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A B S T R A C T

Aims: Regular exercise is recommended in postmenopausal women to prevent the development of heart disease,
but mechanism underlying the protection is not completely understood. Many studies have suggested that ex-
ercise training notably mediated whole body immune and inflammatory functions. Whether exercise training
prevents cardiac dysfunction after deprivation of female sex hormones by inhibiting cardiac immune activation
is therefore interesting.
Main methods: Nine-week treadmill running program was introduced in sham-operated and ovariectomized rats.
In addition, chronic angiotensin II infusion was further challenged to activate pathological cardiac remodeling.
Cardiac remodeling in associated with the density and degranulation of cardiac mast cells was then evaluated.
Key findings: With exogenous angiotensin II-induced hypertension, cardiac hypertrophy with myocardial fibrosis
was shown similarly in both sham-operated controls and ovariectomized rats. Although exercise training did not
prevent cardiac hypertrophy, myocardial fibrosis was abolished by exercise. While ovariectomy increased both
cardiac mast cell density and degranulation percentage, angiotensin II infusion only enhanced mast cell density.
Exercise training could not decrease the density of mast cells, but it did normalize the percentage of de-
granulation in all groups. Correlation analysis suggested that cardiac mast cell activation is inversely associated
with cardiomyocyte hypertrophy due to exercise training but is directly correlated to cardiac hypertrophy by
angiotensin II infusion.
Significance: Exercise training could attenuate cardiac mast cell hyperactivation induced by either deprivation of
female sex hormones or excessive angiotensin II. Additionally, cardiac mast cells could be a solution in the
distinction between physiological and pathological hypertrophic development.

1. Introduction

Regular aerobic exercise has been recommended to prevent cardi-
ovascular diseases in high-risk population. Upon aging, deprivation of
female sex hormones is well-accepted as a cause of high heart disease
prevalence [1]. Although regular exercise can lower the incidence of
heart problems in postmenopausal women [2], the mechanism of pro-
tection is incompletely understood.

Anti-inflammation has been proposed as one protective mechanism
of exercise training in preventing cardiac abnormality. In systemic
circulation, exercise training suppressed several pro-inflammatory cy-
tokines and stimulated anti-inflammatory products [3]. Recently, we
reported that exercise training decreased mast cell hyperactivation in
the heart of ovariectomized rats similar to estrogen supplementation

[4]. As innate immune cells in the heart, cardiac mast cells are involved
in cardiac remodeling under various pathological conditions [5,6]. In-
hibition of cardiac mast cell activation impressively attenuated adverse
cardiac remodeling [5,7,8]. Interestingly, cardiac mast cell activity is
effectively regulated by female sex hormones [4–6,9]. Estrogen could
attenuate an increase in cardiac mast cell activity induced by transverse
aortic constriction [6] or volume overload [9]. Therefore, the inhibition
of cardiac mast cell degranulation by exercise training might be a major
signal in preventing cardiac abnormality after female sex hormone
deprivation [4]. According to various complications are usually oc-
curred after menopause such as hypertension and insulin resistance,
whether exercise training effectively attenuates cardiac mast cell acti-
vation with pathological complication is interesting.

In postmenopausal women, hypertension in another significant
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cardiovascular complication leading to heart disease [10]. Among
various causes inducing high blood pressure, the upregulation of renin-
angiotensin-aldosterone system has been attended [11]. It has been
demonstrated that angiotensin II, a potent vasoconstrictor, significantly
activates systemic inflammation leading to vascular injury [12]. How-
ever, the activation of systemic angiotensin II on cardiac inflammation
is still unclear. While cardiac mast cells are well-known in inducing
pathological cardiac remodeling, partly by activating angiotensin II
production [13], it has also been reported that exogenous angiotensin II
activated the degranulation of isolated cardiac mast cells [14]. Angio-
tensin II-mediated activation of mast cells may constitute a positive
feedback mechanism contributing to elevated tissue levels of angio-
tensin II. Therefore, it is interesting to understand whether the eleva-
tion of plasma angiotensin II accelerates, in vivo, the activation of
cardiac mast cells.

In the present study, we aimed to answer three specific questions: 1)
does chronic angiotensin II administration stimulate cardiac mast cell
activation in vivo, 2) does the lack of female sex hormones enhance
angiotensin II-induced pathological cardiac remodeling, in which car-
diac mast cell activation is intensified, and 3) could exercise training at
moderate intensity attenuate angiotensin II-induced pathological car-
diac remodeling by suppressing cardiac mast cell activity? To answer
these questions, experiments in which exogenous angiotensin II was
administered to both sham-operated and ovariectomized rats subjected
to a sedentary lifestyle or exercise training were performed. Four weeks
of continuous angiotensin II infusion was applied to the rats during the
last phase of a nine-week treadmill running program. Hypertrophy of
cardiomyocytes and the degree of collagen deposition were determined
as remodeling indices.

2. Materials and methods

2.1. Materials

All chemicals were obtained from Sigma Chemical (St. Louis, MO)
and USB Corporation (Cleveland, OH); electrophoresis reagents were
obtained from Bio-Rad (Hercules, CA) and Amersham Pharmacia
Biotech (Buckinghamshire, UK); polyclonal anti-chymase (ab186417),
monoclonal anti-interleukin 6 (ab9324), polyclonal anti-interleukin 10
(ab192271) and polyclonal anti-TGF-beta1 (ab179695) antibodies were
obtained from Abcam (Cambridge, MA); Polyclonal anti-β-actin (ACTB)
was obtained from AVIVA Bioscience (ARP40173_P050); horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+ L) (ZyMax
grade) was obtained from Zymed (San Francisco, CA); HRP-conjugated

donkey anti-mouse IgG (43R-ID041HRP) was obtained from Fitzgerald
(Acton, MA); and enhanced chemiluminescence reagents were obtained
from Pierce (Thermo Scientific).

2.2. Ethical approval

The animal protocols were approved by the Experimental Animal
Committee, Faculty of Science, Mahidol University (AAALAC interna-
tional accreditation), and they were performed in accordance with
Guide for the care and use of laboratory animals, eighth edition
(National Research Council, USA).

2.3. Animal procedure

Female Sprague-Dawley rats were randomized into two groups: one
group underwent a sham operation and the other rats were ovar-
iectomized (OVX) at 8 weeks of age. Rats were paired and housed in
standard cages, with rat chow and water provided ad libitum. One week
after surgery, rats from each group were randomly divided into se-
dentary and exercise-trained groups. A 9-week running program on a
motor-driven treadmill for 5 days/wk was implemented in the exercised
groups. During the first week of the exercise program, rats were pre-
trained at a fixed speed of 21m/min with 0% grade, with the running
time varying from 2×5min with a 10-min resting interval on day 1 to
2×25min on day 5. From the second week and until the end of the
program, the rats ran for 2×30min at a fixed speed of 21m/min, with
7.5% and 5.5% grades for the sham and OVX groups, respectively. The
exercise intensities were calculated for a work rate of 65–75% max-
imum oxygen consumption based on body weight, as previously de-
scribed [15]. An air blower was used to stimulate continuous running
instead of electric shock. Five rats were discarded from the exercise
groups after 2 weeks of training because they were unable to maintain
the running speed. Increased plantaris citrate synthase activity in-
dicated success of the aerobic exercise training (Table 1).

Six weeks after surgery, the sedentary and exercised rats from both
the sham and OVX groups were subcutaneously implanted with a mini-
osmotic pump (Alzet model 2004, California, USA) containing angio-
tensin II in normal saline with 2% acetic acid for 4 weeks. The rate of
angiotensin II release was 0.7mg/kg body weight (BW) per day [16].
For the non-angiotensin II-treated groups, rats were implanted with a
mini-osmotic pump containing normal saline with 2% acetic acid
without angiotensin II for 4 weeks instead. In the exercise groups, an-
giotensin II implantation was performed 24 h after the last exercise
bout. After implantation, the rats had 4 days of rest before continuing

Table 1
General characteristics of sham-operated and ovariectomized rats with/without AII infusion or exercise training.

Saline Angiotensin II

SHAM OVX SHAM OVX

Sedentary Exercise Sedentary Exercise Sedentary Exercise Sedentary Exercise

n 8 8 8 9 8 7 8 8
BW, g 299 ± 3 317 ± 5* 353 ± 7* 352 ± 4* 294 ± 3 301 ± 3 354 ± 2* 342 ± 5*
UW, g 0.56 ± 0.02 0.55 ± 0.02 0.14 ± 0.01* 0.11 ± 0.01 0.57 ± 0.03 0.53 ± 0.03 0.13 ± 0.01* 0.13 ± 0.01*
SBP, mmHg 123 ± 3 119 ± 4 121 ± 2 123 ± 4 165 ± 6* 159 ± 5* 162 ± 4* 164 ± 5*
DBP, mmHg 80 ± 2 80 ± 3 80 ± 3 81 ± 3 105 ± 8* 105 ± 4* 100 ± 3* 104 ± 3*
HW, g 1.45 ± 0.02 1.76 ± 0.02* 1.52 ± 0.04 1.61 ± 0.02* 1.56 ± 0.04 1.65 ± 0.05* 1.77 ± 0.03* 1.83 ± 0.06*
SW, g 0.14 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 0.16 ± 0.01 0.17 ± 0.01
HW/BW 0.47 ± 0.01 0.54 ± 0.01* 0.42 ± 0.01* 0.47 ± 0.01# 0.52 ± 0.01* 0.56 ± 0.01* 0.49 ± 0.01# 0.52 ± 0.01#

CSA#, (μm)2 185 ± 2 224 ± 3* 150 ± 2* 187 ± 2# 247 ± 3* 225 ± 2*† 224 ± 2* 206 ± 3#†
CS activity 84 ± 7 128 ± 4* 88 ± 3 127 ± 8* 86 ± 8 123 ± 3* 100 ± 6 120 ± 4*

Data are means ± SEM from 7 to 9 rats each group (# Cardiomyocyte cross-sectional area, n=120 cells from 5 hearts per group). SHAM, sham-operated control;
OVX, ovariectomized rats; BW, body weight; UW, uterine weight; SBP, systolic blood pressure; DBP, diastolic blood pressure; HW, heart weight; SW, soleus weight;
HW/BW, heart per body weight; CSA, cardiomyocyte cross-sectional area; CS activity, citrate synthase activity. *P < 0.05, #P < 0.05, †P < 0.05, significantly
different from sedentary SHAM, sedentary OVX, and from sedentary group with angiotensin II in the same hormonal condition, respectively, using Student Newman-
Keuls test after three-way ANOVA.
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the exercise program. Blood pressure was measured using the CODA
tail-cuff system (Kent Scientific Corporation, CT) 24 h before the rats
were sacrificed. Increased blood pressure was an indication of suc-
cessful chronic angiotensin II infusion. Three angiotensin II-infused rats
were discarded from the study due to them having low blood pressure
(< 140mmHg). The rats were anesthetized with 50mg/kg pento-
barbital sodium, and they underwent echocardiography before being
sacrificed. Echocardiography using 2D, M-mode (Mindray M-9 echo-
cardiography machine) was performed on the chest wall.

2.4. Measurement of cardiomyocyte size, collagen content and mast call
activation

The heart was transversely excised at the middle and immediately
placed in 10% neutral-buffered formalin at room temperature and in-
cubated for 24 h before being embedded in paraffin. Samples were
sectioned at a thickness of 5 μm and stained with hematoxylin and
eosin. The cardiomyocyte cross-sectional area was calculated using a
digital microscope (×400 magnification) with ImageJ (version 1.51K)
software. Only cardiomyocytes with a nucleus, a clear cell boundary,
and a round or rectangular shape (length:width < 1.5) were analyzed.
The cardiomyocyte cross-sectional area of 6 cells per image field was
counted, and 5 random fields were included for each heart (30 cells per
rat heart).

Separated sections were stained with Picrosirius red dye (Direct red;
Sigma) for 1 h as previously described [17]. Histological sections were
examined under a light microscope (×400 magnification), and the
images were recorded using a high-resolution digital camera. The red-
colored area in the ventricular tissue represented collagen content. The
ratio of collagen content to ventricular myocytes was analyzed based on
a color histogram using ImageJ. All histological samples were double-
blind to the examiners.

For the cardiac mast cells, the rehydrated tissue section was stained
with 1mg/mL toluidine blue for 3min, and the dye was washed out
with distilled water twice before dehydration. The cell counting was
blinded in whole sections at a magnification of ×100 [4]. The density
of mast cells was expressed as the mean number of mast cells per mm2

of the tissue section. Degranulated mast cells were identified by ex-
truded granules and the appearance of ruptured cell membranes or ir-
regular border as granules were released from the cytoplasm. To reduce
personal bias, cardiac mast cell density and degranulation percentage
were examined independently by two blinded pathological in-
vestigators.

2.5. Immunoblot analysis

Frozen left ventricular tissue was homogenized in RIPA buffer
containing a cocktail of protease inhibitors (Sigma Chemical). The
protein concentration of the left ventricular homogenate was de-
termined by bicinchoninic acid assay. Antibodies against chymase
(1:1000 dilution) and TGF-β1 (1:5000) were used for analyzing protein
contents of 100 μg tissue homogenate, while 150 μg tissue homogenate
were used for antibodies against interleukin 10 (1:2500) and inter-
leukin 6 (1:2000). The amount of protein was determined and re-
presented per amount of β-actin, which was detected using polyclonal
antibody against β-actin (1:10,000 dilution) in the same blot. Band
density was analyzed using Image Master Labscan version 3.01 and
Image Master Totallab version 1.0 (Amersham Pharmacia Biotech).

2.6. Data and statistical analysis

The data are presented as the mean ± SE, and they were analyzed
by using 3-way ANOVA, followed by the Student-Newman-Keuls test
for multiple comparisons (SPSS Statistics version 18.0). A P value<
0.05 was considered to indicate a significant difference.

3. Results

3.1. General characteristics

To evaluate the possible mechanisms of aerobic exercise training in
preventing pathological cardiac remodeling, the cardiac mast cell
density and degranulation percentage were studied in angiotensin II-
infused rats in the presence and absence of female sex hormones. The
general characteristics of the rats are reported in Table 1. The body
weight of the rats was increased by the lack of female sex hormones or
exercise training but not by chronic angiotensin II infusion. As ex-
pected, angiotensin II infusion induced significant increases in systolic
and diastolic blood pressure to a similar degree in the sham-operated
control and ovariectomized rats, in which exercise training could not
suppress the hypertensive effect of angiotensin II infusion. Plantaris
citrate synthase activity was increased to the same degree in all ex-
ercise-trained groups, indicating a similar level of training.

Based on the heart weight-to-body weight ratio, the lack of female
sex hormones decreased the hypertrophic index, whereas both angio-
tensin II infusion and exercise training induced hypertrophy of the
heart. However, no additive effect of angiotensin II infusion and ex-
ercise training on cardiac hypertrophy was observed in either the sham-
operated or ovariectomized rats. This result was consistent with the
cardiomyocyte cross-sectional area, in which ovariectomized rats had a
decreased cell cross-sectional area, but exercise training activated car-
diomyocyte hypertrophy. Chronic angiotensin II increased the cardio-
myocyte cross-sectional area in both the sham-operated and ovar-
iectomized rats (33% and 49% from non-angiotensin II groups,
respectively). No synergistic hypertrophy existed between angiotensin
II activation and exercise training, but exercise training significantly
reduced the cell cross-sectional area in both the angiotensin II-infused
sham-operated and ovariectomized rats.

Echocardiography also confirmed the effect of exercise training and
chronic angiotensin II infusion (Table 2). Exercise training increased
the left ventricular mass index without affecting the relative wall
thickness in both the sham-operated and ovariectomized groups.
Chronic angiotensin II infusion, on the other hand, increased the re-
lative wall thickness, suggesting concentric hypertrophy. Un-
fortunately, exercise training did not attenuate angiotensin II-induced
concentric hypertrophy. Interestingly, chronic angiotensin II infusion
significantly increased the ejection fraction in all treated groups, even
under an anesthetic condition, while exercise training had no effect on
this factor.

3.2. Myocardial collagen content

To investigate the protective effect of exercise training on angio-
tensin II-induced collagen deposition, a histochemical technique was
performed (Fig. 1). The lack of ovarian sex hormones had no effect on
myocardial collagen content, as previously reported [18], but collagen
deposition was significantly increased by chronic angiotensin II infu-
sion in both the sedentary sham and sedentary ovariectomized rats
(15.6 ± 2.1% in angiotensin II-infused sham versus 7.3 ± 0.9% in
vehicle-treated sham control, and 12.9 ± 1.3% in angiotensin II-in-
fused OVX versus 7.3 ± 0.7% in vehicle-treated OVX rats). Interest-
ingly, exercise training completely eliminated the effect of angiotensin
II on increased collagen content.

3.3. Cardiac mast cell activation

This result showed that ovarian sex hormone deprivation increased
cardiac mast cell number per tissue area (increased by 28.5% from
sham-control), which was expected (Fig. 2B). Interestingly, the four-
week angiotensin II infusion increased mast cell density in the hearts of
the sham rats (increased by 33.6% from sham-control), but no additive
action was shown in the ovariectomized rats. Unfortunately, regular
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aerobic exercise did not prevent the increase in cardiac mast cell den-
sity induced by either ovariectomy or angiotensin II infusion. Three-
way ANOVA analysis indicated that there was an interaction between
female sex hormone condition and regular aerobic exercise but not
between the presence of angiotensin II and cardiac mast cell density
(P=0.0427). In addition, our results demonstrate an increase in the
percentage of mast cell degranulation in the hearts of ovariectomized
rats (increased by 11.2% from sham-control), in which regular aerobic
exercise attenuated this change (Fig. 2C). Four-week angiotensin II in-
fusion did not induce mast cell degranulation in sham-operated se-
dentary rats and had no additional effect on this change in the hearts of
sedentary ovariectomized rats (increased by 11.7% from sham-control).
As hypothesized, regular aerobic exercise attenuated an increase in
mast cell degranulation in the hearts of angiotensin II-infused ovar-
iectomized rats. Surprisingly, it had no association between changes in
the cardiac mast cell density and degranulation to chymase protein
expression in the heart (Fig. 3A). Increased chymase expression was
observed only in angiotensin II-infused ovariectomized rat hearts, and
this was prevented by regular exercise. Three-way ANOVA indicated no
interaction among 3 independent factors with the percentage of cardiac
mast cell degranulation and chymase expression. These findings sug-
gested that 1) exogenous angiotensin II stimulates cardiac mast cell
proliferation and chymase production, 2) the presence of female sex
hormones attenuated cardiac mast cell degranulation and chymase
production, and 3) regular aerobic exercise also exerts an inhibitory
effect on cardiac mast cell degranulation and chymase production.

Other inflammatory factors were also examined in this study. No
significant difference in the expression of interleukin 6, a pro-in-
flammatory factor, and interleukin 10, an anti-inflammatory factor,
were observed in the heart among all experimental groups (Fig. 3B &
C). These findings indicate no effect of female sex hormones, angio-
tensin II, or regular exercise on the cardiac inflammatory factor.
Nevertheless, angiotensin II infusion induced a significant upregulation
of TGF-β1 in the heart of both sham-operated and ovariectomized rats
(Fig. 3D). Unfortunately, exercise training could not attenuate this ac-
tion. It is interesting whether exercise training diminish angiotensin II-
increased collagen deposition by further interfering downstream sig-
naling of TGF–β1.

Next, the role of cardiac mast cells in myocardial remodeling was
indirectly determined by determining the relationship among mast cell
activation, cardiomyocyte hypertrophy and myocardial collagen de-
position. Fig. 4A is representative images of cardiomyocyte cross-sec-
tion of left ventricle from eight experimental groups, in which data was
summarized in Table 1. Fig. 4B and D demonstrate the relationship of

the cross-sectional area of cardiomyocytes to total density of MCs and
degranulation density of MCs, respectively, among the sedentary and
exercise groups without angiotensin II infusion. Both graphs suggest
that hypertrophy of cardiomyocytes due to exercise training is inversely
associated with cardiac mast cell activity, with a strong correlation
shown for both (r2= 0.6669, P < 0.0001; r2= 0.7261, P < 0.0001,
respectively). On the other hand, the relationships of cardiomyocyte
hypertrophy due to angiotensin II infusion and cardiac mast cell acti-
vation (Fig. 4C and E) were direct but less correlated (r2= 0.1745,
P=0.0423 in total density; r2= 0.1478, P=0.0636 in degranulation
density). These results distinguished the opposite role of cardiac mast
cells in physiological- and pathological-induced cardiac hypertrophy.

In addition, the relationship between cardiac mast cell activation on
collagen content was evaluated between the sham-operated and ovar-
iectomized groups (Fig. 5). The results demonstrated that both cardiac
mast cell density and degranulation were directly correlated with the
percentage of myocardial collagen content (r2= 0.1817, P=0.0266 in
total density; r2= 0.1957, P=0.0209 in degranulation density).
However, the correlation was not shown in the ovariectomized groups
(r2= 0.04486, P=0.3094 in total density; r2= 0.118, P=0.1023 in
degranulation density). The relationship between cardiac mast cell ac-
tivity and fibrosis due to angiotensin II induction seems to be un-
convincing.

4. Discussion

The present study is the first to report the effect of chronic angio-
tensin II infusion on in vivo cardiac mast cell activation that possibly
involves in cardiac remodeling process. We also compared the protec-
tive effect of female sex hormones and exercise training in modulating
cardiac mast cell activity under chronic angiotensin II infusion. Both
chronic angiotensin II infusion and exercise training induced cardiac
hypertrophy independent of female sex hormone condition, but they
did so in different ways. Cardiac mast cell activation extent was also
different between chronic angiotensin II infusion and exercise training.
Hypertrophy in the heart due to exercise training showed a lower level
of cardiac mast cell activity, whereas cardiac hypertrophy due to an-
giotensin II infusion exhibited cardiac mast cell hyperactivation.
Exercise training also attenuated chronic angiotensin II-induced cardiac
fibrosis in both sham-operated and ovariectomized rats. The weak
correlation between cardiac collagen deposition and cardiac mast cells
activation suggests that the mechanism of angiotensin II that induced
cardiac fibrosis might not apply to cardiac mast cells. Increased chy-
mase expression in the hearts of angiotensin II-infused ovariectomized

Table 2
Echocardiographic parameters in sham-operated and ovariectomized rats with/without AII infusion or exercise training.

Saline Angiotensin II

SHAM OVX SHAM OVX

Sedentary Exercise Sedentary Exercise Sedentary Exercise Sedentary Exercise

n 8 8 8 9 8 7 8 8
Heart rate 503 ± 11 497 ± 16 480 ± 14 483 ± 19 451 ± 12* 448 ± 12* 472 ± 18 508 ± 20
IVSd 0.155 ± 0.004 0.166 ± 0.006* 0.183 ± 0.010* 0.173 ± 0.010* 0.204 ± 0.018* 0.223 ± 0.007* 0.209 ± 0.005* 0.228 ± 0.017*
IVSs 0.246 ± 0.011 0.264 ± 0.009 0.268 ± 0.015 0.271 ± 0.010 0.294 ± 0.013 0.334 ± 0.011*# 0.336 ± 0.011*# 0.356 ± 0.016*#

LVIDd 0.586 ± 0.011 0.628 ± 0.014* 0.625 ± 0.016* 0.623 ± 0.011* 0.553 ± 0.025# 0.510 ± 0.027# 0.549 ± 0.022# 0.568 ± 0.016
LVIDs 0.356 ± 0.016 0.344 ± 0.020 0.410 ± 0.023* 0.384 ± 0.019 0.290 ± 0.021 0.267 ± 0.012*# 0.269 ± 0.010*# 0.261 ± 0.010*#

LVPWd 0.160 ± 0.005 0.168 ± 0.010 0.164 ± 0.007 0.174 ± 0.004* 0.169 ± 0.005 0.216 ± 0.010* 0.206 ± 0.008*# 0.205 ± 0.007*#

LVPWs 0.241 ± 0.004 0.260 ± 0.010 0.245 ± 0.009 0.268 ± 0.008*# 0.280 ± 0.012* 0.317 ± 0.016*# 0.303 ± 0.008*# 0.330 ± 0.009*#

%EF 38.9 ± 2.5 44.3 ± 1.8 35.8 ± 2.3 37.9 ± 2.4 48.6 ± 2.7*# 48.1 ± 2.5*# 51.6 ± 2.3*# 54.3 ± 1.8*#

LVmass index 1.62 ± 0.06 2.02 ± 0.08* 1.69 ± 0.08 1.94 ± 0.09*# 2.32 ± 0.06*# 2.66 ± 0.09*# 2.33 ± 0.09*# 2.53 ± 0.15*
RWT 0.539 ± 0.019 0.551 ± 0.032 0.556 ± 0.028 0.566 ± 0.034 0.740 ± 0.054* 0.847 ± 0.055*# 0.762 ± 0.027*# 0.776 ± 0.045*#

Data are means ± SEM from each group (n= 7–9 rats/group). SHAM, sham-operated control; OVX, ovariectomized rats; Data includes systolic (s) and diastolic
parameters (d) of interventricular septum, IVS; left ventricular posterior wall, LVPW; left ventricular internal diameter, LVID; ejection fraction, EF; relative wall
thickness, RWT; and left ventricular mass index. *P < 0.05, #P < 0.05, †P < 0.05, significantly different from sedentary SHAM, sedentary OVX, and from se-
dentary group with angiotensin II in the same hormonal condition, respectively, using Student Newman-Keuls test after three-way ANOVA.
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rats could imply that angiotensin II activates chymase production,
while female sex hormones and exercise training attenuated this effect.
On the other hand, upregulation of TGF-β1 in the hearts of angiotensin
II-infused rats could not be prevented by a presence of female sex
hormones or exercise training.

4.1. Angiotensin II and cardiac remodeling

The significant role of angiotensin II in the development of heart
failure has been extensively recognized. Chronic angiotensin II stress
induces cardiac remodeling by directly activating cardiac cells and in-
directly increasing afterload to the heart [19,20]. Additionally, angio-
tensin II-induced cardiac inflammation has been proposed as a sig-
nificant mechanism in hypertrophic development [21,22]. Cardiac

hypertrophy induced by angiotensin II infusion was significantly atte-
nuated in mice with a deletion of tumor necrosis factor-α [21]. The
inhibition of chemokine monocyte chemoattractant protein 1 or in-
flammasome signaling could also prevent cardiac fibrosis induced by
angiotensin II infusion [22]. Although evidence indicates the im-
portance of inflammation on the pathological cardiac hypertrophic
process, the mechanism of angiotensin II-induced cardiac inflammation
is still unknown. One possible mechanism through which angiotensin II
activates the transmission of proinflammation from cardiomyocytes to
macrophages was also proposed [23]. However, no change in inter-
leukin 6 expression in the present finding further support a role of
cardiac mast cell activation as another signaling of cardiac inflamma-
tion by chronic angiotensin II infusion. It has been previously reported
that isolated cardiac mast cells expressing angiotensin II receptor types
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Fig. 1. Effect of exercise training and 4-week angiotensin II (AII)-infusion on myocardial collagen deposition. A) Representative images of myocardial collagen
content stained with Picrosirius Red from the heart of sedentary and exercise-trained sham and OVX rats with/without angiotensin II infusion. B) Boxplot comparing
the percentage of collagen content among the sedentary and exercise-trained experimental groups. Data are expressed as the mean ± SE from 150 image fields of 5
hearts in each group. *, #, † Significantly different (P < 0.05) from sedentary sham, sedentary OVX, and sedentary groups with the same treatment, respectively,
using the Student–Newman–Keuls test after 3-way ANOVA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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I and II could be degranulated by exogenous angiotensin II [14]. The
increased collagen deposition in the hearts of chronic angiotensin II
infusion rats is a result that is consistent with the results from a pre-
vious report demonstrating that chymase released from mast cells in-
duced a profibrotic response in rat cardiac fibroblasts [24]. This acti-
vation can work together with an upregulation of TGF-β1 due to the
direct stimulation of angiotensin II. However, a previous study de-
monstrated that the chymase enzyme could be synthesized by other
types of cells [25] and that the production of chymase in mast cells is
varied depending on different stimulations [26]. Therefore, angiotensin
II could be the one that activates chymase production, while female sex
hormones and exercise training suppresses chymase production. Fur-
ther study on the specific inhibition of cardiac mast cell activation in
angiotensin II-induced cardiac remodeling model is needed. Another
point of interest is the mechanism regarding the effect of angiotensin II
on cardiac mast cell proliferation. A previous study demonstrated that
an increased cardiac mast cell density is mainly due to the maturation
and differentiation of immature resident cardiac mast cells [27].

Whether angiotensin II directly activates immature resident cardiac
mast cells or indirectly stimulates other inflammatory cells via che-
motaxis [28] is interesting.

4.2. Protective effect of female sex hormones

Although many investigations have confirmed the cardiovascular
protective effect of female sex hormones, no attenuated effect of sex
steroids against the effect of angiotensin II on cardiac remodeling, in
the form of both hypertrophy and fibrosis, was observed in the present
study. Previous studies demonstrated that estrogen, via the estrogen
receptor beta, directly inhibited angiotensin II-induced hypertrophy in
cardiomyocyte culture [29] and attenuated collagen production of
cultured cardiac fibroblasts [30]. Estrogen supplementation in angio-
tensin II-infused ovariectomized mice could significantly lower blood
pressure and consequently attenuate cardiac hypertrophy [31]. How-
ever, the high level of exogenous angiotensin II used in our study might
overrule the antihypertensive effect of female sex hormones. Without
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the protection against angiotensin II-induced hypertension, we ob-
served no protective effect of female sex hormones on changes in both
cardiac structure and function as well as the upregulation of TGF-β1.
Whether physical overload due to hypertension is an overriding factor
in myocardial remodeling process is interesting, and another point of
interest is the inhibitory effect of female sex hormones on cardiac mast
cell activation. Many previous studies demonstrated that the presence
of estrogen attenuated cardiac mast cell density and degranulation
under pathological stressors, such as pressure and volume overload
[6,9]. However, under chronic angiotensin II infusion, the presence of
female sex hormones did not inhibit cardiac mast cell hyperactivation.
Since estrogen supplementation can significantly reduce angiotensin II
production [32], whether those suppressive effects of estrogen on

cardiac mast cell activation are a result of decreased cardiac angio-
tensin II activation is questioned.

4.3. Exercise training and cardiac remodeling

Although aerobic exercise training did not reduce cardiac hyper-
trophy in a concentric fashion in angiotensin II-infused rats, exercise
training reduced angiotensin II-increased cardiomyocyte hypertrophy
and collagen deposition. These results suggest that exercise training
overcomes the effect of chronic angiotensin II induction. It has been
previously demonstrated that low-to-moderate intensity aerobic ex-
ercise can decrease the cardiac collagen content in spontaneous hy-
pertensive rats [33]. In that model, exercise training also significantly
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reduced blood pressure. It is clear from our present finding that the
antifibrotic effect of exercise training is independent of physical over-
load. However, mechanisms underlying the antifibrotic activation of
exercise training are controversial. It is well established that a major
fibrotic signaling factor in the heart is transforming growth factor-beta
(TGF-β). Chronic angiotensin II infusion increased TGF-β in the cardiac
tissue, which then activated fibroblast activity [34]. Similar to the
present finding, no change in TGF-β expression were mostly reported in
the heart after exercise training [35,36]. However, exercise training did
significantly attenuate the increase in TGF-β in the heart of rats with
sustained β-adrenergic hyperactivity [36]. Interestingly, our present
study demonstrated no protective effect of exercise training on angio-
tensin II-increased TGF-β expression, though exercise training could
attenuate angiotensin II-induced cardiac fibrosis. It is therefore inter-
esting whether the protective action of exercise training is targeting at
downstream signaling beyond TGF-β stimulation.

Anti-mast cell activation of exercise training could be another me-
chanistic form of activation for reducing cardiomyocyte hypertrophy
and myocardial fibrosis. Among the many chemokines released by de-
granulation of cardiac mast cells, chymase has been proposed as having
a multifunctional role in cardiac hypertrophy and fibrosis because it
activates local angiotensin II synthesis and, consequently, TGF-β ex-
pression [37]. A possible effect of regular aerobic exercise on cardiac
mast cell degranulation could be the suppression of the intracellular
Ca2+-mediated signaling pathway. An increase in intracellular Ca2+

activates the SNARE complex and then induces granule membrane fu-
sion, leading to the release of all secretory factors [38]. It has been
demonstrated that long-term treatment with a β2 adrenergic agonist
inhibited the Ca2+-activated K+ channel, leading to hyperpolarization
and then to the inhibition of Ca2+ influx and degranulation of human
mast cells [39]. Further study regarding the effect of regular aerobic
exercise and sympathetic signaling on intracellular signal regulating
mast cell degranulation needs to be investigated. Moreover, different
chymase levels between angiotensin II-infused sham and angiotensin II-
infused ovariectomized rats leads to another concern regarding the
regulatory role of female sex hormones on chymase production and on
the degranulation process of cardiac mast cells.

4.4. Limitations

Unlike what occurs in hypertensive patients and hypertensive rat
models, the infusion of angiotensin II by using mini-osmotic pumps
suddenly increased and sustained blood pressure throughout a perfu-
sion period. Thus, the results from the present study lacked an anti-
hypertensive effect of exercise training that was found in hypertension

patients who underwent regular exercise. Another limitation is that the
role of cardiac mast cells in cardiac contraction could not be identified
because angiotensin II directly increased the left ventricular ejection
fraction in all experimental groups. This increase is not surprising since
increases in intracellular Ca2+ transients and myofilament Ca2+ sen-
sitivity by angiotensin II have been reported [40,41].

5. Conclusion

In the present study, our questions are fulfilled that systemic an-
giotensin II can stimulate cardiac mast cell proliferation in vivo in in-
dependent of female sex hormones. Exercise training suppresses cardiac
mast cell hyperactivation by mainly inhibiting degranulation. Another
interested finding is that cardiac mast cells could be key in the dis-
tinction between physiological and pathological hypertrophic devel-
opment.
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