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Abstract

Cardiac dysfunction is a major problem in the postmenopausal women. Although,
the use of hormone replacement therapy is introduced, its adverse effect is still concerned.
In this project, we aim to find the mechanisms underlying the cause of myocardial
dysfunction after deprivation of female sex hormones and then search for an alternative
treatment based on those findings. In this study, 10-week ovariectomized rat was used as a
model of female sex hormone deprivation. As hypothesized, result demonstrated that lack
of female sex hormones alters cardiac mitochondrial activation by decreasing ATP
production, but enhancing the production of reactive oxygen species (ROS). Based on first
observation, exogenous antioxidant, Tempol, was introduced to hormone deficient rats.
Tempol could prevent many cardiac changes, including myofilement activation and
intracellular Ca2+ handling, due to lack of female sex hormones. This result strengthens our
hypothesis that cardiac dysfunction after menopause is mainly induced by the increase in
oxidative stress. We then introduced natural high antioxidant product, promegranate juice,
to this hormone-deficient model, and found that seed-blended juice give a satisfied
prevention on various observing myocardial parameters, whereas seedless juice
demonstrated less effective.

Moreover, we found that lack of female sex hormones increased cardiac mast cell
activation as demonstration of high mast cell number with high percentage of degranulation.
This hyperactive mast cell might be a significant mediator of inducing myocardial alteration
after menopause. Cardiac mast cell activity was also observed in the heart of hormone-
deficit rat after eight week of regular running, one hour per day, five days per week.
Interestingly, exercise training could reduce mast cell degranulation but not the number of
mast cell, where estrogen supplement could suppress both parameters.

In conclusion, the findings from this project reveal that mitochondrial abnormality and
oxidative stress are major mechanisms leading to cardiac dysfunction after lack of female
sex hormones. The potential modulation of oxidative stress might be partly induced by
cardiac mast cell hyperactivation. The supplement of antioxidant could then be one strategy
of cardiac prevention instead of hormone therapy. Due to the suppressive effect regular
aerobic exercise on cardiac mast cell activity, it give further hypothesis that regular exercise

might associate in preventing oxidative damage in the heart of postmenopausal women.
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Cardiovascular disease is epidemiologically shown to cause the highest morbidity
and mortality in most countries in the world. The lower incidence of heart disease in women
than men during young age but a drastic increase after menopause surely suggests a
beneficial effect of female sex hormones on cardiovascular function. We have previously
reported that chronic deprivation of female sex hormones leads to both systolic and diastolic
dysfunctions by altering the cardiac contractile and Ca2+-handling proteins in a similar
outcome as those observed in failing hearts. Moreover, the use of hormone replacement
therapy to prevent heart disease after menopause has not been satisfied with the additional
adverse induction of breast cancer. Therefore, it is crucial to understand the signaling
mechanism of the hormones as well as to search for potential cardioprotective alternatives.

Despite the expressions of both estrogen and progesterone receptors in cardiac
myocytes, no existence of sex hormone-responsive element on the genes of major cardiac
contractile and Ca2+ handling proteins have been found. The information suggests an
indirect regulation of female sex hormones on cardiac contractile function. Based on
evidences showing reduction in antioxidative activity in the heart after female sex hormone
deprivation, it is then feasible that deficiency of the hormones induces changes in oxidative
properties of the heart leading to cardiac contractile dysfunction. Therefore, upregulation of
the antioxidative activity might be able to attenuate the cardiac dysfunction and the
molecular alterations induced after female sex hormone deprivation. The first objective of
this study is then designed to evaluate the loss of endogenous antioxidative activity in the
ovariectomized rat heart with the detailed investigation to find out the specific hormone of
action. Secondly, the preventive action of exogenous antioxidant on changes in cardiac
contractile function induced by female sex hormone deprivation will be further elucidated.

We have also reported the cardio-protective effects of exercise training on changes
induced after deprivation of female sex hormones. However, the mechanistic signaling of
prevention is still unclear. The increased activities of myocardial antioxidants after exercise
training have been suggested to be responsible for attenuating the cardiac degradation
induced by various pathological insults. Thus, exercise training might prevent cardiac
contractile dysfunction induced after female sex hormone deprivation partly by improving
cardiac antioxidative activity resulting in cardiac tolerance to oxidative stress. It is still be a
question which pathological induction causes an increase in oxidative stress after
deprivation of female sex hormones. In the project, we therefore focus the increase in

cardiac inflammation that might be prevented by regular exercise.



The biological relevance of direct antioxidant effects of polyphenols for
cardiovascular health in humans has been recently evaluated. Pre-supplementation with
pomegranate juice could attenuate cardiac injury induced by doxorubicin and isoproterenol.
Based on the very high antioxidative activity of pomegranate, we then propose that daily
intake of pomegranate juice might attenuate those changes in cardiac contractile activation
induced in ovariectomized rat heart.

Information from this study will verify the antioxidative action of female sex
hormones in serving as a potent regulatory tool in preventing heart disease development
after menopause. Our result will also provide supportive evidence for the use of physical

exercise and natural antioxidant as alternative modes of cardiovascular disease prevention.
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Hypothesis # 1 Female sex hormones preserve the cardiac contractile activation

through their antioxidant activity.

Objective #1 To determine the loss of antioxidative status in the heart of
ovariectomized rat

Objective #2 To determine the preventive effects of exogenous antioxidant on

changes in cardiac contractile properties of ovariectomized rat

Hypothesis #2 Exercise training prevents the cardiac contractile dysfunction
induced after female sex hormone deprivation by enhancing
cardiac antioxidative activity.

Objective #3  To determine the mechanism of exercise training in preventing cardiac

changes in ovariectomized rat

Hypothesis #3 Natural antioxidant likes pomegranate also prevents the
cardiac contractile changes from female sex hormone
deprivation.

Objective #4 To determine the preventive effects of pomegranate intake on the
antioxidative status and the cardiac contractile properties of

ovariectomized rat
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Hypothesis # 1 “Female sex hormones preserve the cardiac contractile activation through

their antioxidant activity.”

Objective #1 To determine the loss of antioxidative status in the heart of

ovariectomized rat

Eight-weeks female Sprague-Dawley rats weighing between 180-200 g (8-9 weeks
old) were randomly divided into five experimental groups as follow:
1. Sham-operated group (Sham)
2. Ovariectomized group (OVX)
3. OVX with estrogen supplementation (OVX + E)
4. OVX with progesterone supplementation (OVX + P)
5. OVX with testosterone supplementation (OVX+T)

Estrogen and progesterone were subcutaneously injected three day per weeks for
ten weeks at 5 microgram and 1 milligram per rat, respectively. Testosterone at 2 mg/kg
body weight was subcutaneously injection twice a week. Sham and OVX received the oil
vehicle at the same volume of hormone supplement. Ten week after operation, rats were
sacrificed, and the heart was excised for the measurement of mitochondrial ATP production,
mitochondrial ROS production, mitochondrial morphology, and the expressions of mitofusin
2, SOD2, and oxidative phosphorylation protein complex.

Han1Inaaag

Since mitochondria is the main part that product reactive oxygen species, the mitochondrial
structure and function of the heart among animal groups were primarily evaluated. Using
isolated mitochondrial preparation, we found a significant decrease in maximum velocity of
complex | ATP production in the preparation from OVX rat heart as compared to that of
SHAM (Figure 1). The suppression of ATP production was improved to be normal in the
heart preparation in OVX rat with estrogen supplementation. However, progesterone and
testosterone supplementations in OVX rat had no protective effect on this suppression. On
the other hand the maximum velocity of complex Il ATP production is not different among
five experimental groups. This result suggests that estrogen play a regulatory role in

mitochondrial ATP production.
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Figure 1. Effect of female sex hormones on mitochondrial ATP production. Graph curve
represents rate of mitochondrial ATP production from the heart of sham-operated control
(SHAM), ovariectomized rat (OVX) and OVX with estrogen supplementation (OVX+E) and
OVX with progesterone supplement using Michaelis—Menten equation. Bar graphs
demonstrates the maximum velocity (V,.x) of mitochondrial ATP production by complex |
and complex Il of SHAM, OVX, OVX+E, OVX with progesterone supplement (OVX+P) and
OVX with testosterone supplement (OVX+T). Data are mean + SEM from 4-5 preparations
in each group. * P<0.05 indicates significant difference to SHAM.

In addition, the effect of sex hormones on mitochondrial number and size in the
heart were evaluated using electron microscope (Figure 2). Result shows that the number
of mitochondria per area is the same in all experimental groups, but the mitochondrial size
in two-dimension was significantly higher in the heart of OVX rat as compared to the heart
of SHAM. Interesting that the over size of mitochondria in OVX rat heart was not observed
in the heart of OVX rat with either estrogen or progesterone supplementation. While
estrogen and progesterone supplementation could reduce the mitochondrial size in the heart

of OVX rat, testosterone supplementation exerts no protective effect.
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Figure 2. Effect of female sex hormones on mitochondrial humber and size. Electron
microscopy shows representative ultra-structure image of the cardiac muscle from SHAM,
OVX and OVX+E. Bar graphs summarized the number per field and 2 dimension area of
mitochondria from the heart of SHAM, OVX, OVX+E, OVX+P and OVX+T. Data are mean
+ SEM from 6 hearts (10 images per heart) in each group. * P<0.05 indicates significant
difference to SHAM.

Next, ROS production was also measured from isolated mitochondrial preparation by
DCFDA assay. Using complex | reaction, the ROS production under normal condition was
not changed in the preparation from OVX rat heart as compare to SHAM (Figure 3). With
antimycin A incubation (ROS generator), ROS production increases in all preparations.
Interestingly, the antimycin A-increased ROS production was significantly higher in
mitochondria from OVX rat heart than that of SHAM. Surprisingly, estrogen
supplementation could not normalize this change, but progesterone supplementation instead
showed the protective effect. Testosterone supplementation, yet again, demonstrated no

impact.
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Figure 3. Effect of female sex hormones on mitochondrial ROS production. Bar graphs
summarized ROS production of isolated mitochondria from the heart of SHAM, OVX,

OVX+E, OVX+P and OVX+T. The reaction was measured in absence and presence o
antimycin A (ROS generator). Data are mean + SEM from 6-8 hearts in each group.
P<0.05 indicates significant difference to SHAM.

Though there were many changes in the mitochondrial activity, the expression of
mitofusin 2, SOD2, and mitochondrial oxidative phosphorylation protein complex were not

altered (Figure 4).
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Figure 4. Effect of ovarian sex hormone deprivation on expression of mitochondrial protein
complexes, mitofusin 2 (Mfn2), and SOD2. A. Representative immunoblot analysis of
cardiac mitochondrial complex proteins and porin of isolated mitochondria from SHAM and
OVX rats, with/without E2 or P. B. Representative immunoblot analyses of cardiac
mitofusin-2 (Mfn 2), superoxide dismutase 2 (SOD2), and porin of isolated mitochondria
from SHAM and OVX rats, with/without E2 or P.
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Hypothesis # 1 “Female sex hormones preserve the cardiac contractile activation through

their antioxidant activity.”

Objective #2 To determine the preventive effects of exogenous antioxidant on

changes in cardiac contractile properties of ovariectomized rat

Eight-weeks female Sprague-Dawley rats weighing between 180-200 g (8-9 weeks

old) were randomly divided into three experimental groups as follow:

1. Sham-operated group (Sham)

2. Ovariectomized group (OVX)

3. OVX with Tempol supplementation (OVX + Temp)

One week after operation, tempol was supplemented in drinking water (3 mmole/l).

Ten week after operation, rats were sacrificed, and the heart was excised for the
measurement of cardiomyocyte cell shortening, intracellular Ca2+ transients, isometric force
contraction and myosin heavy chain isoform expression. Plasma was collected for the
measurement of body oxidative status.

Han1Inaaag
Lack of female sex hormones had no effect on plasma antioxidant activity, while

tempol supplementation significantly increased plasma antioxidant activity (Table I). Tempol
(SOD mimetic drug) supplementation prevented a decrease in maximum force contraction of
cardiac myofilament (Figure 5) and myofilement Ca2+ hypersensitivity (Figure 6) induced by
chronic lack of female sex hormones. But Tempol supplementation partially prevented the
shift of myosin heavy chain-isoform expression from alpha to be more beta isoform) by

chronic lack of female sex hormones (Figure 8).

Table I. Plasma antioxidant activity in sham-control, ovariectomized rat, and ovariectomized
rat with tempol supplementation.

Assay Sham-control OovX OVX+Tempol
FRAP assay

1161 £ 38 1198 £ 13 1280  12*
(nmole TE/L)
DPPH assay

814 + 13 83312 883 + 24*
(nmole TE/L)

* P<0.05, significant difference from Sham and OVX. (TE = trolox equivalent)

11
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Figure 5. Effect of antioxidant (tempol) supplementation on cardiac myofilament Ca2+
activation in ovariectomized rat.  Graph curve represents active tension-pCa (-Iog[Ca2+])
relation of the skinned left ventricular papillary preparation comparing among SHAM, OVX
and OVX with tempol supplementation (OVX+Temp). Bar graph demonstrates the
maximum active tension of the preparation of the heart among three groups. Data are mean
+ SEM from 16-20 preparation (5-7 hearts) in each group. * P<0.05 indicates significant
difference to SHAM.
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Figure 6. Effect of antioxidant (tempol) supplementation on cardiac myofilament Ca2+
sensitivity in ovariectomized rat. Graph curve represents percent maximum tension-pCa (-
Iog[Ca2+]) relation of the skinned left ventricular papillary preparation comparing among
SHAM, OVX and OVX+Temp. Bar graph demonstrates —log Ca2+ concentration that
provides the haft maximum tension (pCasy) of the preparation from three experimental
groups. Data are mean + SEM from 16-20 preparation (5-7 hearts) in each group. *
P<0.05 indicates significant difference to SHAM.
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Figure 7. Effect of antioxidant (tempol) supplementation on cardiac myosin heavy chain
(MHC) isoform expression in ovariectomized rat. Upper are representative bands of MHC
isoforms from the heart of SHAM, OVX and OVX+Temp. Bar graph demonstrates %
expression of OL.-MHC isoform per total expression of MHC from three experimental groups.
Data are mean + SEM from 5-6 hearts in each group. * P<0.05, indicates significant
difference to SHAM. f P<0.05, indicates significant difference to OVX.

Tempol supplementation prevented a decrease in % cell shortening and an increase

in re-lengthening duration of cardiomyocyte isolated from OVX rats (Table IlI). Tempol
2+

supplementation also prevented a decrease in Ca transient amplitude and a prolonged

Ca2+ decay time of cardiomyocyte isolated from OVX rats (Table II).

Table ll. Effect of Tempol supplement on contraction and relaxation properties of isolated
cardiomyocytes

Parameters SHAM ovX OVX+Tempol

Sarcomere shortening

% shortening 8.282 * 0.314 7.359 % 0.245" 8.150 + 0.224
Time to peak (sec) 0.220 * 0.006 0.227 * 0.004 0.238 + 0.005
T,, (sec) 0.378 = 0.012 0.402 + 0.009 0.430 + 0.010%
T4, (s€C) 0480 * 0.014 0525 * 0.0131* 0.543 + 0.013%
(+)dl/dt 2144 = 0.115 2115 = 0.130 2171 = 0.143
(-)dl/dt 1637 + 0.097 1255 = 0.061* 1.256 + 0.059*

13



Intracellular Ca’" Transients

Baseline (F,/F,) 1.837 + 0.127 1972 = 0.102 2379 + 0.065"
Amplitude (F,/F,) 0.324 = 0.021 0.268 * 0.018* 0.328 + 0.014
Time to peak (sec) 0.066 * 0.003 0.060 =+ 0.002 0.068 + 0.002
T,, (sec) 0.213 £ 0.006 0.202 + 0.0047 0.209 + 0.006
T4, (s€C) 0402 =+ 0.012 0442 =+ 0.014* 0.398 + 0.012

Data are mean || SE. * P < 0.05, significantly different from control using ANOVA following
by Student Newman Keuls Test.

Hypothesis #2 “Exercise training prevents the cardiac contractile dysfunction induced
after female sex hormone deprivation by enhancing cardiac
antioxidative activity.”

Objective #3  To determine the mechanism of exercise training in preventing cardiac

changes in ovariectomized rat

Eight-weeks female Sprague-Dawley rats weighing between 180-200 g (8-9 weeks

old) were randomly divided into four experimental groups as follow:
1. Sedentary sham-operated group (Sham)
2. Sedentary ovariectomized group (OVX)
3. OVX with estrogen supplementation (OVX + E)
4. OVX with exercise training (OVX + Ex)

Estrogen was subcutaneously injected three day per weeks for ten weeks at 5
microgram per rat. Regular exercise program including one week acclimatization
following by ten weeks of moderate intensity running (65-75% maximum oxygen
consumption) was introduced to the rat. Exercised rat was run two intervals of 30
minutes per day, 5 days per week. They were rested 10-15 minutes between each
interval. Adequacy of running program was verified by echocardiography at the end of
study. Eleven week after operation, echocardiography was performed under
anesthesia. Then, rats were sacrificed, and the heart was excised for the measurement
of mast cell density and % mast cell degranulation. The expressions of chymase,
interleukin 6 (IL-6) and interleukin 10 (IL-10) were examined.

14
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Chronic deprivation of ovarian sex hormones induced a significant decrease in left

ventricular contraction demonstrated by fractional shortening and ejection fraction (Table III).

Both exercise training and estrogen supplement could prevent these changes. Although

lack of female sex hormones and exercise training increased left ventricular mass, only

exercise rats demonstrated cardiac hypertrophy by increasing left ventricular mass index.

Table 2 Echocardiographic parameters of sham-operated (SHAM) and ovariectomized
(OVX) rats and OVX with estrogen supplementation or exercise training.

Parameters SHAM OVARIECTOMY
Oil Estrogen Exercise

VS, (cm) 0.233£0.007 0240 £+0.011 0258 £0.014  0.261 % 0.006
VS, (cm) 0.175£0.007  0.190 £0.014  0.193 £0.017  0.208 + 0.007
LVPW, (cm) 0.232£0.009 0282 £0.024 0280 £+0.026  0.302 0.026
LVPW, (cm) 0.143£0.014  0.201£0.018 0.186 £0.016  0.183 £ 0.013
LVID. (cm) 0.373£0012 0414£0022 0314 0025 0367 +0.015
LVID, (cm) 0.588 £0.020  0.602 £0.037 0523 £0.030  0.615 +0.015
LV FS (%) 36.6 +0.3 30.9 + 0.6* 399 £10° 405 %12
LV EF (%) 725+ 0.4 64.8 £ 0.8* 766 127 767 £13"
RWT 0463 £0.052 0680 %0092 0728 £0.097  0.603  0.058
Estimated LV mass (g) 0541 £0023  0.789£0063* 0614 £0.045 0817 +0.016"

2.08 +0.11 204+012  225+008 251 011"

LV mass index

Data are mean

* * P < 0.05, significantly different from SHAM and OVX,

respectively, using Student-Newman-Keuls test after ANOVA. Data includes systolic (5) and
diastolic parameters (p) of interventricular septum, IVS; left ventricular posterior wall, LVPW;
left ventricular internal diameter, LVID; fractional shortening, FS; ejection fraction, EF;
relative wall thickness, RWT; and left ventricular mass.

15



Increase in mast cell density in cardiac tissue was demonstrated in ovariectomized
rat heart as compared to sham-controls (Figure 8, table IV). Estrogen supplement, but not
exercise ftraining, prevented increased mast cell density in ovariectomized rat heart.
Although female sex hormone deficiency did not affect mast cell degranulation, exercise
training significantly suppressed the percent mast cell degranulation (table IV). Expression
of chymase protein in the heart was not affected by either female sex hormones or exercise
training (Figure 9). Although ovariectomy did not alter the expression of both IL-6 and IL-

10, estrogen supplementation suppressed the IL-6 expression in the heart tissue

SHAM * OovX
¥
L
01mm 1 # oln-vn
= L ' a
OVX+E2 = - OVX+Ex. |
e o

01mm ~oamm

Figure 8. Effect of regular exercise on the density and % degranulation of cardiac mast
cells in ovariectomized rats. Images represent the transverse section of ventricle at 40X
from SHAM; sham-operated controls, OVX; ovariectomized rats, OVX+E2; ovariectomized
rats with estrogen supplementation, and OVX+EXx; exercise trained ovariectomized rats. By

using toluidine blue stain, cardiac mast cells are identified in dark-purple (arrow head).

Table IV. Effect of exercise training on cardiac mast cell activation in ovariectomized rat.

Ovariectomized
Mast Cell Activities SHAM

+ Oil Estrogen Exercise

Density (cells/mm’)  1.89 + 0.12  3.13 +0.18* 232 + 024" 3.03 +0.31*

% Degranulation (%) 48.3 £2.9 61.8 +1.3* 525 + 39 40.8 + 4.9#

Data are mean || SE. * p < 0.05, significantly different from Sham and OVX+Oil,
respectively, using ANOVA following by Student Newman Keuls Test.
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Figure 9. Effect of regular exercise on the expression of inflammatory cytokines in the heart
of ovariectomized rats. Representative immunoblots of chymase (A), interleukin-6 (B), and
interleukin-10 (C) in comparable to B-actin expression are shown above box plots. Data are
the ratio of each protein band density to actin’s band density from 6 hearts in each group. *,
# indicates significant difference (P < 0.05) from SHAM and OVX, respectively, using
Student-Newman-Keuls test after ANOVA.

Hypothesis #3 “Natural antioxidant likes pomegranate also prevents the
cardiac contractle changes from female sex hormone
deprivation.”

Objective #4 To determine the preventive effects of pomegranate intake on the
antioxidative status and the cardiac contractile properties of

ovariectomized rat

Eight-weeks female Sprague-Dawley rats weighing between 180-200 g (8-9 weeks

old) were randomly divided into four experimental groups as follow:
1. Sham-operated group (Sham)
2. Ovariectomized group (OVX)
3. OVX supplemented with seed-blended pomegranate juice (Pom-I)
4. OVX supplemented with seedless pomegranate juice (Pom-II)

In this study, ovariectomized rats randomly received 50 mL of 30% seed-blended
pomegranate juice (Pom-l) or seedless juice (Pom-Il) everyday for 10 weeks. OVX control

rats also received sucrose by adding 8% in drinking water.
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Decrease in cardiac cell shortening in the cardiomyocyte of ovariectomized rat could
be prevented by supplementation with both pomegranate juice formulas (Table V).
However, pomegranate juice could not prevent the prolongation of time to peak shortening
and relengthening time in this ovariectomized model. Suppressed amplitude of intracellular
Ca2+ transients in the cardiomyocyte from ovariectomized rat could be attenuated by seed-
blended pomegranate juice (Pom-l), but not by seed-free pomegranate juice (Pom-Il).
Prolongations of cardiac Ca2+ reuptake as demonstrated by time to 50% of Ca2+ decay (Ts)
in female sex hormone deficient model could not be improved by both formulas of

pomegranate juice supplement.

In addition, seed-blended pomegranate juice significantly reversed the isoform
expression of cardiac myosin heavy chain (MHC) in the heart of ovariectomized rat (Figure
10). Amount of alpha-MHC was increased by pomegranate juice (Pom-l). However, there
was no protective action of seed-free juice on MHC isoform expression.

Table V. Effect of daily pomegranate intake on contraction and relaxation properties of
isolated cardiomyocytes

Parameters SHAM ovX OVX+Pom-I OVX+Pom-Il

Sarcomere shortening

% shortening 10.87 = 0.11 9.74 + 0.12* 10.15 = 0.12 10.23 = 0.13
Time to peak (msec) 205 £ 2 225 + 2* 241 + 2* 239 + 3
T,, (msec) 330 + 3 371 + 4* 411 + 5* 403 + 5%
T4, (Msec) 403 + 5 452 + 6* 499 + 7* 486 + 7*
Intracellular Ca”* Transients

Baseline (F,/F,) 1.68 + 0.03 1.63 + 0.04 1.63 + 0.02 1.50 + 0.02
Amplitude (F,/F,) 0.204 + 0.007 0.173 + 0.005* 0.195 + 0.006 0.183 * 0.005*
Time to peak (msec) 62.0 + 2.2 739 = 49 636 £ 1.6 63.6 = 2.1
T,, (msec) 193 + 3 218 + 4* 206 + 3* 205 £ 3¢
T4, (Msec) 371 + 10 364 £ 9 365 + 8 347 £ 9

Data are mean [_] SE from five hearts each group (30 cells/heart were recorded). * P < 0.05,
significantly different from control using ANOVA following by Student Newman Keuls Test.
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Figure 10. Effect of daily pomegranate juice
inatake on cardiac myosin heavy chain (MHC)
isoform expression in ovariectomized rat. Upper
are representative bands of MHC isoforms from
the heart of SHAM, OVX, OVX+Pom I, and
OVX+Pom LI Bar graph demonstrates %
expression of O-MHC isoform per total
expression of MHC from three experimental
groups. Data are mean + SEM from 5 hearts in
each group. * P<0.05, indicates significant
difference to SHAM. i P<0.05, indicates significant
difference to OVX.
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The first objective is to determine the role of female sex hormones on the oxidative activity
in the heart. Role of sex hormones in mitochondrial function, which is a major organelle
regulating cellular free radical was evaluated. Result demonstrated that the mitochondria
isolated from ovariectomized (OVX) rat heart had a lower ATP production activity of
complex | than that of sham-operated control (SHAM). The significant suppression of ATP
production in OVX group was prevented by estrogen supplement, but not progesterone.
Electron microscopy demonstrated that the heart of OVX rat has a significant larger
mitochondrial size than that in SHAM heart. This mitochondrial swelling could be
normalized by either estrogen or progesterone supplement. For ROS production, there is
no effect of female sex hormones on mitochondrial ROS production under normal stage;
however, rate of ROS production under in vitro stress by either Ca2+-overload or antimycin A
was significantly higher in mitochondrial isolated from OVX rat heart. This alteration in OVX
rat could completely prevent by either estrogen or progesterone. In this study, we observed
no change in the expression of mitochondrial complex proteins, mitofusin-2, and superoxide
dismutase-2 in the mitochondria of OVX rat heart as compared to those of SHAM.

The second experiment aims to test whether changes in cardiac contractile function
after female sex hormone deficiency can be prevented by exogenous antioxidant. Tempol,
a cell-permeable superoxide dismutase mimetic drug, was added in the drinking water. Rat
received Tempol after ovariectomy for 10 weeks. Using skinned fiber preparation of
papillary muscle, myofilament from the heart of OVX rat has a decrease in maximum active
tension, but an increase in myofilement Ca2+ sensitivity as compared to SHAM similar to our
previous report. These changes of myofilament from the heart of OVX could not be
observed in the preparation from OVX rat with Tempol treatment. However, shift of myosin
heavy chain isoform from predominant alpha-isoform to more beta-isoform in OVX rat heart
could partially reverse by Tempol. By using isolated cardiomyocyte preparation, cells from
OVX rats has a significant lower % cell shortening, longer time of cell relengthening, lower
amplitude of intracellular Ca2+ transients, longer time of cytosolic Ca2+ decay than that of
cells from SHAM. Tempol supplementation could prevent changes in % cell shortening,
amplitude of intracellular Ca2+ transients, and time of cytosolic Ca2+ decay. However, it
could not normalize the prolonged time of cell relengthening in OVX rat cardiomyocytes.
Results from these experiments imply that antioxidative property could be one
cardioprotective mechanism of female sex hormones, but not all.

The third experiment aims to prove whether regular exercise can prevent cardiac

changes induced after deprivation of female sex hormones by suppressing free radical
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production. Since the ROS could induce pathological cardiac development by stimulating
mast cell activation, we then first prove the effect of regular exercise on cardiac mast call
activity in the ovariectomized rat heart. Ten weeks after ovariectomy, result demonstrated
an increase in mast cell number in the ventricular tissue in which estrogen supplementation
could attenuate this change. Although regular exercise could not inhibit the increase in
mast cell number in the heart, the % mast cell degranulation significantly decreased in the
heart of OVX rat with regular running. This result indicated that regular exercise could also
attenuate the mast cell activity but in difference of estrogen mechanism.

The last experiment aims to test whether pomegranate juice, which has a high
antioxidant activity, could replacing estrogen supplementation for preventing cardiac change
after female sex hormone deficiency. We demonstrated that seed-blended pomegranate
juice exerts more effective in preventing cardiac changes due to deprivation of female sex
hormones than seed free juice. It is possible that the cardio-preventive effect of
pomegranate is due to phytoestrogen in the seed, but may be not phenolic compound in the
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Increased susceptibility to stress-induced myocardial damage is a significant concern in addition to
decreased cardiac performance in postmenopausal females. To determine the potential mechanisms
underlying myocardial vulnerability after deprivation of female sex hormones, cardiac mitochondrial
function is determined in 10-week ovariectomized rats (OVX). Significant mitochondrial swelling in the
heart of OVX rats is observed. This structural alteration can be prevented with either estrogen or
progesterone supplementation. Using an isolated mitochondrial preparation, a decrease in ATP synthesis
by complex I activation in an OVX rat is completely restored by estrogen, but not progesterone. At basal
activation, reactive oxygen species (ROS) production from the mitochondria is not affected by the
ovariectomy. However, after incubated in the presence of either high Ca®" or antimycin-A, there is a
significantly higher mitochondrial ROS production in the OVX sample compared to the control. This
increased stress-induced ROS production is not observed in the preparation isolated from the hearts of
OVX rats with estrogen or progesterone supplementation. However, deprivation of female sex hormones
has no effect on the protein expression of electron transport chain complexes, mitofusin 2, or superoxide
dismutase 2. Taken together, these findings suggest that female sex hormones, estrogen and
progesterone, play significant regulatory roles in maintaining normal mitochondrial properties by
stabilizing the structural assembly of mitochondria as well as attenuating mitochondrial ROS production.
Estrogen, but not progesterone, also plays an important role in modulating mitochondrial ATP synthesis.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction reducing heart disease incidence using hormone replacement

therapy [8,9]. These inconclusive reports further challenged the

The roles of female sex hormones in the regulation of
cardiovascular function have been recently re-evaluated due to
disputation in the benefits of hormone replacement therapy in
postmenopausal women. [1]. Increased ventricular wall thickness
but decreased fractional shortening in the hearts of postmeno-
pausal females compared to age-matched premenopausal controls
independent of hypertension suggested potential direct actions of
female sex hormones on cardiac muscle [2,3]. Many clinical trials
have previously demonstrated an improvement in cardiac perfor-
mance in postmenopausal females who received hormone
replacement therapy [4-6]. In addition, postmenopausal females
who received hormone replacement therapy had a significantly
improved in-hospital survival after coronary bypass [7], indicating
the protective effects of female sex hormones against cellular
damage. However, some studies found a small advantage in

* Corresponding author. Tel.: +662 201 5503; fax: +662 354 7154.
E-mail address: tepmanas.bup@mahidol.ac.th (T. Bupha-Intr).

http://dx.doi.org/10.1016/j.jsbmb.2014.11.009
0960-0760/© 2014 Elsevier Ltd. All rights reserved.

benefit of hormone replacement therapy in cardiovascular
medicine and indicated the need for more direct evidence of the
regulatory roles of sex hormones in cardiac function.
Mitochondria may be one potential target of female sex
hormone actions in the heart. It is well known that mitochondria
play a fundamental role in regulating cell survival processes
involved in ATP production, reactive oxygen species (ROS)
generation, intracellular calcium mobilization, and the regulation
of cell apoptosis [10-12]. Many previous studies have revealed the
effects of estrogen and progesterone on mitochondria protein
expression and respiratory function in various tissues [13-15].
However, only a few studies have determined the effect of female
sex hormones on the mitochondria of cardiomyocytes [16], in
which estrogen could prevent damage of the mitochondrial
structure and a decrease in mitochondrial respiratory function
induced after ischemia-reperfusion. Interestingly, the rate of ATP
production in the heart of female rats was significantly lower
compared to male hearts [17], whereas mitochondrial ROS
production of male rat hearts was higher compared to female
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hearts [18]. A decrease in the rate of mitochondrial oxygen
consumption with a reduction of mitochondrial complex IV protein
was observed in ovariectomized rats, [19]. An acute study showed
that estrogen preincubation decreased the sensitivity of mito-
chondria to Ca%*-induced permeability transition pore opening
and the release of cytochrome c from cardiac mitochondria [20].
Another study demonstrated that estrogen treatment protected
mitochondrial ATP production against trauma-hemorrhagic stress
[21]. Importantly, all previous studies had indicated the cardio-
protective effect of estrogen on mitochondrial function and did not
highlight the cellular effect of progesterone. On the basis of the
results of the Women’s Health Initiative study [22], a significant
contribution of progesterone to the increased risk of cardiovascular
disease during hormone replacement therapy in postmenopausal
females was indicated.

In the present study, we aim to demonstrate changes in the
function of mitochondria in female rat hearts after chronic
deprivation of ovarian sex hormones after estrogen and proges-
terone supplementation. Ten-week ovariectomized rats are used in
this study, as previous reports had demonstrated significant
suppression in cardiac contraction and relaxation after 10 weeks of
sex hormone deprivation [23,24]. Two major functions of
mitochondria, i.e., ATP production and ROS generation, are
assessed using isolated a mitochondrial preparation. Our results
demonstrate that chronic deprivation of ovarian sex hormones
results in a decrease in mitochondrial ATP, but an increase in ROS
production. Estrogen plays a regulatory role in ATP synthesis
whereas progesterone contributes to suppressed ROS generation.

2. Materials and methods
2.1. Animal preparations

Female Sprague-Dawley rats weighing between 180 and 200 g
(8-9 weeks old) were sham-operated or ovariectomized. All
animals were fed ad libitum (C.P., Thailand) and had access to tap
water during the entire experiment. Rats were individually housed
in a shoe box under a 12:12 light-dark cycle with controlled
temperature and humidity. Two days after the operation,
ovariectomized rats were randomly divided into control and
hormone-supplemented groups. Hormone supplementation was
performed by subcutaneous injection of estrogen (5 j.g/rat) and
progesterone (1mg/rat), three times a week as previously
described [25]. Sham-operated and ovariectomized control rats
were injected with corn oil (vehicle). Ten weeks after the
operation, the rats were anesthetized and the hearts were quickly
excised and placed in ice cold Krebs Henseleit (KH) buffer.
Deficiency of ovarian sex hormones was confirmed by reduced
uterine weight. Serum hormones were analyzed using ELISA test

Table 1

kit (Calbiotech) for estradiol and ECLIA system (IMMULITE
2000 XPi) for progesterone and testosterone levels. The animal
protocol was approved by the Experimental Animal Committee,
Faculty of Science, Mahidol University, in accordance with the
National Animal Laboratory Centre, Thailand.

2.2. Isolation of cardiac mitochondria

Mitochondria were isolated from the left ventricle (LV) as
previously described [26]. Briefly, the LV was weighed and minced
in 8 mL of ice-cold homogenizing buffer containing 50 mM sucrose,
200mM mannitol, 5mM KH,;PO,, 5mM MOPS, 2mM taurine,
1mM EGTA, and 1% w/v BSA. The sample was transferred into a
Glass—Teflon homogenizer for tissue homogenization by 12 strokes
at speed 4 (800 rpm). The homogenate was centrifuged at 500 x g
(1500 rpm) and 4 °C for 5 min, and the supernatant was keptat4°C.
The total mitochondrion-containing supernatant was centrifuged
at 15,000 x g (11,000rpm), 4°C for 5min. The pellet was re-
suspended in 8mL of homogenizing buffer, blended, and
centrifuged at 10,000 x g (9100 rpm) and 4 °C for 5 min. The final
pellet was washed with 1 mL of suspension buffer (50 mM sucrose,
200 mM mannitol, 5 mM KH,PO,4, 5 mM MOPS, 2 mM taurine) and
suspended in 400 wL of suspension buffer [26]. The protein
concentration of the isolated mitochondria was determined using
the Bradford assay [27]. The protein dilution was prepared for the
ROS and ATP production assay.

2.3. Measurement of mitochondrial swelling

Cardiac mitochondrial swelling was determined by a decrease
in light absorption as previously described [28], with modification.
Isolated mitochondria were diluted with suspension buffer to a
final concentration of 1 mg/ml. The optical density was continu-
ously measured in 96-well microplate using a microplate reader at
540 nm wavelength.

2.4. Measurement of mitochondrial ATP synthesis

Measurement of mitochondrial ATP production was performed
as previously described [26]. Complex I activity was determined in
reaction buffer A (150 mM KCl, 25 mM Tris, 10 mM KH,PO,4, 2 mM
EDTA, 0.1 mM MgCl, and 0.1% BSA (pH 7.4)) with the addition of
1 mM pyruvate and 1 mM malate as substrates, 0.8 mM luciferin
and 20 pg/ml luciferase (Promega), 0.15 mM di-adenosine penta-
phosphate (to inhibit adenylate cyclase) and 30 g mitochondria.
Complex II activity was also determined in reaction buffer A using
5 mM succinate as the substrate and 40 .M rotenone as complex |
inhibitor in 30 g of mitochondria. In every reaction, ADP was
added to a final concentration of 0.1 mM to initiate ATP synthesis

Characteristics of sham-operated (SHAM) and ovariectomized (OVX) rats with and without estrogen or progesterone supplementation.

SHAM Ovariectomy
Oil Estrogen Progesterone

Body weight (g) 27443 35145 242+3" 343+5
Heart weight (g) 116+ 0.02 1.39+0.02° 1.06 +0.02" 1.34+0.02°
Heart/body weight (x100) 425+8 396+7 439+6" 398 +7
Uterine weight (g) 0.66 +0.03 0.14+0.01 0.51+0.03" 0.18 +0.02
Serum estradiol (pg/mL) 6.21+0.73 2.68+0.30 6.65+0.99" 2.59+0.62°
Serum progesterone (ng/mL) 20.8+1.1 64+17 124+13"" 12.6+09""
Serum testosterone 440+49 343+33 <20MNA <20MNA

(ng/mL)

Data are mean + SE from 10-12 rats of each group. ™ indicates no statistical analysis.
" P<0.05, significantly different from SHAM, using Student-Newman-Keuls test after ANOVA.
" P<0.05, significantly different from OVX, using Student-Newman-Keuls test after ANOVA.
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and the luminescence signals were simultaneously recorded every
15s (Lumat, Berthold) for an approximate duration of 4-5 min.
Oligomycin (2 pg/ml) was added to determine the non-mitochon-
drial rate of ATP synthesis under the same conditions. The
luminescence recordings (relative light units, RLU) were plotted
against time and the linear part of the curve was used to calculate
the maximum rate of ATP synthesis. The rate of ATP synthesis
attributable to mitochondria was calculated by subtracting the rate
of ATP synthesis in the presence of oligomycin. The rate of ATP
production was fitted with one phase association equation
(Y=YO0 +(Plateau — YO)*(1 — exp(—K*x)), GraphPad Prism).

2.5. Measurement of mitochondrial ROS production

Mitochondrial ROS production was determined using isolated
mitochondria. Five microlitre of dichloro-dihydro-fluorescein
diacetate (DCFH-DA) (10 mM dissolved in DMSO or DMF, Sigma)
and 45 pL of ethanol (96% v/v) were hydrolyzed in the presence of
200 p.L of NaOH (10 mM stock) and subsequently neutralized with
1000 L of phosphate buffer (25 mM stock). Mitochondrial ROS
production was measured by incubating the isolated mitochondria
with reaction buffer A, and substrates including 1 mM pyruvate,
1mM malate, and 2 wM DCFH, for 30 min at 37°C in the dark.
DCFH, was subsequently oxidized by ROS into 2’, 7’-dichloro-
fluorescein (DCF), a highly fluorescent compound, which can be
detected using fluorescence spectroscopy with a maximum
excitation and emission spectra of 500 nm and 530 nm, respec-
tively. In a separate tube, 50 .M CaCl, or 100 .M actimycin A was
added to stimulate mitochondrial ROS production [29].
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2.6. Mitochondrial structure using transmission electron microscopy

The heart was rapidly excised and immediately perfused with
Krebs Henseleit (KH) solution containing (in mM) 137 NaCl, 5 KCl,
1.2 MgS04, 1.2 NaH,PO4, 20 NaHCOs3, 10 glucose, and 0.25 CaCl,. A
concentration of 20mM 2,3-butanedione monoxime (BDM) was
added to the perfusate to minimize the cutting damage and to
arrest the heart. The left papillary muscle was dissected and cut
into 3 rod-shaped pieces (2 mm in diameter and 4 mm in length).
The pieces were pre-fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (electron microscopy sciences) at 4°C,
overnight. Following post-fixation in 1% OsQ,4 for 1h, the pieces
were then dehydrated through an ethanol series followed by
infiltration with araldite resin. The sample was embedded in Epon
plastic and allowed to polymerize at 45 °C for 2 days and 60 °C for
2 more days. The sample was then sectioned to a thickness of
approximately 0.5 wm with a glass knife using an ultramicrotome
(Leica EM UC6). Semi-thin sections were stained by 0.5%
methylene blue and observed under a light microscope to evaluate
the orientations of the sections and to select the areas containing
predominantly longitudinal myofibers. The selected area on the
resin was sectioned to a thickness of 90 nm with a glass knife using
an Ultramicrotome (Leica EM UC6). The ribbon of section was
picked up by a 200-mesh copper grid, stained with uranyl acetate
and lead citrate and the grid was dried overnight. Structural
observation was performed using transmission electron micros-
copy (FEI, TECNAI T20). Ten fields containing longitudinally arrayed
myofibrils excluding nuclei per section were imaged at 2500 mag-
nification. A mask was drawn over the micrograph and the
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Fig. 1. Effect of ovarian sex hormone deprivation on cardiac mitochondrial assembly. (A) Transmission electron microscopic images of representative mitochondrial from left
ventricular papillary muscle section from sham control (SHAM) and ovariectomized (OVX) rats, with/without estrogen (+E,) or progesterone (+P) supplementation. Bar graph
compares: number of mitochondrial per field area (B), mitochondrial two dimensional size (C), and mitochondrial volume fraction (D) among four experimental groups. Data
are mean =+ SE from 6 hearts from each group (average of 10 TEM field per heart). *Significantly different (P <0.05) from SHAM using Student-Newman-Keuls test after

ANOVA.
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mitochondrial size of individual mitochondria, number, and
volume density were assessed directly from the micrographs
using Image] (Wayne Rasband, NIH) [30].

2.7. Immunoblot analyses

The frozen left ventricular tissue was homogenized in the
extracting buffer containing 150 mM Tris-HCl, 150 mM NaCl, 5 mM
EGTA, 0.1% SDS, 50 mM NaF, 40 mM [(3-glycerophosphate, 2 mM
Na3VO,, and protease inhibitors, including leupeptin, pepstatin-A,
aprotinin, and PMSF. Proteins were size-separated by 10% SDS-
PAGE, transferred onto PVDF membranes, and blocked with
phosphate-buffered saline (PBS) and 0.1% Tween-20 (PBS-T) plus
5% non-fat dry milk prior to incubation with primary antibodies:
(rabbit polyclonal anti-Mfn2, Aviva System Biology, 1:5000 dilu-
tion; rabbit polyclonal anti-SOD2, Aviva System Biology, 1:10,000;
mouse WB antibody cocktail total OXPHOS, Abcam, 1:2,500 and
rabbit monoclonal anti-f3-porin, Abcam,1:10,000 dilution). The
secondary antibody used was goat anti-rabbit immunoglobulin G
(Zymed) or donkey anti-mouse immunoglobulin G (Fitsgerald).
The relative amount of porin was used to determine the total
mitochondria load. The band density was analyzed using Image
Master Labscan version 3.01 and Image Master Totallab version 1.0
(Amersham Pharmacia Biotech).

2.8. Statistical analysis

All values shown are expressed as the mean =+ standard error of
the mean (SEM) unless otherwise specified. When the two groups
were compared, Student’s two-tailed t-test was performed
(unpaired). For comparisons of 3 or more groups, one-way analysis
of variance (1-way ANOVA) was used, and if statistically significant
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differences were detected, then the Student-Newman-Keuls test
was applied to further identify groups with different means.
Differences were considered statistically significant at P < 0.05.

3. Results

Similar to our previous finding [31], 10 week-deficiency of
female sex hormones after ovariectomy (OVX) results in an
increase in body weight (35145.4) but a decrease in uterine
weight (0.144+0.01) compared to sham controls (274 +2.9,
0.66 + 0.04, respectively). Estrogen but not progesterone supple-
mentation prevents these changes in weight (Table 1). Sufficiency
of estrogen supplement is indicated by a significant increase in
uterine weight, while a decrease in serum progesterone level in the
OVX rat can be rescued by either estrogen or progesterone
treatment. Serum testosterone levels are not changed by the
ovariectomy, but the levels become absent in an OVX rat with
either estrogen or progesterone supplement.

An ultrastructural study using a transmission electron micro-
scope demonstrates the swelling of myocardial mitochondria in
the OVX rat heart with crista deconstruction (Fig. 1). Although the
number of mitochondria per area is not different between the OVX
and sham groups (Fig. 1B), the average dimension (pwm?) of
mitochondria in the left ventricle of the OVX rat is significantly
greater than that of the sham (Fig. 1C). The mitochondrial volume
per myofilament fraction is also increased after female sex
hormone deprivation (Fig. 1D). In addition, these changes in the
OVX group can be prevented by estrogen supplementation.
Interestingly, the number of mitochondria per myocyte area is
significantly reduced in the heart of the OVX rat with progesterone
supplementation compared to either the sham or OVX rats.
Progesterone supplementation also prevents the increase in
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Fig. 2. Effect of ovarian sex hormone deprivation on mitochondrial swelling. Kinetic study of mitochondrial light absorbance at 540 nm without Ca®* (A) and with 100 wM Ca?
* (B) using mitochondrial preparation from SHAM and OVX with/without E, or P supplementation. Mitochondrial swellings at 30 min are compared in an absence and
presence of 100 wM Ca?* among four experimental groups (C). Data are mean + SE from six mitochondrial preparations from each group. *Significantly different (P < 0.05)

from SHAM using Student-Newman-Keuls test after ANOVA.
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5-7 heart preparations from each group. *Significantly different (P < 0.05) from SHAM using Student-Newman-Keuls test after ANOVA.
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Fig. 5. Effect of ovarian sex hormone deprivation on expression of mitochondrial
protein complexes. Representative immunoblot analysis of cardiac mitochondrial
complex proteins and porin of isolated mitochondria from SHAM and OVX rats,
with/without E, or P. Bar graphs demonstrate densitometric analysis of each
complex/porin expression ratio (B). No significant difference in each complex
protein to porin ratio was found using one-way ANOVA.

mitochondrial size in the OVX rat heart, whereas the mitochondrial
fraction is significantly lower compared to the other groups.
Mitochondrial swelling in the heart of OVX rat is also confirmed by
a marked decrease in optical density absorbance at 540nm
compared to the mitochondria of the sham control (Fig. 2A). Either
estrogen or progesterone supplementation can prevent this
change. However, when mitochondria exposed with 100 M Ca?
*, a decrease in light absorbance is similarly observed among all
four groups (Fig. 2B), which suggested a potential previous Ca®*
overload in the mitochondria of the OVX rat myocardium.

To further examine the effects of female sex hormones on
cardiac mitochondrial function, ATP and ROS production were
accessed using isolated mitochondria from the left ventricle. With
pyruvate and malate as substrates, maximum ATP production
(plateau) is significantly reduced in the preparation from OVX rats
(150 4+ 13 nmol/mg protein) versus the sham control (256 435
nmol/mg protein), while the half-time is not altered (Fig. 3A-C).
Estrogen supplementation can prevent the suppression of ATP
production in OVX, whereas progesterone offers no protective
effect. However, ATP production by complex II activity, using
succinate as a substrate, is not significantly different among the
four groups (data not shown).

Both estrogen and progesterone are found to have a significant
role in regulating mitochondrial ROS production. At basal levels,
the amount of ROS emission detected by DCFH-DA is not different
among the four groups (Fig. 4A). However, when challenged with
10M Ca?*, the level of ROS emission in the mitochondrial
preparation from the OVX rat heart (533 447) is significantly

higher compared to the sham control (413 + 34). A similar change
is detected in the OVX mitochondrial sample under activation of
antimycin A (Fig. 4B and C). The increase in ROS production by
either Ca®* overload or antimycin A induction in the OVX group is
prevented by either estrogen or progesterone supplementation.
Progesterone appears to be more effective in preventing antimycin
A induced ROS production compared to estrogen.

To identify the potential mechanisms underlying changes in
mitochondrial ATP and ROS production, the relative expression
levels of five oxidative phosphorylation complexes in mitochon-
drial preparations were determined using immunoblot analysis
(Fig. 5). When normalized with the level of porin, the amount of
each complex is not significantly changed among the four
experimental groups. Fig. 6 demonstrates the representative
protein band of mitochondrial SOD2 and mitofusin 2 versus porin.
The level of mitochondrial SOD2, which might affect the emission
of ROS does not change after the deprivation of female sex
hormones. Thus, enhanced stress-induced ROS emission in
mitochondria from the OVX rat heart is likely due to an increase
in ROS production rather than a decrease in ROS elimination.
Similarly, the amount of mitofusin 2 expression, which could affect
the level of mitochondrial fusion, is also not changed, which
suggests that the enlargement of mitochondria in the cardiomyo-
cyte of the OVX rat potentially contributes to membrane swelling.

4. Discussion

Previously, we demonstrated that many cellular and molecular
changes in cardiac contraction and relaxation after a 10-week
deprivation of ovarian sex hormones were similar to those
observed in the heart disease condition. Supplementation with
estrogen or progesterone after an ovariectomy yielded different
protective results [25]. In this study, we further demonstrate that
both estrogen and progesterone have regulatory roles in modulat-
ing mitochondrial structure and function, but exhibit some
differences. Although estrogen or progesterone supplementation
can prevent mitochondrial swelling in the OVX rat heart,
progesterone supplementation unexpectedly decreases the
amount of mitochondrial volume fraction. Estrogen supplementa-
tion in the OVX rat can prevent both the decrease in mitochondrial
ATP synthesis and increase in stress-induced ROS production. In
contrast, progesterone normalizes the ROS production, but does
not restore ATP synthesis.

Chronic deprivation of female sex hormones induces mito-
chondrial swelling by potentially causing an imbalance of
intracellular Ca®* mobilization. Our previous studies demonstrated
a decrease in the amplitude of intracellular Ca®" transients with a
prolonged Ca®* decay in cardiomyocytes isolated from 10-week
OVX rat [23], with the latter being primarily a result of suppressed
SERCA activity [31]. We also demonstrated that the lack of female
sex hormones induced an increase in Na*~H" exchange activity in
cardiomyocytes and potentially defective intracellular Ca%* ho-
meostasis [23]. These previous findings suggested a potential
increase in the cytosolic Ca®* level as being responsible for
mitochondrial swelling. In addition, the increase in myofilament
Ca®* sensitivity found in 10-week OVX rat [32] might also disrupt
the Ca®* buffering system in cardiac myocytes. Because mitochon-
drial function is related to the cellular Ca®* buffering system,
changes in intracellular Ca?* homeostasis in the OVX rat
cardiomyocyte could have an effect on mitochondrial function.
Under the resting condition, approximately 1% of cytosolic Ca®* is
taken up by mitochondria [33]. However, the supraphysiological
Ca?* concentration theoretically increases the mitochondrial Ca%*
load due to functional saturation of SERCA and NCX [34]. In
addition, dysfunction of the sarcoplasmic reticulum (SR) Ca®*
handling in the heart of OVX rats could alter SR-mitochondrial Ca®*
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Fig. 6. Effect of ovarian sex hormone deprivation on expressions of mitochondrial mitofusin 2 and superoxide dismutase 2. Representative immunoblot analyses of cardiac
mitofusin 2 (Mfn 2), superoxide dismutase 2 (SOD2), and porin of isolated mitochondria from SHAM and OVX rats, with/without E; or P. Bar graphs demonstrate densitometric
analysis of Mfn2/porin expression ratio (B) and SOD2/porin ratio (C). No significant difference in the ratio of each protein to porin was detected using one-way ANOVA.

transmission [35]. In particular, an increase in mitochondrial Ca%*
uptake may subsequently activate ATP production to match the
energy requirements. In addition, excessive mitochondrial Ca%*
uptake activates the opening of the mitochondrial permeability
transition pore (mPTP), which results in an influx of water and
solutes into the matrix. Thus, mitochondrial swelling in the OVX
rat heart could be due to an impairment of intracellular Ca?*
homeostasis. This possibility is supported by the fact that either
estrogen or progesterone supplementation could improve heart
function by normalizing the reduced SR Ca®* uptake in this OVX
model [31]. Nevertheless, a decrease in the mitochondrial volume
fraction heart after OVX progesterone supplementation was
unexpected, particularly because a previous investigation showed
that progesterone administration induced increases in mitochon-
dria size and volume fraction in the glandular cells of the OVX
uterus [36]. Differences in these finding could not be explained, but
it was possible that the actions of progesterone exhibited tissue
specificity.

Unlike progesterone, the effect of estrogen in stabilizing
mitochondrial function in cardiac myocytes is well-established.
Our present data further strengthened the significance of estrogen
in reducing cardiac injury after pathological stress. A previous
study demonstrated that estrogen supplement prevented ische-
mia-reperfusion injury in the heart of OVX rats by attenuating
mitochondrial disruption [16]. The protective mechanism partly
involved inhibition of the mPTP opening and subsequent cyto-
chrome c release [20]. Thus, swelling mitochondria in the heart of
the OVX rat might be more susceptible to apoptosis under stress. In
addition, the lower level of stress-activated mitochondrial ROS
production in the OVX rat with estrogen supplementation is
consistent with the benefit of estrogen on preventing myocardial
damage. In contrast, information regarding the protective effect of
progesterone on the heart is presently lacking. It is well-known

that progesterone exerts a neuroprotective effect against traumatic
and ischemic brain injury. Similar to estrogen, progesterone
administration enhanced mitochondrial respiratory activity, but
reduced the rate of mitochondrial peroxide formation in brain
tissue [37]. However, a single administration of progesterone had
no protective effect on the myocardium against ischemia-
reperfusion injury [38]. Moreover, progesterone acutely activated
H,0, emission in permeabilized skeletal myofibers [39]. These
reports, however, did not support the use of progesterone for
cardioprotection. Interestingly, the results obtained from the
present study revealed a positive effect of long-term progesterone
supplement action on the heart, particularly on mitochondrial ROS
production under stress.

No change in mitochondrial respiratory complex protein
expression after ovariectomy or hormone supplementation
indicated that estrogen exerts an effect on mitochondrial ATP
production by altering complex activity. This implication was
supported by previous studies in other tissues [21,40,41].
Mitochondrial complex I and IV activities were reduced in the
brain in OVX rats, and estrogen supplementation could reverse this
suppression [41]. While estrogen administration had no effect on
mitochondrial ATP production under normal conditions, estrogen
could restore mitochondrial ATP production in the heart under
hemorrhagic stress by upregulating complex IV [21]. Because
suppressed ATP production in mitochondria from the OVX heart
was detected only when complex I, and not complex II was
activated, the target of estrogen in heart mitochondria is
potentially complex I. In contrast, estrogen was reported to
suppress the respiratory activity of liver mitochondria by
interacting with complex I at the flavin mononucleotide site
[40]. We could not provide an explanation for this controversial
finding, and future studies are focused on the interaction of
estrogen and mitochondrial complex I activity specifically in
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cardiac cells. A previous study also demonstrated that progester-
one supplement could prevent the reduction of complex I activity
in the brains of transgenic neurodegenerative mice [42], but this
benefit was not reflected in the mitochondrial ATP production in
the heart. Thus, the action of progesterone on mitochondrial
complex proteins in heart muscle also needs to be clarified.

Although ATP production from complex I activity was
decreased in the mitochondria of the OVX rat heart, normal ROS
production indicated no disruption of the electron transport chain.
However, interruption of the electron transport chain (such as by
antimycin A) slows the rate of electron transport from complex I to
complex III, thereby increasing the electron leak from complex I,
with electrons reducing O, to oxygen radicals. It has been
demonstrated that the main sites of oxygen radical formation
are the flavin mononucleotide (FMN) site of complex I and the Q
cycle of complex Il [43]. Thus, a potential impairment of complex [
activity in the mitochondria of OVX rat heart may result in high
susceptibility of mitochondria to produce oxygen radicals. It is not
currently known whether the protective effects of estrogen and
progesterone on mitochondrial ROS production share a similar
underlying mechanism. One mechanism of the protective action of
female sex hormones is antioxidant regulation. While many
studies have provided evidence supporting the antioxidative role
of estrogen, very few studies have examined the role of
progesterone. However, the present finding of no change in the
expression of SOD2 in the experimental groups suggest that
oxidative stress in the OVX rat heart was not due to a decrease in
this antioxidative enzyme, but was more likely due to an increase
in ROS production. Moreover, the non-genomic effect of female sex
hormones on antioxidant activity in cardiac myocytes also needs to
be clarified.

In summary, the present study demonstrated the importance of
female sex hormones on mitochondrial energy synthesis and ROS
production in the heart. Although estrogen has a prominent role in
the regulation of ATP production compared to progesterone, both
hormones can prevent stress-induced ROS production. Thus,
alterations of both mitochondrial ATP synthesis and ROS produc-
tion in the heart after female sex hormone deprivation may serve
as another mechanistic process to induce cardiac disease in
postmenopausal females. Furthermore, our finding that estrogen
sufficiency preserves both cardiac energy metabolism and
antioxidant activation provides additional insight in the use of
only estrogen for postmenopausal replacement therapy. However,
additional clinical studies on cardiac mitochondrial functions
using future relevant techniques are needed to provide strong
support for this implication.

Acknowledgements

We thank Prof. Nateetip Krishnamra for critical reading of the
manuscript. This research project is supported by Faculty of
Science, Mahidol University and Thailand Research Fund
(RSA5580005), and The Royal Golden Jubilee Ph.D. program to
Chutima Rattanasopa.

References

[1] R.A. Lobo, Where are we 10 years after the Women'’s Health Initiative? J. Clin.
Endocrinol. Metab. 98 (5) (2013) 1771-1780.

[2] G. Schillaci, P. Verdecchia, C. Borgioni, A. Ciucci, C. Porcellati, Early cardiac
changes after menopause, Hypertension 32 (4) (1998) 764-769.

[3] A.L. Hinderliter, A. Sherwood, J.A. Blumenthal, K.C. Light, S.S. Girdler, J.
McFetridge, K. Johnson, R. Waugh, Changes in hemodynamics and left
ventricular structure after menopause, Am. J. Cardiol. 89 (7) (2002) 830-833.

[4] O. Taskin, R. Gokdeniz, H. Muderrisoglu, M.E. Korkmaz, I. Uryan, R. Atmaca, A.
Kafkasli, The effects of hormone replacement therapy on echocardiographic
basic cardiac functions in postmenopausal women, Hum. Reprod. 13 (9) (1998)
2399-2401.

[5] K. Ozdemir, C. Celik, B.B. Altunkeser, A. Icli, H. Albeni, A. Duzenli, C. Akyurek, H.
Gok, Effect of postmenopausal hormone replacement therapy on
cardiovascular performance, Maturitas 47 (2) (2004) 107-113.

[6] Z. Zhao, H. Wang, ].A. Jessup, S.H. Lindsey, M.C. Chappell, L. Groban, Role of
estrogen in diastolic dysfunction, Am. J. Physiol. Heart Circ. Physiol. 306 (5)
(2014) H628-H640.

[7] N.A. Nussmeier, C. Mora-Mangano, M. Fontes, N.M. Schwann, D.T. Mangano,
Hormone replacement therapy is safe in women undergoing coronary artery
bypass grafting, Tex. Heart Inst. ]. 32 (4) (2005) 507-514.

[8] S.S. Bassuk, J.E. Manson, Menopausal hormone therapy and cardiovascular
disease risk: utility of biomarkers and clinical factors for risk stratification,
Clin. Chem. 60 (1) (2014) 68-77.

[9] A. Cutchins, N.K. Wenger, Is there a role for menopausal hormone therapy
(MHT) for cardiovascular disease prevention in select postmenopausal
women? Curr. Treat. Options Cardiovasc. Med. 15 (6) (2013) 722-734.

[10] D.C. Wallace, A mitochondrial paradigm of metabolic and degenerative
diseases, aging, and cancer: a dawn for evolutionary medicine, Annu. Rev.
Genet. 39 (2005) 359-407.

[11] N.R. Madamanchi, M.S. Runge, Mitochondrial dysfunction in atherosclerosis,
Circ. Res. 100 (4) (2007) 460-473.

[12] T.E. Gunter, D.R. Pfeiffer, Mechanisms by which mitochondria transport
calcium, Am. J. Physiol. 258 (5 Pt 1) (1990) C755-C786.

[13] J. Sastre-Serra, M. Nadal-Serrano, D.G. Pons, A. Valle, ]. Oliver, P. Roca, The
effects of 17 beta-estradiol on mitochondrial biogenesis and function in breast
cancer cell lines are dependent on the ERalpha/ERbeta ratio, Cell. Physiol.
Biochem. 29 (1-2) (2012) 261-268.

[14] C.L. Robertson, A. Puskar, G.E. Hoffman, A.Z. Murphy, M. Saraswati, G. Fiskum,
Physiologic progesterone reduces mitochondrial dysfunction and
hippocampal cell loss after traumatic brain injury in female rats, Exp. Neurol.
197 (1) (2006) 235-243.

[15] C. Stirone, S.P. Duckles, D.N. Krause, V. Procaccio, Estrogen increases
mitochondrial efficiency and reduces oxidative stress in cerebral blood vessels,
Mol. Pharmacol. 68 (4) (2005) 959-965.

[16] P. Zhai, T.E. Eurell, R. Cotthaus, E.H. Jeffery, ].M. Bahr, D.R. Gross, Effect of
estrogen on global myocardial ischemia-reperfusion injury in female rats, Am.
J. Physiol. Heart Circ. Physiol. 279 (6) (2000) H2766-H2775.

[17] Y.M. Jang, S. Kendaiah, B. Drew, T. Phillips, C. Selman, D. Julian, C.
Leeuwenburgh, Doxorubicin treatment in vivo activates caspase-12 mediated
cardiac apoptosis in both male and female rats, FEBS Lett. 577 (3) (2004) 483-
490.

[18] CJ. Lagranha, A. Deschamps, A. Aponte, C. Steenbergen, E. Murphy, Sex
differences in the phosphorylation of mitochondrial proteins result in reduced
production of reactive oxygen species and cardioprotection in females, Circ.
Res. 106 (11) (2010) 1681-1691.

[19] N. Pavon, E. Martinez-Abundis, L. Hernandez, J.C. Gallardo-Perez, C. Alvarez-
Delgado, M. Cerbon, I. Perez-Torres, A. Aranda, E. Chavez, Sexual hormones:
effects on cardiac and mitochondrial activity after ischemia-reperfusion in
adult rats Gender difference, ] Steroid Biochem. Mol. Biol. 132 (1-2) (2012)
135-146.

[20] R. Morkuniene, O. Arandarcikaite, L. Ivanoviene, V. Borutaite, Estradiol-
induced protection against ischemia-induced heart mitochondrial damage
and caspase activation is mediated by protein kinase G, Biochim. Biophys. Acta
1797 (6-7) (2010) 1012-1017.

[21] Y.C. Hsieh, H.P. Yu, T. Suzuki, M.A. Choudhry, M.G. Schwacha, K.I. Bland, L.H.
Chaudry, Upregulation of mitochondrial respiratory complex IV by estrogen
receptor-beta is critical for inhibiting mitochondrial apoptotic signaling and
restoring cardiac functions following trauma-hemorrhage, ]. Mol. Cell. Cardiol.
41 (3) (2006) 511-521.

[22] H.Kuhl, J. Stevenson, The effect of medroxyprogesterone acetate on estrogen-
dependent risks and benefits — an attempt to interpret the Women’s Health
Initiative results, Gynecol. Endocrinol. 22 (6) (2006) 303-317.

[23] T. Bupha-Intr, ]. Wattanapermpool, J.R. Pena, B.M. Wolska, RJ. Solaro,
Myofilament response to Ca?* and Na*/H" exchanger activity in sex hormone-
related protection of cardiac myocytes from deactivation in hypercapnicacidosis,
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 292 (2) (2007) R837-R843.

[24] T.F. Schaible, A. Malhotra, G. Ciambrone, J. Scheuer, The effects of gonadectomy
on left ventricular function and cardiac contractile proteins in male and female
rats, Circ. Res. 54 (1) (1984) 38-49.

[25] J. Wattanapermpool, T. Riabroy, S. Preawnim, Estrogen supplement prevents
the calcium hypersensitivity of cardiac myofilaments in ovariectomized rats,
Life Sci. 66 (6) (2000) 533-543.

[26] C. Vives-Bauza, L. Yang, G. Manfredi, Assay of mitochondrial ATP synthesis in
animal cells and tissues, Methods Cell. Biol. 80 (2007) 155-171.

[27] N.J. Kruger, The Bradford method for protein quantitation, Methods Mol. Biol.
32 (1994) 9-15.

[28] C.Yarana, J. Sanit, N. Chattipakorn, S. Chattipakorn, Synaptic and nonsynaptic
mitochondria demonstrate a different degree of calcium-induced
mitochondrial dysfunction, Life Sci. 90 (19-20) (2012) 808-814.

[29] S.Thummasorn, S. Kumfu, S. Chattipakorn, N. Chattipakorn, Granulocyte-colony
stimulating factor attenuates mitochondrial dysfunction induced by oxidative
stress in cardiac mitochondria, Mitochondrion 11 (3) (2011) 457-466.

[30] D.M. Medeiros, Assessing mitochondria biogenesis, Methods 46 (4) (2008)
288-294.

[31] T.Bupha-Intr, J. Wattanapermpool, Regulatory role of ovarian sex hormones in
calcium uptake activity of cardiac sarcoplasmic reticulum, Am. J. Physiol. Heart
Circ. Physiol. 291 (3) (2006) H1101-H1108.


http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0005
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0005
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0010
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0010
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0015
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0015
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0015
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0020
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0020
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0020
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0020
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0025
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0025
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0025
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0030
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0030
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0030
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0035
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0035
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0035
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0040
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0040
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0040
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0045
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0045
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0045
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0050
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0050
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0050
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0055
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0055
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0060
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0060
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0065
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0065
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0065
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0065
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0070
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0070
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0070
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0070
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0075
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0075
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0075
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0080
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0080
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0080
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0085
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0085
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0085
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0085
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0090
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0090
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0090
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0090
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0095
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0095
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0095
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0095
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0095
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0100
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0100
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0100
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0100
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0105
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0105
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0105
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0105
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0105
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0110
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0110
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0110
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0115
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0115
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0115
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0115
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0120
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0120
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0120
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0125
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0125
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0125
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0130
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0130
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0135
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0135
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0140
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0140
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0140
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0145
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0145
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0145
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0150
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0150
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0155
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0155
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0155

C. Rattanasopa et al./Journal of Steroid Biochemistry & Molecular Biology 147 (2015) 1-9 9

[32] J. Wattanapermpool, Increase in calcium responsiveness of cardiac
myofilament activation in ovariectomized rats, Life Sci. 63 (11) (1998) 955-
964.

[33] T.N. Andrienko, E. Picht, D.M. Bers, Mitochondrial free calcium regulation
during sarcoplasmic reticulum calcium release in rat cardiac myocytes, J. Mol.
Cell. Cardiol. 46 (6) (2009) 1027-1036.

[34] G.S. Williams, L. Boyman, A.C. Chikando, R.J. Khairallah, W.J. Lederer,
Mitochondrial calcium uptake, Proc. Natl. Acad. Sci. U.S.A. 110 (26) (2013)
10479-10486.

[35] M. Waldeck-Weiermair, A.T. Deak, L.N. Groschner, M.R. Alam, C. Jean-Quartier,
R. Malli, W.E. Graier, Molecularly distinct routes of mitochondrial Ca?* uptake
are activated depending on the activity of the sarco/endoplasmic reticulum
Ca" ATPase (SERCA), J. Biol. Chem. 288 (21) (2013) 15367-15379.

[36] J. Secchi, D. Lecaque, Effects of progestins and antiprogestins on mitochondria
in uterine glandular cells in the rat. A quantitative investigation, Cell. Tissue
Res. 238 (2) (1984) 247-252.

[37] RW. Irwin, J. Yao, R.T. Hamilton, E. Cadenas, R.D. Brinton, J. Nilsen,
Progesterone and estrogen regulate oxidative metabolism in brain
mitochondria, Endocrinology 149 (6) (2008) 3167-3175.

[38] V.V.Dhote, R. Balaraman, Gender specific effect of progesterone on myocardial
ischemia/reperfusion injury in rats, Life Sci. 81 (3) (2007) 188-197.

[39] D.A.Kane, C.T. Lin, E.J. Anderson, H.B. Kwak, J.H. Cox, P.M. Brophy, R.C. Hickner,
P.D. Neufer, R.N. Cortright, Progesterone increases skeletal muscle
mitochondrial H,0, emission in nonmenopausal women, Am. J. Physiol.
Endocrinol. Metab. 300 (3) (2011) E528-E535.

[40] P.I. Moreira, ]J. Custodio, A. Moreno, C.R. Oliveira, M.S. Santos, Tamoxifen and
estradiol interact with the flavin mononucleotide site of complex I leading to
mitochondrial failure, J. Biol. Chem. 281 (15) (2006) 10143-10152.

[41] Z. Feng, ].T. Zhang, Long-term melatonin or 17 beta-estradiol supplementation
alleviates oxidative stress in ovariectomized adult rats, Free Radic. Biol. Med.
39 (2) (2005) 195-204.

[42] M.C. Deniselle, M.C. Carreras, L. Garay, G. Gargiulo-Monachelli, M. Meyer, ].J.
Poderoso, A.F. De Nicola, Progesterone prevents mitochondrial dysfunction in
the spinal cord of wobbler mice, J. Neurochem. 122 (1) (2012) 185-195.

[43] E. Cadenas, A. Boveris, C.I. Ragan, A.O. Stoppani, Production of superoxide
radicals and hydrogen peroxide by NADH-ubiquinone reductase and
ubiquinol-cytochrome ¢ reductase from beef-heart mitochondria, Arch.
Biochem. Biophys. 180 (2) (1977) 248-257.


http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0160
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0160
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0160
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0165
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0165
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0165
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0170
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0170
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0170
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0175
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0175
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0175
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0175
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0180
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0180
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0180
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0185
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0185
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0185
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0190
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0190
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0195
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0195
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0195
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0195
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0200
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0200
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0200
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0205
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0205
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0205
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0210
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0210
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0210
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0215
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0215
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0215
http://refhub.elsevier.com/S0960-0760(14)00264-7/sbref0215

J Physiol Sci
DOI 10.1007/512576-015-0409-0

CrossMark

@

ORIGINAL PAPER

Regular exercise modulates cardiac mast cell activation

in ovariectomized rats

Sukanya Phungphong' - Anusak Kijtawornrat® - Jonggonnee Wattanapermpool® «

Tepmanas Bupha-Intr1

Received: 27 July 2015/ Accepted: 25 September 2015
© The Physiological Society of Japan and Springer Japan 2015

Abstract It is well accepted that regular exercise is a
significant factor in the prevention of cardiac dysfunction;
however, the cardioprotective mechanism is as yet not well
defined. We have examined whether regular exercise can
modulate the activity of cardiac mast cells (CMC) after
deprivation of female sex hormones, as well as the density
and percentage degranulation of mast cells, in ventricular
tissue of ovariectomized (OVX) rats after an 11-week
running program. A significant increase in CMC density
with a greater percentage degranulation was induced after
ovarian sex hormone deprivation. Increased CMC density
was prevented by estrogen supplements, but not by regular
training. To the contrary, increased CMC degranulation in
the OVX rat heart was attenuated by exercise training, but
not by estrogen supplement. These findings indicate a
significant correlation between the degree of CMC
degranulation and myocyte cross-section area. However,
no change in the expression of inflammatory mediators,
including chymase, interleukin-6, and interleukin-10, was
detected. Taken together, these results clearly indicate one
of the cardioprotective mechanisms of regular aerobic
exercise is the modulation of CMC activation.
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Introduction

Regular exercise is highly recommended in post-
menopausal women for its beneficial effects on cardiac
function, whether or not they eventually receive hormone
replacement therapy. It is well known that regular exercise
reduces the risk of heart disease and hypertension, but basic
information regarding the mechanism of action of cellular
activation in the heart remains incompletely understood [8,
25, 32]. The activation of mast cells (MCs) has recently
been shown to be a key event in the induction of pathologic
hypertrophy by volume overload or pressure overload [19,
23]. Patients with dilated cardiomyopathy have been found
to have an increased density of cardiac mast cells (CMCs)
[31, 34], as well as a twofold higher percentage degranu-
lation of CMCs compared to normal hearts [31]. MC
density has been demonstrated to be enhanced by two- to
threefold in animal models of pressure overload or volume
overload, coupled with an increase in chymase activity [19,
23]. The impact of MCs on cardiac remodeling is supported
by evidence that MC stabilization effectively prevents
volume overload-induced dilated cardiac hypertrophy [7].
Moreover, MC stabilizers and chymase inhibitors can
attenuate cardiac hypertrophy and decrease the cardiac
contraction induced after aortic constriction [19]. A rather
large body of evidence suggests that MC activation is a
critical step in pathologic cardiac remodeling. Several
studies have demonstrated that regular exercise can atten-
uate such pathologic remodeling [10, 40] and that regular
exercise might be able to modify MC activation.
Previously reported studies from our research team have
shown that regular exercise can prevent all of the cardiac
contractile changes that resemble those seen upon estrogen
supplementation in ovariectomized (OVX) rats [8, 9].
Based on these results, we proposed that regular exercise
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and estrogen share the same mode of activation of car-
dioprotective signaling. Recent reports on estrogen-based
regulation of CMC activation [19, 23, 37] has led us to
hypothesize that regular exercise might also modulate
CMC activity. In two of these studies, the presence of
female sex hormones was able to prevent the left ventric-
ular hypertrophy and increased CMC density induced after
volume overload [23], and estrogen supplementation
attenuated increases in MC density and chymase release in
the hearts of OVX rats after transverse aortic constriction
[19]. In the third study, increases in MC density and chy-
mase expression in the hearts of mRen2.Lewis rats after
OVX were abolished using a G protein-coupled estrogen
receptor agonist [37]. It would therefore appear that cardiac
changes in the absence of female sex hormones might be
due (at least in part) to increased CMC activation. This in
turn suggests the possibility that the mechanism underlying
the cardioprotective effects of regular exercise in ovarian
sex hormone-deprived conditions could result from CMC
stabilization.

The aim of our study was to test whether regular
exercise inhibited CMC activation after deprivation of
female sex hormones in a rat model. OVX rats were sub-
jected to a 10-week running program, during which time
CMC density, percentage degranulation of CMCs, and
levels of various inflammatory chemokines were evaluated
and correlated with myocardial changes.

Materials and methods
Materials

All chemicals were purchased from Sigma Chemical (St.
Louis, MO), and electrophoretic reagents were purchased
from Bio-Rad (Hercules, CA), Amersham Pharmacia
Biotech (Buckinghamshire, UK), Omnipur (EMD Milli-
pore, Billerica, MA) or Thermo Scientific (Waltham, MA).

Animals and treatment

The animal protocol was approved by the Experimental
Animal Committee, Faculty of Science, Mahidol Univer-
sity, in accordance with the guidelines of the National
Laboratory Animal Center, Thailand based on “The guide
for the care and use of laboratory animals, 8th edition”
(NIH). Female Sprague-Dawley rats (8—9 weeks old) were
ovariectomized or sham operated. One week after surgery,
OVX rats were randomly divided into three treatment
groups for vehicle injection, estrogen supplementation and
regular exercise, respectively. The lack of female sex
hormones was confirmed by the reduced uterine weight at
the end of study. All animals were fed ad libitum (Betagro
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Public Co., Ltd., Bangyor, Thailand) and had access to tap
water during the entire experiment. Each rat was housed
individually under a 12:12 light/dark cycle with tempera-
ture and humidity control. Estrogen supplementation was
started by subcutaneous injection of 0.1 mL of estrogen
(5 pgfrat) 3 days per week as previously described [38]. In
the sham and OVX controls, 0.1 mL of corn oil was
injected as placebo.

The regular exercise program including a 1-week
acclimatization period followed by 10 weeks of moderate
intensity running (65-75 % maximum oxygen consumption)
as previously described [9]. Each rat in the regular exercise
group was made to run for two 30-min periods per day,
5 days per week, with a 10- to 15-min rest period between
each exercise period. Adequacy of the running program was
verified by echocardiography at the end of study.

Cardiac structure and function by assessed
by echocardiography

The echocardiographic study was performed as previously
described [20]. Briefly, rats were anesthetized with
intraperitoneal pentobarbital sodium (50 mg/kg body
weight). Using an echocardiography machine (Samsung
Medison, Seoul, Korea) equipped with a 10-MHz
echocardiographic probe (10 MHz), we scanned the chest
wall using two-dimensional short-axis view at the mid-
papillary muscle in M-mode. Used the modified recom-
mendations off the American Society for Echocardiogra-
phy, we measured the interventricular septum (IVS), left
ventricular posterior wall (LVPW), diameter of the internal
left ventricle (LVID), LV mass, relative wall thickness, and
percentage of fractional shortening for least three consec-
utive cardiac cycles on the M-mode tracings. LV mass was
calculated using the following formula [20]:

LV mass = 1.04 x [(LVID, + LVPW, 4 IVS,)’
— LVID]]

To confirm the hypertrophy of the heart, heart weight
per body weight was also determined. In addition, the
cardiomyocyte cross-section area was measured on
myocardial histological sections stained with hematoxylin
and eosin stain.

MC density and morphological changes

After echocardiography examination, the rat was sacrificed
and the heart was excised and perfused with Ca*"-free
Krebs—Henseleit solution before being fixed in 10 % for-
malin and embedded in Paraffin. The sample was then sec-
tioned on a microtome (thickness 5 pwm) and the sections
placed on microscope slides. To stain the MCs, rehydrated
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tissue sections were first stained with 0.001 g/mL of tolu-
idine blue for 3 and then rinsed twice in distilled water to
wash out the dye before dehydration. Counting was per-
formed on a whole section at a magnification of 100x. The
density of MCs was expressed as the mean number of mast
cells per square millimeter of tissue section. The MCs were
distinguished from other inflammatory cells as previously
described [43]. Degranulated MCs were identified by
extruded granules and the appearance of ruptured cell
membranes or irregular border as granules are released from

the cytoplasm. The result was expressed as the percentage of
degranulated MCs per total number of MCs.

Immunoblot analyses

Frozen ventricular muscle tissue was mixed and homoge-
nized with extraction sample buffer (50 mM Tris pH 6.8,
2.5 % SDS, 10 % glycerol, 1 mM dithiothreitol, 1 pg/mL
leupeptin, 1 pg/mL pepstatin A, 1 mM phenylmethylsul-
fonyl fluoride) and then subjected to sodium dodecyl

Table 1 General characteristics of sham-operated rats and ovariectomized rats receiving sham injection, estrogen supplementation or exercise

training®

Parameters Sham-operated

Ovariectomized rats

group (n = 6 rats)

Oil injection Estrogen supplementation Exercise regimen

(n = 8 rats) (n =7 rats) (n =17 rats)
Body weight (BW) (g) 268 + 5 363 £+ 9* 256 + 7% 342 £+ 9*
Heart weight (HW) (g) 1.31 £ 0.05 1.45 £+ 0.03* 1.33 & 0.04" 1.55 £ 0.03*
HW/BW (100x) 0.490 £ 0.017 0.400 £ 0.013* 0.518 + 0.011* 0.456 + 0.013"
Tibial length (TL) (cm) 4.15 £ 0.02 4.49 £ 0.03* 4.19 + 0.03" 439 + 0.03**
HW/TL (g/cm) 0.316 £+ 0.012 0.322 4+ 0.007 0.317 £ 0.011 0.354 £ 0.008
Soleus weight (g) 0.112 £+ 0.002 0.146 £+ 0.004* 0.098 £ 0.007 0.139 £ 0.005*
Uterine weight (g) 0.602 £+ 0.054 0.154 £+ 0.015* 0.618 £+ 0.036 0.173 £ 0.025*

## p <0.05, significantly different from Sham-operated rats and ovariectomized (OVX) rats, respectively, using the Student-Newman—Keuls
test after analysis of variance (ANOVA)

Data are presented as the mean + standard error of the mean (SEM)

? There were 3 treatment groups for OVX rats: vehicle (0.1 mL corn oil) injection (OVX control group), estrogen supplementation and regular
exercise, respectively. In the sham-operated group, 0.1 mL corn oil was also injected as placebo

Table 2 Echocardiographic parameters of sham-operated rats and ovariectomized rats and receiving sham injection, estrogen supplementation

or exercise training

Parameters Sham-operated Ovariectomized rats
Oil injection Estrogen supplementation Exercise regimen

IVSg (cm) 0.233 £ 0.007 0.240 £+ 0.011 0.258 + 0.014 0.261 £ 0.006
IVSp (cm) 0.175 & 0.007 0.190 & 0.014 0.193 &+ 0.017 0.208 £ 0.007
LVPWg (cm) 0.232 + 0.009 0.282 & 0.024 0.280 & 0.026 0.302 £+ 0.026
LVPWp, (cm) 0.143 + 0.014 0.201 & 0.018 0.186 &+ 0.016 0.183 £+ 0.013
LVIDg (cm) 0.373 + 0.012 0.414 £+ 0.022 0.314 £ 0.025" 0.367 &+ 0.015
LVIDp (cm) 0.588 % 0.020 0.602 £ 0.037 0.523 4 0.030 0.615 £+ 0.015
LV ES (%) 36.6 £ 0.3 30.9 £ 0.6% 39.9 + 1.0%* 40.5 + 1.2%*
LV EF (%) 725+ 04 64.8 £ 0.8* 76.6 + 1.2%* 76.7 + 1.3%*
RWT 0.463 £ 0.052 0.680 & 0.092 0.728 & 0.097 0.603 £ 0.058
Estimated LV mass (g) 0.541 &+ 0.023 0.789 + 0.063* 0.614 £ 0.045" 0.817 &+ 0.016*
LV mass index 2.08 £ 0.11 2.04 £ 0.12 2.25 +£0.08 2.51 £ 0.11%*

#* P < 0.05, significantly different from Sham-operated rats and OVX rats, respectively, using Student-Newman—Keuls test after ANOVA

Data are presented as the mean + SEM

IVSs, 1VSp Systolic and diastolic parameters, respectively, of the interventricular septum (/VS), LVPWs, LVPWp systolic and diastolic
parameters, respectively, of the left ventricular posterior wall (LVPW), LVIDg, LVID, systolic and diastolic parameters, respectively, of the left
ventricular internal diameter (LVID), FS fractional shortening, EF ejection fraction, RWT relative wall thickness, LV left ventricular
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sulfate-polyacrylamide gel electrophoresis. The separated
proteins were transferred onto PVDF membranes. Rabbit
anti-rat interleukin-6 (IL-6; 1:1,000), rabbit anti-rat IL-10
(1:1,000), and anti-MCl chymase antibody-C-terminal
(1:2,500) were obtained from Abcam (Cambridge, UK).
Anti-B-actin antibody (1:5,000) was purchased from
AVIVA Systems Biology (San Diego, CA). The secondary
antibody used was goat anti-rabbit immunoglobulin G
(1:10,000) from Zymed (San Francisco, CA). Band density
was analyzed using Labscan version 5.0 (Amersham Bio-
sciences) and ImageQuant TL version 7.0 (GE Healthcare
Life Sciences, Cleveland, OH).

Data and statistical analysis

All data are presented as the mean =+ standard error of the
mean (SEM). For comparisons of four groups, one-way
analysis of variance was used, and if statistically significant
differences were detected, the Student—Newman—Keuls test
was applied to further identify groups with different means.
Differences were considered statistically significant at
P < 0.05.

Results

General characteristics which could be attributed to the
lack of ovarian sex hormones and regular exercise,
respectively, are presented in Table 1. Deprivation of
female sex hormones was confirmed by a marked decrease
in uterine weight in OVX rats and OVX rats that were
subjected to the regular exercise regimen. The 10-week
deficiency of ovarian sex hormones resulted in an increase
in body weight and heart weight, but the hypertrophic
index by heart per body weight was decreased significantly
(0.400 £ 0.013) as compared with sham controls
(0.490 £ 0.017). Estrogen supplementation prevented
changes in heart weight and body weight, but regular
exercise could improve the heart per body weight ratio
compared with sedentary OVX rats without any significant
change in body weight.

Cardiac hypertrophy due to regular aerobic exercise was
confirmed by the echocardiography (Table 2) and histo-
chemistry studies (Fig. 1). Deprivation of ovarian sex
hormones had no effect on hypertrophy of the LV, but
significant decreases in the left ventricular ejection fraction
and fractional shortening were observed in OVX rats.
Reduction in cardiac contractility could be prevented by
estrogen supplementation or regular exercise. Female sex
hormones had no effect on the cross-section areas of car-
diomyocytes, whereas the increased cross-section area of
cardiomyocytes in exercise groups confirmed the hyper-
trophic effect of exercise.

@ Springer

Specific histochemical staining techniques revealed that
chronic deprivation of female sex hormones increased CMC
density compared with the sham control (3.13 4 0.18 vs.
1.89 + 0.12 cells/mm?; Fig. 2). The lack of female sex
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Fig. 1 Effect of regular exercise on cardiomyocyte cross-sectional
area in ovariectomized (OXV) rats. Stained images are transverse
sections of cardiomyocytes at x400 magnification from the hearts of
sham-operated controls (SHAM) and OXV rats with no further
treatment (OXV), with estrogen supplementation (OVX + E2), or
with exercise training (OVX + Ex). Only myocytes with a nucleus, a
clear cell boundary, and a round or rectangular shape (length:width
<1.5) were collected. Box plot of cross-sectional area of cells from
the Sham-operated (control) group (SHAM) and from the three
treatment groups of OXV rats (4-oil, +E2, +EX). Top and bottom of
box Minimum and maximum levels of cell cross-sectional area,
horizontal line within the box median. Data are from 6-7 hearts in
each group (150 cells per heart). Asterisk and hash symbols
Significant difference (P < 0.05) from SHAM and OVX rats,
respectively, using the Student-Newman—Keuls test after analysis
of variance (ANOVA)
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Fig. 2 Effect of regular
exercise on the density (a) and
percentage of degranulation

(b) of cardiac mast cells (MCs)
in ovariectomized (OVX) rats.
Images are transverse sections
of the ventricle at x40
magnification from sham-
operated controls (SHAM) and b
from OXV rats with no further TR
treatment (OXV), with estrogen
supplementation (OVX + E2),
or with exercise training

(OVX + Ex). Cardiac MCs
were identifiable by their dark-
purple coloration (arrowheads)
due to toluidine staining.

Box plot of number of cardiac
MCs per tissue area (a) and
percentage MC degranulation
(b) from the Sham-operated
(control) group (SHAM) and
from the three treatment groups
of OXV rats (+oil, +E2, +EX).
Top and bottom of box
Minimum and maximum values,
horizontal line within the box
median. Data are from 6-7
hearts in each group. Asterisk
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hormones also increased the percentage degranulation of
MCs (61.7 &= 1.5 vs. 48.3 & 2.9 % of sham controls).
Estrogen supplementation was able to completely prevent
the increases in MC density (2.32 £ 0.24 cells/mmz), but
only partially attenuated percentage degranulation. Con-
versely, regular aerobic exercise could not prevent increases
in MC number due to deprivation of female sex hormones,
but it did significantly decrease the percentage degranulation
of MC:s significantly (40.8 £ 4.9 %). Thus, the number of
degranulated CMCs in exercised OVX rats was similar to
that in sham controls [1.18 £ 0.15 (exercise group) vs.
0.91 + 0.07 cell/mm? (sham group)]. These findings sug-
gest a protective regulatory effect of estrogen and regular
exercise on CMC function.

We then evaluated whether changes in MC activation
could be the cause of cardiac hypertrophy, as well as the
relationship between MC density and cross-sectional area of
cardiomyocytes (Fig. 3). We found no correlation between
cross-sectional area of cardiomyocytes and total density of
MCs or percentage MC degranulation (> = 0.0893,
P = 0.1560; r* = 0.07847, P = 0.1849, respectively), but

ovX

ovX

the number of degranulated MCs was correlated significantly
with cardiomyocyte size (> = 0.237, P = 0.0157).

An immunoblotting technique was used to estimate the
levels of chymase, a major protease released from MCs, in
the heart as a measure of CMC activity (Fig. 4a). We found
that the number of MCs after deprivation of sex hormones
had increased, but chymase expression was not altered. An
effect of regular exercise on chymase levels in cardiac
tissue was not observed.

Interleukin (IL)-6 levels were measured in the search for a
possible signaling mechanism underlying the role of MCs in
the regulation of cardiac remodeling (Fig. 4b). Deprivation of
ovarian sex hormones had no effect on the myocardial
expression of IL-6. Surprisingly, however, IL-6 levels in the
hearts of OVX rats that underwent estrogen supplementation
fell significantly by 40 %. To the contrary, regular exercise
had no effects on cardiac levels of IL-6. Based on previous
evidence that increased IL-10 level may underlie the protec-
tive action of regular exercise [15, 28], we then evaluated IL-
10 expression; however, we detected no change in IL-10
levels among the four experimental groups (Fig. 4c).

@ Springer



J Physiol Sci

Fig. 3 Relationship between
total cardiac MC density (a),
percentage of MC degranulation
(b), and degranulated MC
density (c) to the cardiomyocyte
cross-sectional area from all
four experimental group
combinations (see Fig. 1 caption
for groups). Linear regression
analysis indicated no
relationship between
cardiomyocyte cross-sectional
area and total cardiac mast cell
density (r* = 0.08933) or
percentage of MC degranulation
(* = 0.07847), but a significant
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Discussion Information on the role of female sex hormones, especially

To our knowledge our study is the first to provide experi-
mental evidence that chronic deprivation of ovarian sex hor-
mones causes increases in the density and percentage
degranulation of CMCs. In our rat model, estrogen supple-
mentation had a major effect on the regulation of MC density,
but regular exercise exerted a protective effect by inhibiting
the increased degranulation of MCs. However, neither female
sex hormones nor regular exercise appeared to have a regu-
latory impact on chymase expression in cardiac tissue. In
addition, regular exercise had no effect on the expression of
IL-6 and IL-10 proteins in the heart, but estrogen supple-
mentation significantly suppressed IL-6 expression.

Female sex hormones (especially estrogen) are widely
believed to be cardioprotective, but the mechanism of
action and side effects of such protection are controversial
[1, 29]. Female rats have been found to exhibit no adverse
ventricular remodeling and to have a lower prevalence of
mortality in response to volume overload than male rats
[11]. This benefit of female sex hormones has been
demonstrated to be due (at least in part) to an inhibition of
MC activation by estrogen [23]. Estrogen and progesterone
receptors are expressed in MCs [45]. Hence, whether MCs
contribute to the cardiac changes after deprivation of sex
hormones is an important question.

@ Springer

estrogen, on cardiac hypertrophy is still largely inconclusive.
Recent studies have found that estrogen regulates cardiomy-
ocyte growth by inhibiting autophagy [13, 36] and that
autophagy is associated with cardiomyocyte atrophy and
therefore decreased contractility of the heart [21]. While it
remains unclear at present whether cardiomyocyte autophagy
is enhanced in the female sex hormone-deprived condition, an
increase in osteocyte autophagy has been shown in OVX rats
[41]. Exercise training-inhibited myocardial autophagy has
also been demonstrated [39]. Importantly, the effect of MC
activation, a key factor in our study, on cardiomyocyte
autophagy has not yet been studied and further investigations
in this area are needed.

Another potential protective mechanism of estrogen is
the reduction of IL-6 activation. IL-6 is a pro-inflammatory
cytokine that has been demonstrated to strongly regulate
the proliferation and degranulation of MCs [16, 17]. Our
observation of reduced IL-6 expression in OVX rats sup-
plemented with estrogen strengthens the possibility that
this hypothesis is correct. Several studies have confirmed
the suppressive effect of estrogen on IL-6 levels in various
tissues [18, 27]. However, the unexpected similarity of IL-
6 levels in the heart between sham controls and OVX rats
merits further discussion regarding the function of sex
hormones. In a previous study we demonstrated that the
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Fig. 4 Effect of regular A B
exercise on the expression of
- e . o, S -6 =
inflammatory cytokines in the Chymase IL-6 - - -
heart of OVX rats. . .
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dose of estrogen supplementation in OVX rats provided the
same serum level of estrogen as that seen in sham-operated
controls, leading us to conclude that a major difference is
progesterone levels must be present [33]. Progesterone can
reduce MC activity in various tissues [5, 35], but it
increases IL-6 expression in mesenchymal stem cells [44].
Moreover, estrogen suppresses the levels of IL-6 and tumor
necrosis factor (TNF)-o in monocytes, while progesterone
increases TNF-a expression and has less of an effect on IL-
6 expression [14]. Whether progesterone counteracts
estrogen in regulating IL-6 expression in heart tissue is not
yet known.

We previously proposed that regular exercise might reg-
ulate MC activation by inducing IL-10 production. IL-10 is
an anti-inflammatory cytokine that can also inhibit MC

ovX

activity [24]. Several studies have demonstrated that regular
exercise can increase IL-10 levels in plasma and cardiac
tissue [15, 28], possibly suggesting that IL-10 is an
endogenous MC stabilizer activated by regular exercise.
However, as the IL-10 levels were unchanged in our OVX
rats subjected to the exercise regimen, the MC-suppressive
effect of regular exercise observed in our study might be due
to other pathways. One possible effect of exercise in pre-
venting MC activation is through sympathetic activation.
Epinephrine can inhibit the histamine release induced by
antigens in passively sensitized human lungs [2]. Beta-2
adrenoceptor agonists also suppress the immunoglobulin E
receptor-dependent release of histamine and inhibit the stem
cell factor-induced proliferation and migration of MCs [12].
In addition, preconditioning with norepinephrine can
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attenuate CMC degranulation induced by ischemia—reper-
fusion injury [30]. Therefore, regular sympathetic stimula-
tion during exercise might be the underlying mechanism that
inhibits MC degranulation. However, this hypothesis is
counterbalanced by the increase in MC degranulation
observed after a single dose of isoproterenol [22].

The results of our study also suggest that MCs are not
involved in the induction of physiologic cardiac hypertro-
phy. Our hypothesis is supported by a study demonstrating
that MC stabilizers cannot prevent the cardiac hypertrophy
induced by norepinephrine infusion [6]. However, the
inverse relationship between degranulated MCs and cross-
sectional areas of cardiomyocytes suggests that MC activa-
tion might be associated with myocardial adaptation. Atrial
natriuretic peptide (ANP) and brain natriuretic peptide
(BNP) are potent stimulators of histamine release from
peritoneal MCs [42]. Decreased levels of BNP upon endur-
ance exercise training have been documented [4], so it is
possible that MC degranulation is relatively reduced with
exercise. However, the impact of ANP and BNP on CMCs is
controversial [3, 26] and merits further investigation.

Conclusions

The results of this study demonstrate that estrogen and
regular exercise have a differential effect on regulation of
MC activation. An increase in MC activation after depri-
vation of ovarian sex hormones could be involved in the
cardiac changes observed in postmenopausal women.
These results also support implementation of regular aer-
obic exercise as an alternative to hormone replacement
therapy in this population. Moreover, suppression of MC
degranulation by regular exercise suggests that MC acti-
vation could be another indicator to differentiate between
physiologic and pathologic cardiac hypertrophy.
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