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Abstract

We examined the influence of sex steroids on cardiac effects of sympathetic agents in mice.  The
mice were divided into four groups: males, neutered males (N-males), females, and neutered females (N-
females).  Dobutamine (DOB; 2.5, 5.0, 10 µµµµµg/kg/min) or isoproterenol (ISO; 0.01, 0.02, 0.04 µµµµµg/kg/min)
were given intravenously to compare the fractional shortening (FS).  These mice received isoproterenol
twice daily at a dose of 7.5 µµµµµg/g/day for 3 weeks.  The rate of cardiac fibrosis was evaluated pathologically
with Azan stain after 3 weeks of ISO.  DOB and ISO significantly increased the FS in the male group,
compared with other groups.  There was no significant difference in FS between the female and N-female
groups.  Cardiac fibrosis significantly increased in the male group, compared with the N-male group.
The female and N-female groups had increased cardiac fibrosis, compared with the male and N-male
groups.  These findings suggest that testosterone is one of the factors of modulation of the response to
the sympathetic nervous system.  Further study is needed to clarify the relationships between female sex
steroids and cardiac fibrosis.
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Introduction

Men are at a greater risk of cardiovascular disease
than women at every age (4, 14).  However, the incidence
of cardiovascular disease in women increases in the
postmenopausal period (9).  Furthermore, the Beta-
Blocker Evaluation of Survival Trial (BEAT) revealed
that coronary artery disease confers an increased risk
of mortality in women compared to men (6).  In basic
studies, an antihypertensive effect of estrogen mediated

by the angiotensin type-1 (AT-1) receptor in vascular
endothelial cells has been reported (19, 20).  Estrogen
promotes the production of nitric oxide and prostacyclin,
and down-regulates the expression of the AT-1 receptor
(2, 11).  Furthermore, testosterone influences the
cardiovascular system by activating the renin-
angiotensin-aldosterone (RAA) system (3, 23, 27).
Testosterone modulates the expression of L-type Ca2+

and Na+-Ca2+ channels in myocytes (7, 8), myocyte
hypertrophy, and the promotion of apoptosis (1, 12,

146



Gender Differences in Cardiac Remodeling in Mice 147

17).  These reports suggest that sex steroids participate
in cardiovascular function and tissue remodeling,
although the effects of sex steroids on the cardiovascular
system remained controversial.  This study evaluated
the effect of gender on cardiac function in response to
dobutamine (DOB) and isoproterenol (ISO), and
investigated the cardiac remodeling induced by the
chronic administration of isoproterenol in mice.

Materials and Methods

Animals

Age-matched 4-week-old CD-1 micea (both sexes)
were housed individually in an air-conditioned room
on a 12-h dark-light cycle and were fed a standard diet
with unrestricted access to tap water.  The mice were
divided into four groups: males, neutered males (N-
males), females, and neutered females (N-females).
The mice were randomly subjected to bilateral
ovariectomy or castration at 6 weeks of age as N-males
or N-females.  The operations were performed using
sterile techniques.  For surgical procedures, the mice
were anesthetized with a mixture of ketamine (0.065
mg/g, i.p.), xylazine (0.013 mg/g, i.p.), and acepromazine
(0.002 mg/g, i.p.).  After 2 weeks, the 8-week-old mice
were subjected to this study.  This study was approved
by the Institutional Laboratory Animal Care and Use
Committee of the School of Veterinary Medicine and
Animal Science of Kitasato University, Japan.

Administration of Sympathetic Agents

The mice were assigned to four different subgroups:
males (n = 7), N-males (n = 6), females (n = 9), and N-
females (n = 8).  A catheter (Natsume Production Place,
SP10, Tokyo, Japan) made of polyethylene was implanted
in the jugular vein of the mice and used to infuse the
sympathetic agents.  Under anesthesia, the right jugular
vein was exposed and catheterized using sterile saline.
The catheter was exteriorized between the scapulas.  The
mice were allowed to recover for 3 days. Following
anesthesia, the mice were stabilized for at least 15 min
and placed in the prone position above a SONA gel
(Toshiba, Tokyo, Japan).  DOB (Sigma, St. Louis, MO,
USA ) was administered at 2.5, 5, or 10 µg/kg/min for 5
min via the catheter.  Similarly, ISO (Sigma, St. Louis,
MO, USA) was infused at 0.01, 0.02, or 0.04 µg/kg/min
for 5 min (13).  Each examination was conducted at three-
day intervals for recovery. The heart rate was monitored
using electrocardiography.  All measurements were
performed before and after administering the sympathetic
agents.  The rate of change in fractional shortening (FS)
was determined in comparison with baseline.

Echocardiography Examination

As an index of left ventricular contractility, FS
was measured by echocardiography using a 12-MHz
probe (SONOS 5500, S12, Hewlett Packard, Littleton,
MA, USA).  M-mode measurements of left ventricular
internal diameter (LVID) were made from short axis
view.  Left ventricular diastolic internal dimensions
(LVIDd) were measured at the onset of the QRS complex
on an electrocardiography recording.  Left ventricular
systolic internal dimensions (LVIDs) were measured at
the peak of the T-wave on an electrocardiography
recording.  Left ventricular FS was calculated as follows;
FS = (LVIDd – LVIDs) / LVIDd × 100.  The average of
three cardiac cycles was calculated.  Data were stored
digitally and analyzed off-line by a single observer.

Chronic Isoproterenol Administration

The ISO treatment mice were assigned to four
different subgroups: males (n = 9), N-males (n = 13),
females (n = 11), and N-females (n = 11).  The control
group was similarly divided into four subgroups (n =
5).  The control subgroups were given sterile saline,
and the ISO subgroups received isoproterenol twice
daily at a dose of 7.5 µg/g/day.  The treatment and
control were given subcutaneously in a volume of
0.5 ml/mouse between the scapulas for 3 weeks.

After the 3-week treatment, the mice were
anesthetized with diethylether, and their hearts were
removed after euthanasia.  The hearts were cut into
coronal sections at the level of the papillary muscles,
fixed with 10% formalin, and embedded in paraffin.
Transverse sections (4 µm) were cut and stained using
routine methods with Azan stain to detect collagen.  The
sections were deparaffinized in xylene, dehydrated,
rehydrated in distilled water, immersed in 5% potassium
dichromate solution for 30 min, and stained with
Azocarmine G for 30 min.  The sections were then
immersed in a 3% tungsten (IV) phosphoric acid n-
hydrate solution for 1 h and stained with aniline blue-
orange G for 20 min.  The images, the cross-sectional
area of the LV sections, were imported into the NIH-
Image program (National Institutes of Health), which
was used for quantitative analysis of the fibrosis region
that stained with the Azan stain, which modified the
methods reported by Shimamura et al. (21).  The
percentage of cardiac fibrosis was calculated as follows;
the area of fibrosis was divided by the cross-sectional
area of the heart.

Statistical Analysis

The results were expressed as the mean ± SD.

aCharles River, Yokohama, Japan
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The echocardiography data were analyzed using two-
way analysis of variance (ANOVA).  The histological
data were analyzed using one-way ANOVA.  Individual
values were compared using the post hoc Tukey
Studentized range method.  A difference was considered
statistically significant when P < 0.05.

Results

Acute Dobutamine Administration

Dobutamine administrat ion significantly

increased the FS from baseline in each group (Table
1).  In the males, the rate of change in FS significantly
increased with DOB in a dose-dependent manner from
baseline (14 ± 4, 39 ± 8, and 72 ± 12% for  2.5, 5, or
10 µg/kg/min, respectively; all P < 0.05) (Fig. 1).  These
responses were significantly elevated compared to those
in the other groups (P < 0.05).  In the females and N-
females, the FS values were elevated, but did not differ
significantly between the two groups (Fig. 1).  The
heart rate did not differ significantly among groups
(Table 2).

Table 1.  The changes of the fractional shortening with dobutamine.

Dobutamine

Baseline 2.5 µg/kg/min 5.0  µg/kg/min 10 µg/kg/min

Male 28.0 ± 5.2 31.1 ±   6.2 38.2 ±   4.0† 47.6 ±   9.2†

N-male 31.7 ± 6.0 35.4 ±   5.4 40.2 ±   5.9† 43.6 ±   7.6†

Female 29.8 ± 4.6 29.4 ± 10.7 32.5 ± 10.8† 39.4 ± 12.2†

N-female 29.1 ± 2.2 29.7 ± 10.5 31.8 ± 11.0* 39.5 ± 12.7†

The data are given as the mean ± SD.  *P < 0.05 vs. baseline.  †P < 0.01 vs. baseline.

Table 2. Changes in the heart rate with dobutamine.

Dobutamine

Baseline 2.5 µg/kg/min 5.0  µg/kg/min 10 µg/kg/min

Male 183 ± 11 156 ± 10 157 ± 15 160 ± 10
N-male 183 ± 21 161 ± 10 154 ± 10 164 ± 12
Female 198 ±   7 158 ±   8 165 ±   9 166 ± 10
N-female 185 ±   8 158 ± 10 158 ±   8 170 ±   9

No significant differences were observed among the groups.
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Fig. 1. The changes rate of the fractional shortening with
dobutamine.  *P < 0.05 vs. N-male and N-female, P <
0.01 vs. Female.  Male group was significantly increased
the FS%.

100

80

60

40

20

0

0.01 0.02

Isoproterenol (µg/kg/min)

0.04

Fr
ac

tio
na

l S
ho

rt
en

in
g

%
 c

ha
ng

e 
fr

om
 b

as
el

in
e

Male
N-Male
Female
N-Female

Fig. 2. The change rate of the fractional shortening with
isoproterenol.  The data are described as mean ± SD.  *P
< 0.05 vs. N-male and N-female, P < 0.01 vs. N-male and
Female.  The fractional shortening in the male group
increased significantly.
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Acute Isoproterenol Administration

Isoproterenol administration significantly
increased the FS from baseline in each group (Table
3).  In the males, the rate of change in FS was markedly
increased with ISO in a dose-dependent manner from
baseline (26 ± 5, 38 ± 4, and 72 ± 9% for 0.01, 0.02,
or 0.04 µg/kg/min, respectively; P < 0.05) (Fig. 2).
These responses were significantly elevated, compared
to those in the other groups (P < 0.05).  In the females
and N-female groups, the FS values were elevated but
did not differ significantly between the two groups
(Fig. 2).  The heart rate did not change significantly
(Table 4).

Chronic Isoproterenol Administration

The area of fibrosis significantly increased in
the ISO-treated subjects, compared to the controls

(Fig. 3).  Cardiac fibrosis was located mainly in the
left ventricular subendocardial area.  The ISO-induced
fibrous region significantly increased in the males
compared to the N-males (2.47 ± 0.41 vs. 1.28 ±
0.15%; P < 0.05).  Whereas no significant difference
was observed between the female and N-female groups
(5.52 ± 1.26 vs. 4.96 ± 0.75%), the fibrous regions in
the females and N-females were significantly greater
than those in the males and N-males (P < 0.05; Fig. 4).

Table 3. The changes of the fractional shortening with isoproterenol.

Isoproterenol

Baseline 2.5 µg/kg/min 5.0  µg/kg/min 10 µg/kg/min

Male 29.5 ± 6.0 35.6 ± 7.0† 37.5 ± 6.5† 48.9 ± 12.2†

N-male 30.0 ± 5.9 30.4 ± 6.1 33.8 ± 5.5* 38.7 ±   5.7†

Female 29.9 ± 6.8 32.8 ± 5.1 36.5 ± 7.4† 44.0 ±   5.3†

N-female 30.5 ± 4.7 35.4 ± 4.8† 39.4 ± 4.1† 43.8 ±   4.9†

The data are given as the mean ± SD.  *P < 0.05 vs. baseline.  †P < 0.01 vs. baseline.

Table 4.  Changes in the heart rate with isoproterenol.

Isoproterenol

Baseline 2.5 µg/kg/min 5.0  µg/kg/min 10 µg/kg/min

Male 180 ±   9 166 ±   8 163 ±   9 171 ± 11
N-male 185 ± 10 160 ± 10 160 ± 11 167 ± 12
Female 220 ±   7 177 ±   9 167 ±   9 172 ± 13
N-female 187 ± 10 163 ± 12 169 ± 15 175 ± 16

No significant differences were observed among the groups.
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Fig. 3. The pathophysiological findings with chronic isoproter-
enol administration.

Fig. 4. Comparison of cardiac fibrosis (fibrosis/normal area).
Open bar; control mice (Cont).  Closed bar; isoproterenol
administered mice (ISO).  †P < 0.05: control mice vs.
isoproterenol administered; *P < 0.05: Male vs. N-male,
Female vs. Male or N-male, N-female vs. Male or N-
male.
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Discussion

Isoproterenol and dobutamine markedly increased
the FS in all groups.  In particular, the rate of change
for FS was significantly higher in the males than in
other groups.  A previous report showed that castration
decreases serum testosterone levels (5, 8).  Functional
androgen receptors have recently been found on cardiac
myocytes in humans, dogs, and rats (18), and testosterone
is known to modulate the gene expression of Na+-Ca2+

channels in myocytes (7, 8).  Moreover, testosterone
treatment increased β-adrenoceptor and L-type Ca2+

channel mRNA levels in cultured cardiac myocytes
(7).  Vicencio et al. reported that testosterone induced
increase in intracellular Ca2+ in cultured myocyte, which
is through activation of a plasma membrane receptor
associated with G protein-phospholipase C/inositol
1,4,5-trisphosphate signaling pathway (26).  Therefore,
our results indicate that testosterone modulates the
expression of Na+-Ca2+ channels, β-adrenoceptor, and
L-type Ca2+ channel, and the cardiac contractility via
the adrenergic receptor.

Isoproterenol increased the FS in females and
N-females, although the FS did not differ between the
females and N-females in this study.  17β-estradiol
significantly decreased the stimulatory actions of
isoproterenol on the heart rate and systolic and diastolic
pressure in isolated perfused rat heart (16).  In addition,
β1-adrenoceptors were up-regulated in the ovariectomized
rat heart, and ovarian sex hormones, such as estrogen
and progesterone, prevented the up-regulation of β1-
adrenoceptors (22).  However, the echocardiographic
findings, FS and LVIDd, did not differ in a transgenic
strain of female mice that overexpressed the β2-adrenergic
receptor with or without gonadectomy (5).  This
discrepancy may be explained by the methodological
differences between in vivo and in vitro.  In the present
study, FS did not differ in females with or without
gonadectomy, although previous reports indicated a
relationship between female sex steroids and the cardiac
function.  Therefore, further studies are needed to elucidate
the net effects of female sex hormones on the cardiac
function.

The cardiac fibrosis was more extensive in the
males than in the N-males.  Recent studies have shown
that testosterone can induce the apoptosis of vascular
endothelial cells, and an androgen receptor antagonist
abolished this effect (17).  Chen et al. (3) showed
that renal and hepatic renin and angiotensinogen
gene expression are also testosterone-dependent in
spontaneously hypertensive rats.  They demonstrated
that the blood pressure and plasma renin activity were
higher in intact males than in females. Furthermore,
castration retarded the development of hypertension
and lowered plasma renin levels (3).  In addition, anti-
androgen treatment decreased the activity of the RAA

system in kidney and attenuated systolic blood
pressure, fibrosis, and accumulation of collagen in
hypertensive transgenic rats (1).  Thus, these reports
suggested that testosterone does have an effect on the
control of systemic blood pressure and fibrosis via the
RAA system in kidney and liver.  Because castration
attenuated the cardiac fibrosis, compared with intact
males in present study, it indicated the possibility of
testosterone is modulating the fibrosis through the
sympathetic system.

Fibrosis was not significantly different between
the females and N-females, although it significantly
increased in the females and N-females, compared to
the males and N-males.  Recent studies have reported
that estrogen abolished increasing cardiac weights,
rates of collagen I/III, and AT-1 receptor expression
in neutered female rats (28).  A selective estrogen
receptor modulator, raloxifene,  prevents the decrease
in FS and the increase in the left ventricular mass in
pressure-overloaded mice (20).  van Eickels et al.
(24) reported that 17β-estradiol reduced infarct size
and apoptosis in myocytes with myocardial infarcted
mice, although 17β-estradiol increased ventricular
hypertrophy.  This discrepancy may be caused by the
net effects of female sex steroids.  The estrogen
metabolites estrone and 2-hydroxyestrone stimulated
fibroblast proliferation, and an ACE inhibitor inhibited
this effect of estrone (10, 11).  Also progesterone
stimulates the proliferation of vascular endothelial
cells (25).  These reports indicate that estrous cycles
influence the prognosis in female with cardiovascular
disease.  In present study, the relationship between
female sex steroids and cardiac fibrosis are still
unclear.

In this study, we focused on the gender-related
differences in response to catecholamines in rats.
Therefore, it is necessary to note that the cardiovascular
and fibrotic response in our model may differ from
other heart disease models.  In addition, we evaluated
the cardiac fibrosis by histologically.  Recent reports
have demonstrated that the RAA system in the heart
or matrix metalloprotease activity participate in cardiac
fibrosis, i.e., collagen accumulation (15, 27).  Further
study will be required to clarify the relationship
between sex steroids and collagen accumulation.

In conclusion, male mice significantly increased
the FS and cardiac fibrosis compared with castrated
males in response to adrenergic agents.  Although the
FS and cardiac fibrosis were not different in the
females with or without gonadectomy, cardiac fibrosis
was increased in the females and N-females compared
with the males and N-males.  These findings suggest
that testosterone may influence to the cardiovascular
system and fibrosis in male mice.  However, further
study is needed to elucidate the effects of female sex
steroids on cardiac remodeling.
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