice were treated 
with (N = 8) or not (N = 8) with testosterone propionate 
(Guangzhou Mingxing Pharmaceutical Company, China), 
while sham-operated Tfm mice were also treated (N = 8) or 
not (N = 7) with testosterone propionate. Another 7 sham-
operated Tfm mice were treated with testosterone propi-
onate in combination with 10 mg·kg-1·day-1 of the aromatase 
inhibitor anastrazole (AstraZeneca, UK) in drinking water 
(18). Testosterone was injected intramuscularly at 3 mg/kg, 
diluted in sesame oil, once during each 72-h period for 3 
months. Age-matched 24-week-old nonsurgical littermates 
were used as controls (N = 8). Before these manipulations, 
pharmacokinetic determination of physiological testosterone 
was performed.

Pharmacokinetic determination of physiological 
testosterone 

To establish and maintain a dosing regimen of tes-
tosterone at physiological concentrations, we first had to 
determine the appropriate volume and frequency of admin-
istration of 25 mg/mL testosterone propionate. At 8 weeks 
of age, male littermate mice (N = 36) underwent surgical 
castration and were allowed to recover in individual cages 
for 4 weeks. Next, 12-week-old mice received a single 3 
mg/kg intramuscular injection of testosterone propionate 
(the human replacement dose of testosterone propionate 
is 0.35 mg/kg administered 2-3 times per week according 
to manufacturer instructions. Mice were sacrificed at 30 
min, and at 1, 2, 4, 8, 16, 24, 32, 48, and 72 h after injec-
tion, and testosterone concentrations were measured in 
duplicate (ELISA kits, R&D Systems, Inc., USA). To ensure 
reproducibility, 18 additional castrated littermates received 
a second-cycle injection (double administration) beginning 
72 h after the first and were sacrificed at 1, 2, 4, 8, 24, 
and 72 h after the second injection. At the same time, in 
order to determine normal testosterone concentrations, 
9 non-castrated male mice were sacrificed at 0:00, 8:00, 
and 16:00 h. 

Isolation of cardiomyocytes 
Left ventricular myocytes were enzymatically isolated 

from 39 male mice as described previously (17,19). Briefly, 
hearts were quickly removed and connected to a plastic can-
nula for retrograde perfusion through the aorta. The solutions 
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were supplements of modified commercial minimal essential 
medium (MEM) Eagle-Joklik. HEPES-MEM contained 117 
mM NaCl, 5.7 mM KCl, 4.4 mM NaHCO3, 1.5 mM KH2PO4, 
17 mM MgCl2, 21.1 mM HEPES, and 11.7 mM glucose 
with amino acids and vitamins, 2 mM L-glutamine, and 21 
mU/mL insulin; pH was adjusted to 7.2 with NaOH. The 
washing solution was HEPES-MEM with the addition of 0.5 
mM EGTA. The resuspension medium was HEPES-MEM 
supplemented with 0.5% bovine serum albumin (BSA) and 
0.3 mM CaCl2. The cell isolation procedure consisted of 3 
main steps: 1) for low-calcium perfusion, blood washout in 
the presence of EGTA was performed for about 10 min, and 
0.05% collagenase (selected type I, Worthington Biochemi-
cal Corp., USA) perfusion of the myocardium was carried 
out at 37°C with HEPES-MEM gassed with 85% O2, 15% 
N2. 2) After the heart was removed from the cannula, the 
left ventricle was cut into small pieces and subsequently 
shaken in resuspension medium at 37°C. Supernatant cell 
suspensions were washed and resuspended in resuspen-
sion medium. 3) Intact cells were concentrated by centrifu-
gation. This procedure was repeated 4-5 times.

Quantitative PCR assay 
Quantitative PCR assay was used to measure telom-

ere (T) signals and single-copy gene signals (S, β-globin 
gene) in experimental DNA samples extracted from isolated 
cardiomyocytes. The relative T/S ratios indicated relative 
telomere length (20,21). 

The final reaction system in the quantitative PCR con-
sisted of a final volume of 20 µL per reaction, including 10 
µL 2X AllinOne™ quantitative-PCR Mix (SYBR Green I, 
GeneCopoeia, USA), 2 µL T primer pair telg and telc (final 
concentrations of 900 nM each), or 2 µL S primer pair 
hbgu and hbgd (final concentrations 200 nM each), and 2 
µL of each experimental DNA sample (20 ng DNA). Five 
concentrations of a reference DNA sample (genomic DNA 
extracted from any individual mouse DNA sample) ranging 
from 0.16 to 100 ng/µL were prepared by serial dilution to 
provide data for the generation of the standard curves used 
for relative quantitation. 

The thermal cycling profile consisted of 10 min at 95°C, 
followed by 2 cycles of 10 s at 95°C, 20 s at 49°C, and 15 
s at 72°C, and 40 cycles of 10 s at 94°C, 20 s at 60°C, and 
15 s at 72°C. After thermal cycling, the Bio-Rad (USA) iQ5 
2.0 Standard Edition Optical System Software was used to 
generate two standard curves and to read cycle threshold 
(Ct) values of T and S signals. 

T and S primers were as follows: telg, ACACTAAGGTTTG 
GGTTTGGGTTTGGGTTTGGGTTAGTGT and telc, TGTT 
AGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA. 
hbgu, CTGCCCTGGCTCACAAGTAC, and hbgd, AGATG 
CCCAAAGGTCTTCATC.

Western blotting 
Freshly isolated cardiomyocytes were lysed in 250 μL 

lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 250 
mM NaCl, and 0.1% Triton X-100) containing the following 
protease inhibitors: 2 mM PMSF, 1 µg/mL aprotinin, 5 mM 
DTT, and 1 mM Na3VO4. Myocyte lysates were centrifuged 
at 6700 g for 10 min (19). Forty micrograms protein was 
separated by 10-15% SDS-PAGE and electroblotted onto 
polyvinylidene difluoride membranes (Bio-Rad). After block-
ing with 5% BSA for 1 h, the membranes were incubated 
overnight with primary antibody dilution buffer at 4°C. 
Anti-p16INK4α (F-12, Santa Cruz Biotechnology, Inc., USA), 
anti-p53 (FL-393, Santa Cruz), and anti-unphosphorylated 
Rb (Wuhan Boster Co., China) were used. HRP-conjugated 
goat anti-mouse IgG and goat anti-rabbit (Bio-Rad) served 
as the secondary antibodies. The membranes were briefly 
incubated with ECL detection reagent (Thermo, USA) to 
visualize the proteins and exposed to X-ray film. β-actin 
(Wuhan Boster Co.) was used as an internal control for all 
the Western blotting procedures. The Western blotting data 
presented in this study were from at least 3 independent 
experiments. 

Measurement of testosterone concentration 
At the time of measurements and the end of the study, all 

animals were anesthetized and blood was collected without 
anticoagulant from the retroorbital venous plexus. Samples 
were centrifuged at 1400 g for 10 min and serum was col-
lected and stored at -20°C until assay. Total testosterone 
levels were measured in duplicate using commercially avail-
able ELISA kits (R&D Systems, Inc.). Interassay variation 
was 2.9-4.0% and intra-assay variation was 5.6-6.8%.

Statistical analysis 
SPSS Version 13.0 (Statistical Software for Social 

Sciences, USA) was used for statistical analysis. Data are 
reported as means ± SD and were analyzed by one-way 
ANOVA, with equal variances assumed with the least 
significant difference (LSD) test and equal variances not 
assumed with Dunnett’s T3 multiple comparisons. The level 
of significance was set at P < 0.05.

Results

Determination of a dose regimen to reach 
physiological testosterone levels in castrated mice 

The normal range of testosterone concentrations was 
12.6 to 28.7 nM. After castration, baseline levels of serum 
testosterone were about 6% of normal levels. The levels 
rose significantly from baseline after intramuscular injection 
of 3 mg/kg testosterone at 30 min, reached a peak at 2 h, 
and remained within the normal range between 14 and 50 
h (Figure 1). The mean area under the curve (AUC) for 
the first 72-h period was 20.6 nM and the mean AUC for 
the second 72-h period was 22.7 nM. Pharmacokinetics 
showed that there was no statistical difference for the peak 
time, AUC, or testosterone concentrations between single 
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and double administrations. Furthermore, after single and 
double administrations, the mean AUC were all within the 
normal range. These results agree with those of Nettle-
ship et al. (18) and indicate a good reproducibility of the 
pharmacokinetic profile and that a sufficient physiological 
replacement therapy would be 3 mg·kg-1·72 h-1 intramus-
cular testosterone propionate in castrated male mice. 

Telomere length 
The Ct values of T and S were calculated with their 

independent standard curves. The relative T/S ratios of 
castrated and sham-operated Tfm mice did not differ sig-
nificantly (Figure 2, columns 2 and 4, respectively). These, 
however, were significantly lower than those observed in 
control mice (column 1, both P < 0.01). After testosterone 
therapy, an increase in the relative T/S ratios was detected in 
castrated (column 3) and sham-operated Tfm mice (column 
5) compared with their untreated controls (columns 2 and 
4, both P < 0.01). Moreover, the values for testosterone-
treated castrated and sham-operated Tfm mice did not 
differ significantly (P > 0.05). The relative T/S ratios were 
significantly lower in sham-operated Tfm mice receiving 
testosterone in combination with anastrazole (column 6) 
compared with those receiving testosterone alone (column 
5, P = 0.021). However, the values were still higher than 
those of untreated Tfm mice (column 4, P = 0.044). 

Expression of p16INK4α and Rb proteins 
As shown in Figure 3, expression of p16INK4α and Rb 

proteins was low in control mice. The expression levels, 
however, were significantly higher in both castrated and 
sham-operated Tfm mice than in control mice (p16INK4α 
= both P < 0.05. Rb = both P < 0.01). There were no sig-
nificant differences between the two experimental groups 
(both P > 0.05). After testosterone treatment, the levels 
of p16INK4α and Rb proteins were down-regulated in both 
castrated and sham-operated Tfm mice compared with 
untreated mice (p16INK4α = both P < 0.05. Rb = both P < 
0.01). Moreover, the values did not differ significantly be-
tween testosterone-treated castrated and sham-operated 
Tfm mice (both P > 0.05). Expression of p16INK4α and Rb 
proteins was significantly higher in sham-operated Tfm 
mice receiving testosterone in combination with anastra-
zole compared with those receiving testosterone alone 
(p16INK4α, P = 0.047; Rb, P < 0.001). However, the levels 
were still lower than those of untreated Tfm mice (p16INK4α, 
P = 0.045; Rb, P = 0.008).

Expression of p53 protein 
Expression of p53 protein did not differ significantly (P 

> 0.05) between castrated (Figure 4, column 2) and sham-
operated Tfm mice (column 3). The levels, however, were 
significantly higher than those observed in control mice 
(column 1, both P < 0.01). After testosterone treatment, a 
down-regulation of p53 protein expression was detected 

Figure 1. Pharmacokinetic curves of the single and double 72-h 
period injection of testosterone propionate in castrated littermates. 
Castrated mice received a single 3 mg/kg intramuscular injection 
of 25 mg/mL testosterone (N = 36, red solid line). An additional 
3 mg/kg intramuscular injection of 25 mg/mL testosterone was 
administered at 72 h after the first injection (N = 18, black broken 
line). Mice were sacrificed at the times indicated after injection 
and serum testosterone concentrations were measured. There 
was no statistically significant difference in peak time, mean area 
under the curve, or testosterone concentrations between single 
and double administrations. The area between the dashed paral-
lel lines indicates the physiological range of testosterone (12.6 
to 28.7 nM).

Figure 2. Quantitative PCR assay of relative telomere length in 
cardiomyocytes expressed as the relative T/S ratios. Columns: 
1, control group; 2, castrated group; 3, castrated + testoster-
one group; 4, sham-operated Tfm group; 5, sham-operated Tfm 
+ testosterone group; 6, sham-operated Tfm + testosterone + 
anastrazole group. Data are reported as means ± SD. #P < 0.01 
compared to the control group; ##P < 0.05 compared to the sham-
operated Tfm group; *P < 0.01; **P < 0.05 (ANOVA + Dunnett 
T3 test). There were no significant differences between castrated 
and sham-operated Tfm mice or between testosterone-treated 
castrated and sham-operated Tfm mice. Tfm = testicular femi-
nized mouse.
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in both castrated (column 4) and sham-operated Tfm 
mice (column 5) compared with untreated mice (col-
umns 2 and 3, both P < 0.01). Moreover, the values did 
not differ significantly between testosterone-treated 
castrated and sham-operated Tfm mice (P > 0.05). 
Compared with sham-operated Tfm mice treated with 
testosterone (column 5), expression of p53 protein 
was significantly higher in sham-operated Tfm mice 
treated with testosterone in combination with anas-
trazole (column 6, P = 0.004). However, the levels 
were still lower than those of untreated Tfm mice 
(column 3, P = 0.001). 

Discussion 

In the present study, we observed that testos-
terone concentrations of castrated mice were ap-
proximately 6% of those of control mice. The values 
reached about 9% in sham-operated Tfm mice (data 
not shown), consistent with the study of Jones et al. 
(16). Left ventricular myocytes from castrated and 
sham-operated Tfm mice had short telomere length 
and increased expression of p16INK4α, Rb and p53 
proteins compared with control. Moreover, these 
parameters did not differ significantly between cas-
trated and sham-operated Tfm mice. These observa-
tions provide evidence that testosterone deficiency 
contributes to cardiomyocyte aging. Furthermore, 
we observed amelioration of cardiomyocyte aging 
with long-term physiological testosterone therapy 

Figure 3. Western blot analysis 
of p16INK4α and Rb proteins with 
β-actin as an internal control (A). 
Densitometric analysis of p16INK4α 
protein (B) and Rb protein (C). Col-
umns: 1, control group; 2, castrat-
ed group; 3, castrated + testoster-
one group; 4, sham-operated Tfm 
group; 5, sham-operated Tfm + tes-
tosterone group; 6, sham-operated 
Tfm + testosterone + anastrazole 
group. Data are reported as means 
± SD. *P < 0.05 compared to the 
control group; #P < 0.01 compared 
to the control group; ***P < 0.05 
compared to the sham-operated 
Tfm group; ###P < 0.01 compared 
to the sham-operated Tfm group; 
**P < 0.05; ##P < 0.01 (ANOVA + 
LSD test). There were no signifi-
cant differences between castrat-
ed and sham-operated Tfm mice 
or between testosterone-treated 
castrated and sham-operated Tfm 
mice. Tfm = testicular feminized 
mouse; IOD = integrated optical 
density.

Figure 4. Western blot analysis of p53 protein with β-actin as an in-
ternal control (A). Densitometric analysis of p53 protein (B). Columns: 
1, control group; 2, castrated group; 3, sham-operated Tfm group; 4, 
castrated + testosterone group; 5, sham-operated Tfm + testosterone 
group; 6, sham-operated Tfm + testosterone + anastrazole group. Data 
are reported as means ± SD. #P < 0.01 compared to control group; *P 
< 0.01 compared to castrated group; **P < 0.01 compared to sham-op-
erated Tfm group; ##P < 0.01 (ANOVA + LSD test). There were no sig-
nificant differences between castrated and sham-operated Tfm mice or 
between testosterone-treated castrated and sham-operated Tfm mice. 
Tfm = testicular feminized mouse; IOD = integrated optical density.
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as indicated by increased telomere length and down-
regulation of expression of p16INK4α, Rb and p53 proteins. 
Surprisingly, their levels were statistically similar to those 
of control mice. 

Senescent cardiomyocytes are characterized by an ir-
reversible cell cycle arrest, which is mediated and indicated 
by an up-regulation of p16INK4α and p53, and show a re-
duction in telomere length (1). Kajstura et al. (22) reported 
that telomeric shortening in myocytes and the fraction of 
p16INK4α-positive myocytes increased with age. Another 
study demonstrated a 39% reduction in mean telomere 
length in human aged hearts. Cardiomyocytes with telom-
eres equal to or shorter than 2.5 kbp were p16INK4α-positive 
(23). Torella et al. (17) found that the expression of p16INK4α 
and p53 increased with age in cardiomyocytes of wide-type 
(WT) mice. Hypophosphorylated Rb was predominant in 
aging WT cardiomyocytes, reflecting the up-regulation of 
p16INK4α. Cells with shorter telomeres were p16INK4α- and 
p53-positive. Compared to young cells (4 months), telom-
ere length was reduced by approximately 35% in old WT 
cardiomyocytes (20-22 months). Similarly, the mRNA levels 
of p16INK4α and acetylated p53 were increased in aged 
rat cardiomyocytes in the study by Maejima et al. (24). In 
other aging animal models, telomere shortening coincides 
with increased expression of p53 in isolated cardiomyocyte 
nuclei (25).

As mentioned earlier, we observed a protective role of 
testosterone therapy against the development of cardio-
myocyte aging. Similarly, administration of testosterone has 
been shown to improve brain aging in older male C57BL/6 
mice and in young castrated mice (6). Testosterone also 
protects skeletal muscle cells and neurons from cell death 
(26,27). Lu et al. (28) showed that androgen down-regulated 
the expression of the cyclin-dependent kinase inhibitor 
p16INK4α gene in LNCaP-FGC cells. In a previous study 
conducted by Gregory et al. (29), the hypophosphorylated 
form of Rb was down-regulated by testosterone propionate 
treatment in castrated mice. Zhang et al. (30) found that 
expression of p53 mRNA was decreased in rat prostate 
glands after testosterone replacement therapy. These 
data are consistent with the observations of the present 
study. The amelioration of cardiomyocyte aging did not 
differ significantly between castrated and sham-operated 
Tfm mice after physiological testosterone therapy. Due to 
the following observations, we conclude that the positive 

effects of testosterone on cardiomyocyte aging occur via an 
AR-independent pathway: a) Tfm mice carry nonfunctional 
AR and still respond to testosterone, and b) castrated mice 
with functional AR show signs of cardiomyocyte aging that 
can be cured with testosterone. 

In fact, local conversion of testosterone to estradiol via 
aromatase has been proposed to mediate the potentially 
beneficial effects of testosterone. After conversion, estra-
diol elicits direct cellular effects by activation of estrogen 
receptor α (ERα) and ERβ (31,32). In the present study, 
increased telomere length and down-regulation of expres-
sion of p16INK4α, Rb and p53 proteins in sham-operated 
Tfm mice receiving testosterone therapy were significantly 
inhibited by co-treatment with the aromatase inhibitor. The 
degree of cardiomyocyte aging in anastrazole-treated Tfm 
mice, however, was still lower than in sham-operated Tfm 
mice. These data demonstrate that physiological testos-
terone levels ameliorate cardiomyocyte aging mediated 
in part by aromatization to estradiol in cardiac myocytes. 
Michels et al. (13) reported that the long-term effect of 
testosterone on single T-type calcium channel was me-
diated in part via the estrogen pathway in neonatal rat 
cardiomyocytes. Co-incubation of rat cardiac myocytes 
with testosterone and the specific aromatase inhibitor 
showed an inhibition of estrogen-responsive element 
activation but this was not observed in cells incubated 
with testosterone alone, thereby implicating conversion 
to estradiol as the mechanism of action of testosterone 
in cardiomyocytes (14).

Our results support the view that testosterone deficiency 
contributes to cardiomyocyte aging in Tfm and castrated 
male mice. We demonstrated the beneficial effect of physi-
ological levels of testosterone on cardiomyocyte aging, 
an action that is independent of the classical AR and is 
mediated in part by conversion to estradiol. Given the 
increasing incidence and prevalence of heart disease with 
aging, it will be useful to study the effect and mechanism of 
action of testosterone on cardiomyocyte aging. However, 
further investigations are needed before these results can 
be extrapolated from mice to humans. 
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