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ABSTRACT

Project Code : BRG5180009

Project Title : Role of Sex Hormones in Cardiac Muscle Physiology (Il)
Investigator : Assoc. Prof. Dr. Jonggonnee Wattanapermpool

E-mail Address : tejwt@mahidol.ac.th

Project Period : June 2008 — May 2011

We have reported the significant role of female sex hormones in cardiac contractile
activity in a series of experiment. The present study was further investigated tf;? significance of
female sex hormones in two aspects of 1) the adaptive alterations in SR Ca uptake activity
and 2) the significance of cross-bridge kinetics in regulating cardiac myofilament activity in OVX
rats complicated with diabetes. The significance of male sex hormones on the cardiac
activation was also evaluated in three aspects, including 1) the mechanical contractile
properties of skinned fiber preparation from castrated and testostezr?ne-treated rats, 2) the
relations of cardiac hypertrophy induced by testosterone to the SR Ca uptake function, and 3)
the signaling component involves in testosterone-induced cardiac hypertrophy.

Similar suppression of cardiac SR Ca2+ uptake activity between estrogen- and insulin-
deficient conditions without additive effect providesz+clear evidence on the interactive effect of
the two hormones in regulating the intracellular Ca handling by changes both the activity and
the content of SERCA2a protein in cardiomyocytes. The significant role of estrogen in the
cross-bridge kinetics was further tested by evaluating the correlation of maximum myofibrillar
ATPase activity to various levels of a-MHC in the heart of OVX rats compared to that of
diabetic rats. Different expression levels of a-MHC in the heart of OVX and diabetic rats will be
varied by manipulating the plasma thyroid hormone by tri-iodothyronin injection or 6-n-propyl-2-
thiouracil administration. Our results indicate that estrogen, in contrast to insulin, plays an
additional regulatory role on the cross-bridge cycling kinetics through changes in the
myofilament proteins besides its effect on the expression of MHC isoforms. Our results also
confirm that insulin indirectly affects the cross-bridge cycling kinetics through the direct effect of
thyroid hormones on the a-MHC expression.

Concerning effects of male sex hormones, testosterone deprivation after orchidectomy
(ORX) induced a reduction in maximum force contraction with isoform shift of MHC toward
pathological development. In contrast, testosterone administration induced either physiologic or
pathologic cardiac hypertrophy depending on both the dose and the duration of hormone
treatment. Physiologic cardiac hypertrophy was observed only with short term treatment but
pathologic hypertrophy will be the case when the treatment is prolonged. The induction of
pathological cardiac hypertrophy was further confirmed by an increase in the content of
collagen.

Association of cardiac hypertrophy to changes in SERCA activity after high testosterone
treatment was further analyzed. Interestingly, our results show no association between SERCA
activity and testosterone-in%uced cardiac hypertrophy. It is, however, the cardiac hypertrophy
reversely affected the Ca pumping activity of SERCA indicating an adaptive change of
SERCA after prolonged exposure to high testosterone which may eventually lead to
deterioration of the heart if the high testosterone persists. The signaling components in
testosterone-induced pathologic hypertrophy of the heart possibly involve the process of
calcineurin-NFAT pathway but results are still inconclusive.

Keywords: Sex hormones, SR Ca2+ uptake, cross-bridge cycling kinetics, cardiac hypertrophy
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INTRODUCTION

Heart failure is the most common outcome of many cardiovascular diseases, such as
ischemic heart, hypertension, valvular diseases, and idiopathic cardiomyopathy, and also the
leading cause of death in both Western and Eastern countries including Thailand. Many risk
factors of heart failure including age, sex, nationality, smoking, hypertension, hyperlipidemia,
and diabetic mellitus have been indicated from various epidemiological studies [1-6]. Despite
many known risk factors, the basic knowledge, the mechanisms, and the treatment regimen of
the disease are still not clearly understood. Based on these well recognizable sex differences
in the incidence of cardiovascular diseases, the present study is therefore aimed to understand
the nature, sites, and mechanisms of how sex hormones regulate cardiac myofilament activity.

An important question related to the well recognizable sex difference in the incidence of
cardiovascular diseases is the significance of sex hormones on cardiac function. A better
survival of women with advanced heart failure than men indicates a sex-specific adaptation to
cardiac stress [7]. Epidemiological data have clearly shown a lower cardiac mortality in
women compared to age-matched men until the age of menopause [6, 8]. The cardiovascular
disease incidence is highly elevated in menopausal female resulting in a decreased male to
female ratio of cardiac mortality. An increased risk of coronary heart disease was also
observed in young women undergone bilateral oophorectomy in which appears to be
prevented by estrogen-replacement therapy [9]. The information thus point to two potential
effects of sex hormones on the heart including a protective effect of female sex hormones but
a risky effect of male sex hormones. Based on the two main targets of the disease, coronary
vessels and myocardium, effects of sex hormones on coronary heart diseases are better
defined [6, 10-14]. On the other hand, effects of sex hormones on cardiac muscle physiology
have been relatively discounted despite the significant function as the machinery tools for the
pump of life as well as the presence of sex hormone receptors on the myocardium [15-17].
The long-term objective of this study is therefore focused on understanding the significant role
of sex hormones in cardiac muscle physiology especially the cardiac adaptations induced after

hormone deprivation or exogenous loading.

Our current understanding of the significance of female sex hormones on cardiac
muscle activation has been achieved in a series of experiment using a variety of techniques
[18-25]. Both subcellular and molecular adaptations of cardiac muscle activity have been
demonstrated after female sex hormone deprivation. Using whole heart preparations, a
reduction in cardiac performance as measured by stroke work, ejection fraction, and fractional
shortening after ovarian sex hormone deprivation have been reported implicating a primary
defect of cardiac function in developing heart diseases after menopause [26-28]. Using
subcellular preparations of the ventricular tissue, we have further shown a suppressed
maximum myofibrillar ATPase activity with a significant shift in myosin heavy chain (MHC)
expression towards B-MHC isoform in ovariectomized rat hearts [18, 19]. An increase in Ca2+
responsiveness of cardiac myofilament activation in ovariectomized rats was uniquely indicated



from both biochemical and mechanical measurements [18, 19]. Theses changes in
ovariectomized rat hearts could be prevented by estrogen supplementation [20].

One striking issue related to these findings is the similar Ca2+ hypersensitive adaptation
detected in ovariectomized rat hearts to that of cardiomyopathy with almost the same
magnitude of changes [29-31] in addition to the suppressed maximum ATPase activity. Thus,
a potential of cardiomyopathic development in ovarian sex hormone-deprived condition is
absolutely indicated. We therefore tested whether there are significant changes in the
intracellular Ca2+ mobilization which may underlie the Ca2+ hypersensitivity of the cardiac
myofilament after ovarian sex hormone deprivation. Our data showed for the first time that
female sex hormones play an important role in regulating the Ca2+ uptake activity of cardiac
sarcoplasmic reticulum (SR) by inducing an adaptive response of the SR Ca2+ ATPase activity
(SERCA) that escaped the regulatory effect of phospholamban [22]. We have also reported
that deprivation of female sex hormones modulates the intracellular Ca2+ concentration in
cardiac myocytes, possibly via an increased Na+-H+-exchanger-1 activity, which may act in
concert with Ca2+ hypersensitivity of myofilament activation as a determinant of sex differences
in cardiac function [23]. All information thus point to the significance of female sex hormones
in cardio-protective function. Interestingly, with the combined introduction of diabetic
cardiomyopathy, we found that the hypersensitivity of cardiac myofilament to Ca2+ is
specifically induced in ovariectomized rats which may determine the gender difference in
cardiac muscle activation [24]. Further investigations on mechanisms underlying the Ca2+
hypersensitivity and the suppressed maximum ATPase activity of cardiac myofilament in
ovariectomized rats challenged with diabetes will certainly provide more insights on the role of
sex hormones in the contractile function. We, therefore, propose experiments guided by a
question how diabetes complicates the functional significance of female sex hormones in the
intracellular Ca2+ mobilization and the myofilament crossbridge kinetics of the heart.

The proposal that modification of the intracellular Ca2+ mobilization by ovarian sex
hormones is an important modulating device for myofibrillar response to Ca2+ was nicely
proved from our previous project. We concluded that Ca2+ hypersensitivity of cardiac
myofilament is an adaptative response to changes in intracellular free Ca2+ availability induced
after ovariectomy. Change in intracellular free Ca2+ is one potential cause of cardiac
myofilament alteration and adaptation [32-36]. We have recently reported a decrease in Ca2+
transient amplitude implying a reduced Ca2+ activation on the myofilament during the cardiac
contraction/relaxation cycle in the cardiomyocyte of ovariectomized rats [23]. It is interesting
that changes in Ca2+ transients and the myofilament Ca2+ sensitivity detected in ovariectomized
hearts are all in the same direction as those changes reported in many heart failure models
[18-25, 29-31, 37-41]. Deficit in myocyte Ca2+ storage due to either mutation of SERCA or
over-activity of phospholamban has been shown to also induce the impairment leading to heart
failure [33, 36]. On the other hand, stimulation of the SR Ca2+ uptake activity by transgenic
improvement of SERCA provided better cardiac function and life span in dilated hypertrophy-
induced mouse [32, 34]. We have shown that deprivation of ovarian sex hormones induced a
decrease in the cardiac SR Ca2+ uptake activity through suppression of both the activity and
the expression of the SERCA pump [22]. The suppressed uptake activity was due, in part, to



an increased interaction of SERCA with the nonphosphorylated phospholamban proteins. In
addition, estrogen and progesterone equally exerted a regulatory effect on SR Ca2+ uptake
function. As mentioned, we have also investigated the role of female sex hormones in cardiac
activation under diabetes-induced dysfunction to the heart and found that hypersensitivity of
cardiac myofilament to Ca2+ is specifically induced in ovariectomized rats even under diabetes
complication which may determine the gender difference in cardiac activation [24]. It is,
therefore, interesting to study whether the altered SR Ca2+ uptake activity may also, in part,
play a mechanistic role underlying the cardioprotective effects of female sex hormones in
determining the gender difference in cardiac activation.

Besides inducing myofilament Ca2+ hypersensitivity, a suppression of maximum
myofilament ATPase activity was also shown in the heart of ovariectomized rats. The
interactive effect of female sex hormones and insulin on the maximum myofibrillar ATPase
activity reported recently [24] indicates a final common pathway of the hormones in regulating
the cardiac contractile activity. A shift in the isoform population of myosin heavy chain (MHC)
is a well recognizable mechanism underlying the suppressed maximum myofilament ATPase
activity in hearts of ovariectomized and diabetic rats [19, 42]. While the same degree of
suppression in maximum myofibrillar ATPase activity was demonstrated, a lesser extent of shift
in MHC toward B-MHC isoform was detected in ovariectomized group [24]. The information
thus suggests an additional mechanism besides MHC isoform shift in responsible for the
regulatory effects of estrogen on the cardiac contractile activation.

Generally, differential responses of cardiac contractile activation could be molecularly
induced by alterations in cross-bridge interactions either at the number of cross-bridge
interactions or at the amount of cross-bridge single force [43, 44]. A significant reduction in
the active cross-bridge number without changes in the cross-bridge single force has been
reported in diabetic rats [45]. Contrastly, there is no data concerning modifications of cross-
bridge interactions in the hearts under estrogen-deficient condition. Evidence of myofilament
Ca2+ hypersensitivity in the hearts of ovariectomized rats [18] suggests a possibility that
changes in cross-bridge kinetics may account in part for the suppression of cardiac contractile
activity induced by estrogen deficiency. Moreover, evidence of higher cardiac MHC content in
ovariactomized rats with the same level of maximum myofibrillar ATPase activity as those of
diabetic rats[24] further implies a significant reduced cross-bridge cycling rate in the hearts of
ovariectomized rats. Whether estrogen deficiency induces changes in cardiac contractile
responses through modifications in both the quantity and quality of cross-bridge interactions
remains to be elucidated. Results from this study may be applied to the effect of male sex
hormones, which has been found to also induce a suppressed maximum myofibrillar ATPase
activity in the hearts of castrated rats.

In considering the influence of male sex hormones on cardiac function, most of the
information are still controversy and far less studied than those of female. Previous evidence
from both pre-pubertal and pubertal castrated rats demonstrated the same direction of changes
in cardiac performance as those detected in female sex hormone deficient group [46]. The
information thus weaken the possible risky effect for heart disease induction but instead point



to a significant function of male sex hormones for maintaining normal contractile activity. Our
preliminary studies in castrated and high plasma testosterone rats indicate significant effects of
male sex hormones on cardiac myofilament activation with suggested differential effects under
different levels of the hormone. An important finding related to the effects of male sex
hormones is a significant induction of cardiac hypertrophy in high plasma testosterone rats
without changes in myofilament activation. Despite the consideration of hypertrophy as an
adaptive response required to sustain cardiac output in the face of biomechanical stress,
prolonged hypertrophy is associated with a significant progression to heart failure [47]. This
finding raises question whether male sex hormones-induced hypertrophy does any good or
whether it may initially adaptive but finally lead to cardiac demise. Strategies to stimulate or
inhibit the induction of cardiac hypertrophy in the case may provide preventive and/or
therapeutic value to the setting of heart failure. We, therefore, proposed experiments to
investigate the mechanical changes in cardiac performance impacted by testosterone in male
rats. The signaling component imparted in testosterone-induced cardiac hypertrophy will also
be concentrated using both the functional indicator linked to SR function and the signaling
transduction pathway.

Therefore, the hypothesis of this study is that sex hormones play significant role in
modulating cardiac contraction and relaxation. The specific objectives for the study have been

focused on the following aspects:

I. To determine the adaptive alterations in SR Ca2+ uptake activity in the
heart of ovariectomized rats complicated with diabetes

Il. To evaluate the significance of cross-bridge kinetics in regulating cardiac
myofilament activity in ovariectomized rats complicated with diabetes

lll. To analyze the mechanical contractile properties of cardiac muscle fiber
prepared from castrated and high testosterone rats

IV. To elucidate the relations of cardiac hypertrophy induced in high plasma
testosterone rats to the SR Ca2+ uptake function

and V. To determine the signaling component, physiologic or pathologic pathway,
that involves in testosterone-induced cardiac hypertrophy



RESEARCH APPROACHES AND METHODS

In section |, we describe the general approach to the specific aims. In section Il, we
describe the preparations and procedures as well as general methods and statistical analysis.

Section I: Research Approaches to Specific Aims.

Approach to Aim #1: To determine the adaptive alterations in SR ca” uptake
activity in the heart of ovariectomized rats complicated with
diabetes

We have recently reported a dominant effect of ovarian sex hormone deficiency in
inducing Ca2+ hypersensitivity of cardiac myofilament, a determinant of the gender difference in
cardiac activation, under diabetes complication, emphasizing the significance of enhanced
myofilament response to Ca2+ in the pathophysiology of the heart in ovariectomy [24]. The
mechanistic adaptation underlying the cardioprotective effects of estrogen involves elevated
expression of [3;-adrenoceptors and loss of protective factor, heat shock protein 72. We have
also demonstrated that ovarian sex hormones exert an important cardio-regulatory role in
inducing adaptive alterations of the SR Ca2+ uptake [22].

Using diabetes complication, the study here is therefore designed to evaluate whether
changes in SR Ca2+ uptake activity could serve another specific mechanistic adaptation
underlying the cardioprotective effects of estrogen. Measurements of both SR Ca2+ uptake
and SERCA activity will be performed in various groups of animal including sham,
ovariectomized rats with and without estrogen supplementation, diabetic rats with and without
insulin supplementation, and diabetic-ovariectomized rats with and without estrogen, insulin, or
estrogen plus insulin supplementation for the 10-weeks period of study. The SR protein
contents including SERCA, calsequestin, and RYR-CRC will also be quantified using Western
Blot analysis.

Approach to Aim #2: To determine the significance of cross-bridge kinetics in
regulating cardiac myofilament activity in ovariectomized
rats complicated with diabetes

As recently reported from our laboratory, the interactive effect of female sex hormones
and insulin on the maximum myofibrillar ATPase activity indicates a final common pathway of
the hormones in regulating the cardiac contractile activity. It is well recognized that the shift in
the isoform population of MHC underlies the suppressed maximum myofilament ATPase
activity in ovariectomized and diabetic rat hearts. Supportively, possible direct effects of
estrogen and insulin on MHC expression have clearly been demonstrated. However, while the
same degree of suppression in maximum myofibrillar ATPase activity was demonstrated, a
lesser extent of shift in MHC toward B-MHC isoform was detected in ovariectomized rat hearts.
The information thus suggests an additional mechanism besides the shift in MHC isoforms in
responsible for the regulatory effects of estrogen on the cardiac contractile activation. We
have therefore set the last objective in our first Basic Research Grant to investigate the



potential regulatory effects of estrogen on the cross-bridge interactions with diabetes challenge.
The relationships of % a-MHC and maximum myofibrillar ATPase activities from various
experimental groups similar to those of Aim #1 were compared.

Results from our preliminary study indicate differential effects of estrogen and insulin in
regulating maximum myofibrillar ATPase activity. In contrast to insulin, estrogen possibly
exerts an additional regulatory effect on variables of the cross-bridge kinetics besides its effect
on the number of cross-bridge. In this proposal, we then further test the significant role of
estrogen in the cross-bridge kinetics by evaluating the correlation of maximum myofibrillar
ATPase activity to various levels of the % a-MHC in the heart of ovariectomized rats
compared to that of diabetic rats. Different levels of a-MHC expression in the hearts of
ovariectomized and diabetic rats will be varied by manipulating the plasma thyroid hormone
status using tri-iodothyronin (T3) injection or 6-n-propyl-2-thiouracil (PTU) administration.

Approach to Aim #3: To determine the mechanical contractile properties of
cardiac muscle fiber prepared from castrated and high
plasma testosterone hearts

Our preliminary results have demonstrated significant biochemical changes in cardiac
myofilament Ca2+ activation in 10-weeks castrated rats. On the other hand, a significant
cardiac hypertrophy was detected in 10-weeks high testosterone-treated male rats without
affecting the maximum myofibrillar actomyosin ATPase activity. It is, however, not known how
the mechanical changes in which will provide more insight on physical properties of the heart
would be apparent in the castrated and high plasma testosterone hearts. The mechanical
properties of the cardiac fibers prepared from both castrated and high plasma testosterone
hearts will be measured with the parallel experiments of sham hearts as control using skinned
fiber technique. The shift in the MHC isoforms of individual fiber used for force measurement
will also be analyzed to clarify the correlation of developed force to the MHC isoforms in each
experimental group.

Approach to Aim #4: To determine the relations of cardiac hypertrophy induced in
high plasma testosterone male hearts to the SR ca”’ uptake
function

As previously mentioned, a significant cardiac hypertrophy as indicated by an
increased heart to body weight ratio was clearly demonstrated in high testosterone-treated
male rats. Although it is known that androgen could modulate the cardiac phenotype and
produce hypertrophy [17], the functional consequences and the mechanism of hypertrophic
induction are still unclear. It has also been suggested that impaired SR function could present
a potential mechanism of disease leading to contractile dysfunction, heart failure, and
hypertrophy [48]. It is then questioned whether high plasma testosterone induces changes in
SR function and consequently induces hypertrophy of the hearts?

Our approach will be first focused on determining the relations of cardiac hypertrophy
to both the SR Ca2+ uptake and SERCA activity in different plasma testosterone male rats from



different doses of hormone injection. The cross sectional area of cardiomyocytes and the
amount of interstitial collagen deposition will be measured in the heart of high testosterone-
treated rats by histochemical approach. An expression of gap junction protein connexin43,
which indicates a possibility of arrhythmic induction in cardiac hypertrophy, will also be
analyzed together with N-cadherin as a loading control. The expression and the activity of
SERCA will be determined using immunoblot and enzyme kinetic assay, respectively.
Moreover, the expression and the phosphorylation level of phospholamban, a SERCA
regulatory protein, will be examined using immunoblot analysis.

Approach to Aim #5: To determine the signaling component, physiologic or
pathologic pathway, that involves in testosterone-induced
cardiac hypertrophy

Cardiac hypertrophy is a remodeling response of the heart to many insults that lead to
a better cardiac performance in case of physiological hypertrophy or a sustained/decreased
performance in pathological hypertrophy depending on type, degree, and exposed frequency of
stress. It is well accepted that both remodeling processes share some signaling processes
besides the different signaling mechanisms. It is presently unknown whether the hypertrophy
of the heart induced by testosterone is physiological or pathological. The study is therefore
aimed to determine the specific signaling process of action in high testosterone-treated rats.
Changes in the activation, expression, and/or phosphorylation of potential pathological signals,
including calcineurin, mitogen-activated protein kinase (MAPK: p38, JNK, ERK,;,), and nuclear
factor of activated T cell (NFAT) will be analyzed. On the other hand, phosphorylation and
total levels of Akt (also known as protein kinase B, PKB) and the mammalian-target of
rapamycin (MTOR) will also be measured to represent the physiological signal of cardiac
hypertrophy.

Based on the well-recognized effect of exercise training in inducing physiological
hypertrophy of the heart, the experimental rats will also be introduced with the combined
treatment of high testosterone and nine-weeks running program. Results from this set of study
will provide information concerning the preventive or additive effect of exercise training on
inducing cardiac hypertrophy.

Section Il. Preparations and Procedures

1. Maximum Cardiac Myofibrillar Actomyosin Mgz+-ATPase Activity

Cardiac myofibrils will be prepared from the left ventricles as described by Pagani
and Solaro [49]. Maximum Ca2+-dependent Mgz+-ATPase activity of isolated myofibrils will be
assayed by determination of inorganic phosphate released in a 10-min linear reaction at 30C
in 2 mM Mgz+, 60 mM imidazole, 5 mM MgATPz_, pH 6.5 and pH 7.0, and ionic strength of 120
mM. Assays are run in the free Ca2+ concentration of —log free Ca2+ concentration (pCa) 5.125
and 4.875. Total concentrations of CaCl,, EGTA, KCI, MgCl,, and ATP are calculated using a
computer program generated from the dissociation constants given by Fabiato [50]. The
concentration of inorganic phosphate will be measured by the method of Carter and Karl [51].



2. Gel electrophoresis of MHC isoforms

MHC isoforms of left ventricular trabeculae were preformed using SDS-PAGE as
described with the following modification [52]. Trabeculae was isolated from left ventricle in
saline at 4°C, frozen immediately in liquid nitrogen, pulverized while frozen, and the sample
powder was added with Laemmli sample buffer. The samples were then sonicated for 1 hr at
4°C and finally centrifuged in a microcentrifuge at 10,000 rpm for 5 min. The supernatant was
collected and measured the total protein concentration by the bicinchoninic acid method, and
then the 2-mercaptoethnol was added in sample to a final concentration of 5% (v/v). The
sample was aliquoted and stored at -80°C. Sample was loaded onto well of a discontinuous
gel containing 5% acrylamide in the stacking gels and 6.5% acrylamide in the resolving gels.
The acrylamide and biscrylamide ratio was 100:1. Gels were cast in SE600 and maintain at 2-
4°C while subjected to a constant current until voltage reach to 350 V and changed into
constant voltage until 9 hr. After the run, gels were stained overnight with a modified
Coomasie Blue and destained with dH,O until the background was clean. Gels were scanned
with a GS800 densitometer (Bio-Rad) to determine the relative amount of a- and B-MHC to
the total MHC in each sample.

3. Cardiac Homogenate and SR ca” Uptake Measurement

Whole left ventricle is homogenized in 20 mM imidazole with 30 passes in Teflon-
glass homogenizer. Fifty mg of whole left ventricular homogenate is added to make a final
concentration of 1 mg of protein per ml of the reaction mixture. The reaction is assayed with
various concentrations of Ca2+ ranging from pCa (-log [Ca2+]) 8.0 to 4.875 with 0.1% of
radiolabel 4SCaCI2. Total concentrations of free Ca2+, EGTA, KCI, MgCl,, and ATP are
calculated using a computer program generated from the dissociation constants given by
Fabiato [50]. The Ca2+-uptake assay is started by addition of ATP to a final concentration of 5
mM. The reaction mixture is then incubated for three minutes at 37°C with 60 rpm shaking and
stopped by rapid cooling in ice. A part of the reaction mixture is filtered through 0.45 pm
Millipore filter (Millex HA). Equal amount of filtrated and non-filtrated solution are determined
for the radioactivity. Subtraction of non-filtrated with filtrated portion represents the amount of
Ca2+ uptake. Protein concentration will be confirmed by Bradford assay. The relations between
pCa and Ca2+ uptake are plotted using non-linear least square regression based on Hill
equation.

4. Determination of SERCA Activity

SERCA activity is determined by triple enzyme assay as previously described by
Chu et al. [53]. The assay is run at various concentrations of Ca2+ ranging from pCa 8.0 to
5.0, pH 7.0 at 37°C. The SR enriched membrane vesicles of 5 lg protein is incubated in 1 ml
reaction (mM; MOPS 21, NaN; 4.9, EGTA 0.06, KCI 100, MgCl, 3.0, NADH 0.2,
phosphor(enol)-pyruvate 1.0, pyruvate kinase 8.4 unit/ml, lactate dehydrogenase 12 unit/ml).
Kinetic reaction of NADH degradation is monitored with spectrophotometer for 350 second and
the activity will be determined from the linear reaction during 250 to 350 seconds. The activity
is then calculated from the optical density using extinction coefficient of NADH. Non-specific



SERCA activity is determined in the presence of 0.1 nM thapsigagin in the reaction. The
relations between pCa and Ca2+-ATPase activity are then plotted using non-linear least square
regression based on Hill equation.

5. Skinned Fiber Preparations and Mechanical Force Measurements

The procedure follows that described by Pan and Solaro [54]. Thin bundles of
papillary muscle fiber (0.05-0.1 mm in diameter) are dissected and extracted at 4°C for at least
24 h before force measurement in a relaxing solution containing 1% Triton X-100, 10 mM
EGTA, 5.5 mM ATP, 12 mM creatine phosphate, 8.2 mM MgCl,, 30 mM KCI, 60 mM imidazole,
60 mM phenylmethysulfonate fluoride, pH 7.0. For mechanical force measurements, the
muscle strip is mounted horizontally between the isometric tension transducer and a thin glass
rod in the chamber containing relaxing solution. The transducer and the glass rod are
connected to two micromanipulators allowing manual adjustment of the muscle length. The
fiber length will be set at the sarcomere length of 1.9 um using Laser Light Diffraction
technique. The force developments of the fiber at various concentrations of Ca2+ ranging from
pCa 8.0 to 4.5 at 15°C will be recorded on a linear chart recorder after the output signal of the
transducer is amplified.

6. Histological Study of Myocyte and Collagen Deposition.

Rats will be anesthetized with thiopental sodium (100 mg/kg BW) and the heart will
be rapidly excised and frozen in the optimum temperature compound (OTC, sakura tissue tek).
Sections of 10 ym will be prepared using cryotome (Frozen section) and kept in -20°C until
use. Hematoxylin and Eosin (H&E) and Sirius Red (Sigma) stains will be performed for
quantifications of cell cross-sectional area and total collagen deposition, respectively. The
myocardial section will be imaged under bright field microscope (400X) using CCD-based
sensor camera. The cross-sectional area of the myocytes and the collagen deposition area
per tissue area will be analyzed using Image J program (NIH based software).

7. Determinations of Protein Expression and Phosphorylation

General procedure of immunoblot analysis will be followed for measuring the
expression and phosphorylation of the proteins. Left ventricular tissue from the sample will be
homogenized with extraction buffer containing protease inhibitors and phosphatase inhibitor
cocktail for serine and theronine (Sigma). Nitrocellulose membrane will be used for all
procedure. Specific antibodies against SERCA (ABR), calsequestrin (ABR), total phosphor-
lamban (ABR), phopho-Ser16 and phosphor-Thr17 phospholambans (Badrilla), connexin 43
(Chemicon), N-cadherin (Cell Signaling), total and phospho-Akt, total and phosphor-mTOR
(Cell Signaling Technology), total and phospho-MAPKs (Cell Siganling Technology) will be
incubated with the membrane overnight following by secondary antibody conjugated with HRP.

To analyze the phospho-NFAT, 500 ug of left ventricular protein extract will be
immuno-precipitated with either anti-NFATc1 (Santa Cruz) or anti-NFATc3 (Santa Cruz). After
that, Western blot analysis will be performed with an anti—phosphoserine antibody (Zymed).
The protein bands on the membrane will be developed using ECL reagent and detected by
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exposing to hyperfiim (Amersham Pharmacia Biotech).  The amount of proteins and
phosphorylation levels will be analyzed using Image Master Labscan version 3.01 and Image
Master Totallab version 1.0 (Amersham Pharmacia Biotech).

8. General methods and statistical analyses

Curves relating pCa and SR Ca2+ uptake or SERCA activity were fit to the Hill
equation using nonlinear least squares regression analysis (GraphPad Prism, version 4.00) to
derive the ECa50 (half-maximally activating calcium concentration) and the Hill coefficient (n).
Data were presented as means = SE. The significance of differences among groups of
animals was analyzed using one-way ANOVA, followed by the Student-Newman-Keuls test for
multiple comparisons. A P value of < 0.05 was set for the significant difference among groups.
The significance between the two groups was determined by a Student’s t-test.

9. Materials

All chemicals were purchased from Sigma Chemical (St. Louis, MO). Some
electrophoretic reagents were purchased from Bio-Rad (Hercules, CA) or Amersham
Pharmacia Biotech (Buckinghamshire, UK). Thapsigargin was acquired from Alomone
(Jerusalem, Israel). Perioxidase-conjugated affinipure donkey anti-mouse IgG (H+L) was
purchased from Research Diagnostics (Flanders, NJ), and horseradish peroxidase-goat anti-
rabbit 1IgG (H+L) conjugate (ZyMax grade) was obtained from Zymed (San Francisco, CA).
Human insulin was purchased from Eli Lilly (Indianapolis, IN), and glucose strips from Roche
(Indianapolis, IN).
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RESULTS AND DISCUSSION

Projectl: To determine the adaptive alterations in SR ca” uptake activity in the heart of
ovariectomized rats complicated with diabetes

i) Measurements of SR ca” uptake
ii) Measurements of SERCA activity

iii) Immunoblots of SR proteins

We have previously reported an important role of ovarian sex hormones in
inducing adaptive alterations of the cardiac SR Ca2+ uptake. We then further evaluated
whether changes in the SR Ca2+ uptake activity could serve another mechanistic adaptation
underlying the cardio-protective effects of estrogen using an approach of diabetes complication.
Measurements of both the SR Ca2+ uptake and the SR Ca2+-ATPase activities were carried out
in various groups of animal including sham, OVX rats with and without estrogen supple-
mentation, diabetic rats with and without insulin supplementation, and DM-OVX rats with and
without estrogen, insulin, or estrogen plus insulin supplementation for the 10-week period of
study. Contents of SR proteins including SERCA and calsequestin were also quantified using
Western Blot analysis.

General characteristic of the rats in each group was summarized in Table 1.
Significant decrease in uterine weights was observed in OVX and diabetic-OVX rats in which
could be completely restored by estrogen supplementation. A significant reduction in uterine
weight of diabetic rats was also observed in a smaller magnitude compared to OVX rats which
could be completely restored by insulin supplementation. Hypertrophy of the heart was still
demonstrated in diabetic and diabetic-OVX rats which could be prevented by insulin and co-
administration of both estrogen and insulin supplementation, respectively.

Table 1. Body weight (BW), heart weight (HW), uterine weight (UW) and % heart weight/
body weight (% HW/BW)

GROUPS BW (g) HW (g) UW (g) % HW/BW
SHAM 270 £ 3 0.90 = 0.01 0.41 £ 0.01 0.33 £ 0.02
OVX 340 £ 6* 1.00 * 0.02* 0.09 +0.01* 0.29 + 0.01*
DM 28+9* 081+001* 031*001* 0.36 + 0.02**
DM-OVX 246 £ 9 092+ 0.03* 0.09 + 0.00* 0.37 + 0.02**
DM-OVX + E, 233 +5* 086+ 0.02"* 037 %0.03" 0.37 £ 0.02**
DM-OVX + INS 355 £ 8* 1.01 £ 0.01* 0.09 +0.01* 0.29 + 0.01*
DM-OVX + E, + INS 263+ 4* 090+ 0.01" 0.40+0.01* 0.34 + 0.01"
DM + INS 268 + 5% 0.91 +0.01* 0.41 +0.01* 0.34 + 0.01*

Values are means T SE of 8 rats each group. SHAM, sham-operated; OVX, ovariectomized; DM,
diabetic; DM-OVX, diabetic-ovariectomized; E,, estrogen; INS, insulin. P < 0.05, significant difference
from SHAM (*) and OVX (#) groups.
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Figure 1. pCa-SR CaZ+—uptake activity relation of left ventricular homogenates from SHAM and
diabetic (DM)-OVX rats (A) and DM-OVX rats with and without estrogen and/or
insulin supplementation (B). Comparison of maximum SR Ca2+-uptake activity from
SHAM, OVX, DM, and DM-OVX rats (C) and DM-OVX rats with estrogen and/or
insulin supplementation, and DM rats with insulin supplementation (D). Data are
means * SE from 12 preparations. P < 0.05, significant difference from SHAM (*)
and DM-OVX (#) groups, respectively, using Student Newman-Keuls test after
ANOVA.

The SR Ca2+-uptake activity was measured from left ventricular homogenates at
various free Ca2+ concentrations. As shown in Figure 1B, maximum SR Ca2+-uptake activity of
OVX (56.3 nmole/mg protein/min) and DM (55.4 nmole/mg protein/min) rats were significantly
lower than that of sham (80.9 nmole/mg protein/min) with the same magnitude of suppression
(30.1% and 32.1%, respectively). Maximum SR Ca2+-uptake activity was also reduced in DM-
OVX rats (54.7 nmole/mg protein/min, 32.1%) without additive suppression when compared to
OVX and DM rats. The suppressed SR Ca2+-uptake activity in DM-OVX and DM rats was
completely restored by supplementation with estrogen plus insulin, and insulin, respectively
(Figure 1D). In contrast to maximum activity, the SR Ca2+-uptake sensitivity was increased in



13

OVX (ECasg = 0.48 + 0.01) and DM (ECag, = 0.50 + 0.02) rats compared to sham (ECasy =
0.66 T 0.02) (Figure 2B). The increased SR Caz+-uptake sensitivity was also observed in DM-
OVX rats (ECas, = 0.48 £ 0.01). The increased uptake sensitivity could be prevented by
supplementation with insulin and co-administration of estrogen and insulin in DM and DM-OVX
groups, respectively (Figure 2D). Despite changes in the maximum SR Ca2+-uptake rate and
SR Ca2+-uptake sensitivity in OVX rat hearts, the Hill slope (data not shown) was not different
among the experimental groups. Taken together, results show no dominant effect of estrogen
deficiency but estrogen and insulin may interactively affect the cardiac SR Ca2+-uptake function.
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Figure 2. pCa-%maximum SR Ca2+—uptake activity relation of left ventricular homogenates
from SHAM and diabetic (DM)-OVX rats (A) and DM-OVX rats with and without
estrogen and/or insulin supplementation (B). Comparison of Ca2+ concentration
producing half-maximal activation (ECs,) from SHAM, OVX, DM, and DM-OVX rats
(C) and DM-OVX rats with estrogen and/or insulin supplementation, and DM rats
with insulin supplementation (D). Data are means * SE from 12 preparations. P
< 0.05, significant difference from SHAM (*) and DM-OVX (#) groups, respectively,
using Student Newman-Keuls test after ANOVA.
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We further specify the underlying mechanism of changes in the SR Ca2+ uptake activity
by determining SR Ca2+-ATPase or SERCA activity using cardiac SR membrane vesicles.
Similar to those changes in the SR Ca2+-uptake activity, maximum SERCA activity of OVX
(0.92 £ 0.04 umole Pi/mg protein/min) and DM (0.93 % 0.03 pymole Pi/mg protein/min) rats
were significantly decreased from sham control (1.34 & 0.04 umole Pi/mg protein/min) with
almost the same magnitude of suppression (31.3% and 30.6%, respectively, Figure 3C).
Maximum SERCA activity in diabetic-ovariectomized (DM-OVX) (0.9 £ 0.02 pmole Pi/mg
protein/min) rats was also decreased without additive suppression compared to those of OVX
and DM rats (Figure 3A). The reduced maximum SERCA activity in DM-OVX rat hearts was
completely restored upon co-supplementation with estrogen and insulin (Figure 3B & 3D).
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Figure 3. pCa-SR Ca’-ATPase (SERCA) activity relation of SR membrane vesicles from
SHAM and DM-OVX rats (A) and DM-OVX rats with and without estrogen and/or
insulin supplementation (B). Comparison of maximum SERCA activity from SHAM,
OVX, DM, and DM-OVX rats (C) and DM-OVX rats with estrogen and/or insulin
supplementation, and DM rats with insulin supplementation (D). Data are means T
SE from 12 preparations. P < 0.05, significant difference from SHAM (*) and DM-
OVX (#) groups, respectively, using Student Newman-Keuls test after ANOVA.
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As shown in Figure 4, sensitivity of SERCA to Ca2+ activation was also increased in
OVX (ECy, = 0.74 + 0.08) and DM (ECsy = 0.76 + 0.10) rats compared to sham (ECsq = 1.44
T 0.12). In the heart of DM-OVX rats the same degree of increase in SERCA sensitivity (ECs,
= 0.73 £ 0.07) to that in OVX and DM rats was also observed. The increased cardiac SERCA
sensitivity detected in DM and DM-OVX rats could be reversed by supplementation with insulin
and co-administration of estrogen and insulin, respectively (Figure 4B & 4D). There was no
difference in the Hill coefficients of pCa-SERCA activity relationship among the experimental
groups. The similar change in the SR Ca2+-uptake and SERCA activities thus suggested that
changes in the SERCA activity may account for changes in the SR Ca2+-uptake function of
estrogen- and insulin-deficient rat hearts.
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Figure 4. pCa-%maximum SERCA activity relation of SR membrane vesicles from SHAM and
DM-OVX rats (A) and DM-OVX rats with and without estrogen and/or insulin
supplementation (B). Comparison of Ca2+ concentration producing half-maximal
activation (ECg,) from SHAM, OVX, DM, and DM-OVX rats (C) and DM-OVX rats
with estrogen and/or insulin supplementation, and DM rats with insulin
supplementation (D). Data are means T SE from 12 preparations. P < 0.05,
significant difference from SHAM (*) and DM-OVX (#) groups, respectively, using
Student Newman-Keuls test after ANOVA.
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Role of estrogen and insulin in regulating the cardiac SR Ca2+-uptake activity was
further analyzed on both qualitative and quantitative changes in SERCA proteins. Effects of
estrogen and insulin deficiencies on the expression of SERCA and SR CaZ+-uptake associated
proteins were then evaluated. Figure 5 shows results of immunoblot analysis of SERCA,
phospholamban, and calsequestrin (CSQ) in sham, OVX, DM, and DM-OVX rats. The protein
bands of calsequestrin were used as loading control. Relative amounts of SERCA and
phospholamban to calsequestrin in the experimental rats were summarized in figure 5C and
5E, respectively. As shown in figure 5C, the amount of SERCA proteins in OVX and DM rats
was significantly lower (24.34% and 24.32%, respectively) than that of sham. Downregulation
of SERCA proteins was also observed in DM-OVX group (24.34%) without additive
suppression when compared to OVX and DM groups. Based on the inhibitory effect of
phospholamban on the SERCA activity, changes in the level and/or the
phosphorylated/dephosphorylated state of phospholamban could affect the SERCA activity. In
contrast to SERCA, upregulation of phospholamban protein was detected only in DM (150%)
and DM-OVX (153.8%) rat hearts but not in OVX rat (Figure 5E). As a result, the SERCA to
phospholamban ratio, which indicates a greater inhibitory effect of phospholamban on the
SERCA activity, decreased in every group from sham with a higher magnitude of reduction in
DM (48.6%) and DM-OVX (50.5%) groups than that in OVX (22.4%) rat (Figure 5G). All
these changes in DM and DM-OVX rat hearts could be restored by insulin supplementation
and estrogen plus insulin coadministration, respectively (Figure 5D, 5F and 5H). These results
indicated that the suppression of maximum SR Ca2+-uptake activity in estrogen- and insulin-
deprived rat hearts was due to the decreased expression of SERCA in accompany with the
greater inhibitory effect of phospholamban.

To further elucidate the modulating effect of phospholamban on the responsiveness of
SERCA to Ca2+ in estrogen- and insulin-deficient rat hearts, the level of the phosphorylated
form of phospholamban at either Ser16 or Thr17 site was then analyzed. Actin bands on SDS-
PAGE were used as loading control and the relative amount of the phospho-Ser16
phospholamban and the phospho-Thr17 phospholamban were summarized in Figure 6 and 7,
respectively. Downregulation of the phospho-Ser16 phospholamban was detected in DM
(28.8 %) and DM-OVX (29.7%) groups (Figure 6A) in which could be reversed by insulin
supplementation (Figure 6B). Despite the unchanged phospho-Ser16 phospholamban, a
significant downregulation of the phospho-Thr17 phospholamban was detected in OVX (32.2%)
rat hearts (Figure 7A). Downregulation of the phospho-Thr17 phospholamban was also
observed in DM (32.2%) and DM-OVX (33.0%) groups in the same degree as that of OVX
group. Downregulation of the phospho-Thr17 phospholamban in DM and DM-OVX rats could
be abolished by supplementation of insulin and coadministration of estrogen and insulin,
respectively (Figure 7B). These results indicated that changes in the SERCA response to Ca2+
after estrogen and insulin deficiency were not modulated by alterations in phospholamban
phosphorylation. Therefore, the increased Ca2+ sensitivity of SERCA in estrogen and insulin
deficient groups might be due to other mechanisms.
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Figure 5. Immunoblot analyses of SERCA, calsequestrin (CSQ), and phospholamban (PLB) (A and
B) and comparison of the band intensity expressed as a ratio of SERCA to CSQ (C and
D), PLB to CSQ (E and F), and SERCA to PLB (G and H) of left ventricular homogenates
from SHAM, OVX, DM, and DM-OVX rats and from DM-OVX rats with estrogen and/or
insulin supplementation, and DM rat with insulin supplementation, respectively. Data are
means & SE from 6 hearts. P < 0.05, significant difference from SHAM (*), OVX (%), and
DM-OVX (#) groups, respectively, using Student Newman-Keuls test after ANOVA.
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Immunoblot analysis of phosphorylated Threonin-17 (phosphor—Thrﬂ)
and actin and comparison of the band intensity expressed as a ratio
of phosphor—Thr”:actin of left ventricular homogenates from SHAM,
OVX, DM and DM-OVX rats (A), and DM-OVX rats with estrogen
and/or insulin supplementation, and DM rats with insulin
supplementation (B). Data are means & SE from 6 hearts. P < 0.05,
significant difference from SHAM (*) and DM-OVX (#) groups,
respectively, using Student Newman-Keuls test after ANOVA.

19



A

Pentameric PLB =

Monomeric PLB =
SHAM OVX DM DM-OVX

@ 35-
& 304 *1 *1
© - = =
o 254 *
|_
~ 204 T
o .
g 15 _
© 104
S 51
N
SHAM OVX DM DM-OVX
DM-OVX
B | 1 DM

Pentameric PLB em

Monomeric PLB = =7 y T T F
OIL E, INS ExINS INS

DM-OVX

m 3577 1 DM
T 304

© 254

o #

=  20-

5 154 #t #i
= .

S 10

5 54

=

S

+ + + + +
OIL E, INS E,&INS INS

Figure 8. Amount of monomeric phospholamban expressed as percentage of
total phospholamban of samples of left ventricular homogenates
from SHAM, OVX, DM and DM-OVX rats (A), and DM-OVX rats
with estrogen and/or insulin supplementation, and DM rats with
insulin supplementation (B). Data are means & SE from 6 hearts.
P < 0.05, significant difference from SHAM (*), OVX (1), and DM-
OVX (#) groups, respectively, using Student Newman-Keuls test
after ANOVA.
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Besides changes in the phospholamban phosphorylation, changes in the structural
stoichiometry of phospholamban between the monomer, an active inhibitory form, and the
pentamer, an inactive inhibitory form, of phospholamban could also differentially affect the
SERCA sensitivity.  Immunoblot analysis of the monomeric and pentameric forms of
phospholamban and the proportion of the monomeric form to the total amount of
phospholamban were shown in Figure 8. An increase in the proportion of the monomeric
phospholamban was observed in OVX rats (19.8 T 1.3%) compared to sham. The increased
monomeric phospholamban was also demonstrated in DM (26.7 & 1.4%) and DM-OVX (27.5
Tt 1.1%) groups in a higher magnitude than that of OVX rat and could be normalized by insulin
supplementation and estrogen plus insulin coadministration, respectively. The increased
proportion of the monomeric phospholamban in DM, DM-OVX and OVX groups was paralleled
to the reduction in the phosphorylation level of Thr17-phospholamban and/or Ser16-
phospholamban, respectively. These similar changes indicated an involvement of the
phosphorylation status of phospholamban to shift the equilibrium from monomer toward
pentamer. These data confirm that the Ca2+ hypersensitivity of SERCA activity induced by
estrogen or insulin deficiency was not related to change in the quantity or the activity of
phospholamban.

The present experiments provide clear evidence on the interactive effect of E,- and
INS-deficiency in regulating the intracellular Ca2+ handling by changes in the SR Ca2+ uptake
of cardiomyocytes through reduction in both activity and content of SERCA2a protein. An
alteration in the cardiac SR CaZ+-uptake activity by E,- and INS-deficiencies could underlie the
overall changes in the intracellular Ca2+ handling, resulting in a lower magnitude but prolonged
decay of the intracellular Ca2+-transients in OVX and DM rat hearts [23, 55, 56].

A suppressed SR Ca2+-uptake activity is a common feature detected in most human
and animal models of cardiomyopathy and heart failure [57, 58]. It is, however, unclear how
E, and INS regulate the SR Ca2+-uptake function. Physiological significance of E, and INS
action on the SR Ca2+-uptake function was certainly indicated in present results which showed
the same magnitude of suppression in the maximum activity in both OVX and DM rats as that
in heart failure [59, 60]. The SR Ca2+-uptake activity in failing heart was apparently found to
be associated with the reduction in both activity and expression of SERCA2a [61, 62]. The
parallel effects of E, and INS deficiencies like suppression of the cardiac SR Ca2+-uptake
function and reduction in the activity and expression of SERCA indicated a final common
pathway of these two hormone action on the SR Ca2+-uptake function through SERCAZ2a
protein.

Generally, change in the amount and property of SERCA2a could affect the protein
activity to pump Ca2+ into the SR. Quantitatively, the amount of SERCA2a proteins could be
altered by means of degradation and synthesis. Downregulation of SERCA2a expression in
E,- and INS-deficient rats could point to the possible regulatory effect of E;, and INS on the
SERCAZ2a synthesis and/or degradation. A significant decrease in both mRNA and protein
levels of SERCA2a in E,- and INS-deficient rats [22, 63] indicated a possible interactive
regulatory action of E, and INS on the synthesis of SERCA2a protein. However, it is currently
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not known how E, and INS regulate the expression of SERCAZ2a in cardiac tissue. Moreover,
based on the positive regulatory effect of thyroid hormone on the SERCA2a gene [64], the
parallel reduction in SERCA2a and the reduction in plasma T; level in INS-deficient rats
implied an indirect regulatory effect of INS on the SERCA2a expression through the action of
thyroid hormone. Although there is no information on E, responsive element on the SERCA2a
gene, the absence of additive suppression on the SERCA2a protein in E,- and INS-deficient
rats suggested a possible regulatory effect through the hormone-mediated transactivation
without direct binding of the hormone receptors on the gene, such as the activation of
transcription factor called stimulating factor 1 and 3, Sp1 and Sp3 [65-69]. Likewise, the
reduction of SERCA2a protein in E,- and INS-deficient rats could involve a decrease in the
protein stability. According to a report of stabilization of HSP70 on SERCA2a protein after
thermal stimulation in skeletal muscle [70], the interactive effect of E, and INS deficiencies in
downregulating the HSP72 expression supported the potential regulatory effect of E, and INS
on the degradation of SERCAZ2a protein.

Besides the quantitative effect of SERCAZ2a protein, the qualitative effect of SERCA2a
could also regulate the SERCAZ2a activity through modifications of protein phosphorylation and
stoichiometry. In cardiac muscle cells, the activity of SERCA2a was normally regulated by
phosphorylation of SERCAZ2a via CaMKII or of phospholamban via CaMKIl and PKA. Direct
phosphorylation of SERCA at Ser38 by CaMKII results in an increase in the maximal activity
(V,.,) without affecting SERCA sensitivity to Ca2+ [59], leading to an enhancement of the rate
of cardiac muscle relaxation [71, 72]. In contrast, phosphorylation of phospholamban by both
CaMKIl and PKA has been shown to relieve the inhibitory action of phospholamban on
SERCAZ2a, resulting in an increased affinity of SERCA2a for Ca2+ and increase in SERCA2a
activity [73]. Because of a reduction in the systolic Ca2+ concentration in E,- and INS-deficient
rat hearts [23, 55, 56], reductions in phosphor-Thr17 and/or phosphor-Ser16 phospholamban
(Figure 23 and 24) thus indicated a possible suppression in CaMKIl activity in E, and INS
deficiencies. Surprisingly, the reduction in phosphor-Thr17 and/or phospho-Ser16
phospholamban in E,- and INS-deficient rats (Figure 23 and 24) could not explain the
increased Ca2+ sensitivity of SERCA in both groups. Additionally, an increase in the
monomeric form of phospholamban, which is an active inhibitory form, was detected in both
E,- and INS-deficient rats, which should induce a decrease rather than an increase in the
SERCA Ca2+ sensitivity. Although these studies could imply the regulatory effect of E, and
INS in the SR CaZ+-uptake activity through SERCA2a expression and modulation, the absence
of correlation of changes in the SERCAZ2a Ca2+ sensitivity and the regulatory effect of
phospholamban in both E,- and INS-deficient rats suggested that other functional adaptations
of SERCA2a might also be involved. Sarcolipin has been reported to regulate the SERCA
activity by decreasing the sensitivity of SERCA to Ca2+ [74, 75]. Overexpression of sarcolipin
in mouse heart suggests the direct inhibitory effect of sarcolipin on SERCAZ2a protein without
changes in the phosphorylation level or stoichiometry of phospholamban [76]. Whether
sarcolipin contributes to the effect of E, and INS on the cardiac SR awaits further investigation.
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Projectll: To evaluate the significance of cross-bridge kinetics in regulating cardiac
myofilament activity in ovariectomized rats complicated with diabetes

i) Measurements of myofibrillar ATPase activity
ii) Determinations of MHC isoforms

Our preliminary study from the last project has indicated differential effects of
estrogen and insulin in regulating maximum myofibrillar ATPase activity. In contrast to insulin,
estrogen possibly exerts an additional regulatory effect on variables of the cross-bridge kinetics
besides its effect directly on the cross-bridge. In this project, we further test the significant role
of estrogen in the cross-bridge kinetics of the cardiac contractile activity by evaluating the
correlation of maximum myofibrillar ATPase activity to various levels of a-MHC expression in
the heart of OVX rats compared to that of DM rats.

Maximum myofilament ATPase activity and % o-MHC isoform were measured and
summarized in Figure 9 and 10, respectively. As shown in Figure 9, the same degree of
suppression in maximum ATPase activity demonstrated in the hearts of OVX (29%) and DM
(30%) rats was also observed in DM-OVX rats (29%) compared to sham. The suppression in
maximum ATPase activity was prevented by estrogen and insulin supplementation in OVX and
DM rats, respectively, but only by co-administration of estrogen and insulin in DM-OVX rats.
On the other hand, different degrees of suppression in the relative a-MHC isoform expression
in the heart of OVX (~19%) and DM (~36%) rats were detected compared to sham and could
be completely reversed upon supplementation with estrogen and insulin, respectively (Figure
10A). The pronounced suppression of the relative a-MHC isoform expression detected in DM
rat hearts was also detected in the hearts of DM-OVX (~34%) rats (Figure 10B). Similar to
myofibrillar ATPase activity, the isoform shift in MHC could be prevented by estrogen and
insulin in OVX and DM rats, respectively, whereas co-administration of estrogen and insulin
was needed for complete prevention in DM-OVX rats (Figure 10). Thus, differential effects of
estrogen and insulin on regulating maximum myofibrillar ATPase activity were indicated.

To further prove the different effects of the estrogen and insulin on cross-bridge cycling
kinetics, relationships of maximum ATPase activity and % a-MHC in experimental groups were
plotted. The linear regression analysis of data from sham to that of individual experimental
group was fitted to determine the direct effect of a-MHC isoform on CB cycling kinetics. As
shown in Figure 11A, different linear regression lines in OVX (dash line, slope = 2.60 & 0.16)
or DM rats (solid line, slope = 1.49 & 0.09) to sham were observed. Regression analysis fitted
by data of OVX+E, to that of OVX group gave rise to the same slope as that of OVX vs SHAM
(Figure 11B).  Similarly, regression analysis of DM+insulin data with DM group was the same
as that of DM and SHAM groups. Interestingly, a similar slope of linear regression line from
DM-OVX vs SHAM (semi-dash line, slope = 1.55 & 0.08) to that of DM vs SHAM group was
detected (Figure 11C). As expected, regression analysis from data of DM-OVX and DM-
OVX+E,+insulin groups was similar to that of DM and DM+insulin groups. The different linear
relations between OVX and DM rat hearts indicated different regulatory effects of estrogen and
insulin on the cross-bridge cycling kinetics.
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To further specify the underlying mechanism of estrogen and insulin in regulating cardiac
cross-bridge cycling kinetics, different levels of a-MHC expression in the heart of OVX and DM
rats were varied by manipulating the plasma thyroid hormone status using tri-iodothyronin (T3)
injection or 6-n-propyl-2-thiouracil (PTU) administration as well known that thyroid response
element is existed in the a-MHC gene. General characteristics of the experimental rats were
summarized in Table 2. As expected, significant reductions in plasma T3 level were observed
in OVX, DM and DM-OVX rats after PTU treatment. On the other hand, T; treatment induced
euthyroid in DM and DM-OVX rats, but hyperthyroid in OVX rats. There was no effect of T; or
PTU on the uterine weight of any group. Hypertrophy of the heart in DM and DM-OVX rats
was enhanced after the treatment of T;. Moreover, the cardiac hypertrophy in OVX group was
induced after T; treatment but not in PTU treatment.

Table 2. Body weight (BW), heart weight (HW), uterine weight (UW), % heart weight/ body
weight (% HW/BW), and plasma T; level

GROUPS BW (g) HW (g) UW (g) % HW/BW  Plasma T,
(ng/ml)

SHAM 270 £ 4 0.87 £ 0.01 0421002 0.32=10.01 65.7 £ 2.6
OVX 345+ 6* 0.98 L 0.01 0.09 £ 0.01 * 0.28 £ 0.01 624128
OVX + T, 326 +6*" 1.31+007*" 010+ 003* 040+ 002" 393.1+35*"
OVX + PTU 202 + 5+ 0.88 + 0.02 0.09 £ 0.02* 0.30 £0.02 203+ 1.8+
DM 206+ 5" 081+001* 031+003* 036+001** 452+28*
DM + T, 200+ 9% 092+003  031+0.03* 046+ 002" 603+ 16"
DM + PTU 228+ 7+ 082+001* 031+002* 037 +002"* 171+09*
DMOVX 235 +4** 088+001 009+001* 038*001" 481+13*

DM-OVX + T, 249+ 7" 101+003" 0090+001* 041+ 002 625+08"

DM-OVX + PTU 275+ 8* 098+ 002" 009+001* 036+001* 163+ 07*

Values are means T SE of 8 rats each group. SHAM, sham-operated; OVX, ovariectomized; DM,
diabetic; DM-OVX, diabetic-ovariectomized; E, estrogen; INS, insulin; Tj, triiodothyronine; PTU,
propyl-2 thiouracil. P < 0.05, significant difference from SHAM (*), OVX (#), and DM (T) groups,
respectively.

As expected, maximum myofibrillar ATPase activity and % o-MHC were further
suppressed in the hypothyroid rats of every group (Figure 12). On the other hand, euthyroid
induction in DM and DM-OVX rats by T; injection completely reversed the suppressed
maximum ATPase activity and the reduced % a-MHC expression. A linear relationship in both
DM (slope = 1.46 £ 0.05) and DM-OVX (slope = 1.46 & 0.06) groups with different thyroid
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levels (Figure 13A and 13B, respectively) was demonstrated with the same slope value as that
previously observed in the regression of DM vs SHAM (slope = 1.49 T 0.09) and DM-OVX vs
SHAM (slope = 1.55 & 0.08) (Figure 11). Similarly, both maximum myofibrillar ATPase activity
and % o-MHC of OVX rat were significantly increased after T; treatment. However, the
correlation of maximum ATPase activity to % o-MHC expression at different thyroid levels in
OVX rats demonstrated a concave shape relationship fitted by the second degree polynomial
equation (Figure 13C). These results indicate that estrogen, in contrast to insulin, plays an
additional regulatory role on the cross-bridge cycling kinetics through changes in the
myofilament proteins besides its effect on the expression of MHC isoforms. Moreover, our
results confirm that insulin indirectly affects the cross-bridge cycling kinetics through the direct
effect of thyroid hormones on the expression of a-MHC.
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Based on the determination of cross-bridge (CB) cycling kinetics by maximum
myofilament ATPase activity, CB cycling kinetics was then analyzed to help answering how E,
regulated the maximum myofilament ATPase activity. According to a report by Alpert and his
group [77], the relationship of CB cycling kinetics and % o-MHC isoform could indicate the
mechanistic regulation of MHC isoform and the cardiac contractile element on the CB cyclings.
The linear regression of the relationship indicates a sole direct effect of MHC on the CB
cycling kinetics, whereas the curve relationship points to influences of both MHC isoform and
the components of the contractile proteins in regulating CB cycling kinetics. In diabetic rat, the
linear regression of maximum myofilament ATPase activity and % o-MHC detected in this
study was similar to that reported earlier [78]. The results indicated that INS-deficient rats
affect the CB cycling kinetics by determining the a-MHC expression. The shift of a-MHC in
INS-deficient rats could be underlied by three possibilities, including a direct action of INS on
the a-MHC gene, an indirect action through reduction in thyroid hormone, and an indirect
action through induction of hyperglycemia. Inasmuch as an absence of insulin responsive
element but a presence of thyroid responsive element on the a-MHC gene [79] together with
the present finding of decreases in T; level and a-MHC expression in INS deficient rat thus
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suggested an indirect impact of INS on the expression of a-MHC through changes in T;
concentration. Moreover, the reversal of a-MHC level in DM rats with the still presence of
hyperglycemic status after T; injection discards the influence of hyperglycemia on the shift in
o-MHC in INS-deficient rats. In contrast, the concave relations found in the E,-deficient rats
suggested that E, influences on both the expression of MHC as well as the potential
modification in the contractile elements in affecting the kinetics of CB cycling. Although there
is no information concerning the presence of E, responsive element (ERE) on the cardiac
MHC gene, a direct regulatory effect of E, on the transcription of skeletal MHC gene has been
reported [80]. Thus, E, may affect the cardiac MHC gene by hormone-mediated
transactivation without direct binding of the hormone receptors. However, there is so far no
report on the effect of E, on changes in the contractile proteins.

It is possible that the modifications of the contractile proteins by E, in the regulation of
the CB cycling kinetics could involve many processes including isoform shifts, mutation, and
phosphorylation of the contractile proteins either on the thick or thin filament. While MHC
isoforms mainly determine the CB kinetics, isoforms of MLC have been reported to act as a
fine tune of the CB cycling [81]. Isoform switching from ventricular form to atrial form of MLC
observed in ventricles of failing heart was found to underlie the compensatory increase in the
Ca2+ sensitivity of force and CB cycling kinetics for improving the cardiac contractile
function.[82, 83] Besides the isoform shift, mutations of cardiac Tn complex, TnT, TnC and
Tnl, have also been reported to worsen the cardiac CB cycling kinetics. Tschirgi and his
coworker [84] have demonstrated that mutation of rat cardiac TnT could decrease the CB
cycling kinetics of myofilament in skinned-fiber measurement study. A significant depression in
CB kinetics of cardiac myofilament has also been reported in the single point mutation of
cardiac TnC from Gly to Asp at amino acid 159 (TnC-G159D), which induced development of
cardiomyopathy.[85] Recently, a mutation of cardiac Tnl in the cardiac stunning condition has
been demonstrated to alter the CB cycling kinetics with increased myofilament Ca2+ sensitivity
[86]. Another new mutation of human cardiac Tnl detected in hypertrophic cardiomyopathy
was also shown to result in deterioration of the CB cycling kinetics [87].

Modifications of cardiac contractile proteins by phosphorylation have also been
reported to be an important determinant of depressed myofilament function in various models
of heart failure. For example, depression of cardiac contractile function in the failing human
heart was reported to be associated with an alteration of thin filament function that was due to
upregulation of phosphorylation by PKC [88]. This finding was also supported by the work of
Belin and his group [89]. Upregulations in both the expression and activity of PKC-a induced
hyperphosphorylation of the myofilament, which contributed to myofilament dysfunction in
experimental congestive heart failure, and was restored upon protein phosphatase1 stimulation.
In addition, studies by Hamdani and coworker [90] has recently indicated that the decrease in
myofilament function in human heart failure is associated with alterations in Tn phosphorylation
and other contractile proteins, such as MLC and MyBP-C. Although it is not known how E,
modulated cardiac contractile proteins, the specific effect of E, deficiency in inducing
myofilament Ca2+ hypersensitivity implies the significant cardioprotective effect of E, on the
cardiac contractile activation.
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Project lll: To determine the mechanical contractile properties of skinned cardiac muscle
fiber in male rats
i) Force measurements in ORX rat hearts
ii) Force measurements in high testosterone study
iii) MHC analysis

Our preliminary results have demonstrated a significant biochemical decrease
in cardiac myofilament Ca2+ activation in 10-weeks orchiectomized (ORX) rats. On the other
hand, a significant cardiac hypertrophy was detected in 10-weeks high testosterone-treated
male rats without affecting the maximum myofibrillar actomyosin ATPase activity. It is,
however, not known how the mechanical changes in which will provide more insight on
physical properties of the heart would be apparent in the ORX and high plasma testosterone
rat hearts. So, our studies have been designed to evaluate two main animal sets, including 1)
10-week orchiectomized set, and 2) high testosterone set. The mechanical properties of the
cardiac fibers prepared from both ORX and high plasma testosterone rat hearts were
measured with the parallel experiments of sham hearts as control using skinned fiber
technique. Testosterone supplementation to the ORX rats was also performed to insure the
significant effect of male sex hormones. While orchiectomized set was further divided into
sham, ORX and supplementation groups, rats in high testosterone study were designed to
answer both the time and dose-dependent effects of high testosterone. The time course study
covers three time points including 4, 8 and 12 weeks of hormone administration. In addition,
three doses of testosterone, including 5, 10 and 20 mg/Kg body weight of testosterone
injection, were carried out. Lastly, the shift in the MHC isoforms of the left ventricular tissue of
rats used for the force measurement was also analyzed to demonstrate the potential
mechanism of change in the developed force of each experimental group.

The general characteristics of the rats were summarized in Table 3. While there was
no change in heart and body weight among the groups, the seminal vesicular weight was
significantly suppressed in ORX rat in which testosterone supplementation could prevent the
change.

Table 3. Body, heart, and seminal vesicular weights of 10-week sham-operated (SHAM) and

orchiectomized rats without/with testosterone supplementation

SHAM ORX ORX + T
Body weight (g) 465 Tt 14 459 T 11 458 * 12
Heart weight (g) 1.44 +0.06 1.42 £ 0.04 143 £ 0.04
Heart/body weight (%) 0.31 = 0.01 0.31 £ 0.01 0.31 = 0.01

Seminal vesicular weight (g) 0.52 £ 0.03 0.05+0.002* 0.50 = 0.07

Values are presented as mean * SEM from 8-10 rats in each group. *P<0.05
significantly different from sham group using Student-Newman-Kuel after ANOVA.
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Figure 14. A: Relationship of pCa—Force from left ventricular skinned papillary fibers of sham
(SHAM), orchiectomized rat without (ORX) and with testosterone supplementation
(ORX+T), B: Relationship of pCa-% relative force, C: Comparison of maximum
force contraction (mN/mmZ), and D: Comparison of pCas, among the groups.
Data are mean = SEM from 5-8 preparations. *P<0.05 reprsents significantly
different from other groups using Student-Newman-Keuls test after ANOVA

Table 4. Mechanical activation of skinned papillary fiber from sham-operated (SHAM) and
orchiectomized (ORX) rats

SHAM ORX ORX + T
Maximum tension 712 £ 34 47.3 +1.3* 725 2.1
(mN/mm’)
pCay, 5.69 * 0.01 5.66 1 0.01 5.68 £ 0.01
Hill number 545 +0.15 581 £ 0.30 545 1 0.07

Values are presented as mean = SEM from 13-14 fibers from 5-6 hearts in each
group. *P<0.05 significantly different from Sham using Student-Newman-Kuel after
ANOVA. 'P<0.05 significantly different from data of pH 7.0 using Student paired t-test.
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Similar to biochemical activity of the myofilaments, maximum force generation of the
skinned papillary muscle preparation from 10-week ORX rat heart was S|gn|f|cantly decreased
(46.9 £ 1.3 mN/mm”) compared to that of SHAM control (71.2 & 3.4 mN/mm ) (Figure 14A &
14C and Table 4). The decrease in maximum force generation could be perfectly prevented
by testosterone supplementation. On the other hand, testosterone deprivation induced no
change in the myofilament sensitivity to Ca activation (Figure 14B & 14D, Table 4). These
results clearly indicate a significant role of male sex hormone in the cardiac contractile activity.
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Figure 15. Gel representative and percentage of o-MHC isoform in the left
ventricular tissue of sham control (SHAM) and orchiectomized rats
without (ORX) and with testosterone (ORX+T) supplementation.
Data are mean = SEM from 4-5 preparations. *P<0.05 represents
significantly different from other groups using Student-Newman-Keuls
test after one way ANOVA.

As shown in Figure 15, deficiency of testosterone after orchiectomy for 10 weeks
significantly induced a shift in the MHC isoforms toward B-MHC. This shift in MHC isoforms
could be normalized by supplementation with testosterone. Taken together with results of
mechanical study, the suppressed maximum contractile activity induced in the heart of ORX
rats is due to the shift of MHC from the fast a to the slow B isoform. The force-generating
capacity of cardiac myosin isoenzymes has been previously documented that myosin V3 ()
produces double the average cross-bridge force more than V; (aa) [91]. Therefore, the
suppressed maximum force contraction detected in ORX rat heart in which contains more V,
found in the present study suggests a potential alteration in force developed per single cross-
bridge interaction.

Plasma testosterone level of the various groups of rats was summarized in Table 5.
As expected, a dose-dependent design was established with different doses of testosterone
injection. Table 6 summarized the body weight of rats from sham control and various
testosterone-treated groups for duration of 4, 8, and 12 weeks. Body weight of the
testosterone-treated rats was significantly lower than the sham control of the same age
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without dose dependency. As expected along the duration of study, a significant stepwise
increase in the body weight was clearly observed in sham groups. However, there was no
significant change in the body weight among the testosterone-treated rats along the duration

of study.

Table 5: Testosterone level of sham rat and testosterone-injected groups with various
doses (5, 10, and 20 mg/kg body weight) for 4, 8, and 12 weeks

TESTOSTERONE LEVEL (ng/dL)

Duration
(weeks) SHAM Testosterone-injected Groups (mg/kg BW)
5 10 20
* *
4 260* 46.9 1,654+ 174 4,499 + 1345 = 456+ 1,101
* *
8 2611 353 1,940 = 404 3,574 1 1,361 533+ 676 '
* kg *#T
12 2821+ 315 1,930+ 232 3,774 X 572 5,17 * 649

Data are means = SEM from 5-9 rats per group. *P<0.05, #P<0.05 and TP<0.05
indicate dose-dependent difference from sham control, 5, and 10 mg/kg BW
testosterone-injected groups of the same duration of study, respectively, using
Student-Newman-Keuls test after two-ways ANOVA.

Table 6: Body weight of sham rat and testosterone-injected groups with various doses
(5, 10, and 20 mg/kg body weight) for 4, 8, and 12 weeks

BODY WEIGHT (g)

Duration
(weeks) SHAM Testosterone-injected Groups (mg/kg BW)
5 10 20

% * *

4 409+ 5.8 371+ 56 361 + 5.9 359 * 55

% * *

8 450 8.7# 398 * 6.3 386 * 8.8 378 £ 5.6

#t * * *

12 481* 6.9 417 * 6.1 392 + 48 378 + 6.7

Data are means = SEM from 15-21 rats per group. *P<0.001 indicates dose-
dependent difference from sham control of the same duration of treatment.
#P<0.001 and TP<O.OO1 indicate time-dependent difference from sham control of 4
and 8 weeks, respectively, using Student-Newman-Keuls test after two-ways
ANOVA.

Measurements of active tension development using skinned papillary fiber isolated
from the left ventricle of various experiment groups demonstrated both the time- and dose-
dependent effect of testosterone treatment as shown in Figure 16. While cardiac
hypertrophy was induced in every group of testosterone treatment (as shown in Figure 18),
there was no change in the tension development of cardiac fibers from every testosterone-
treated group for four weeks. Prolonged duration of testosterone treatment to eight weeks



significant induced a suppression of maximum active tension to the same degree in both 10
and 20 mg/kg of testosterone-treated groups but not the group with 5 mg/kg of the
hormone. With the prolonged duration of treatment up to 12 weeks, decreases in the
maximum active tension were demonstrated in every dose of the hormone treatment. On
the other hand, there was no difference in the fiber sensitivity to Ca2+ activation for tension
development among the experimental groups (Figure 16B). Thus, these results indicate
that the testosterone-induced cardiac hypertrophy will be either physiologic or pathologic
depending on both the dose and the duration of hormone treatment. Induction of
physiologic hypertrophy of the heart will be observed only with short term treatment of the
hormone without dose effect but pathologic cardiac hypertrophy will be the case when the
treatment is prolonged.
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Figure 16. (A) Comparison of maximum active tension (mN/mmZ) and (B) EC50 (uM) of
force generation of skinned papillary fiber preparations from sham control and
testosterone-injected rats with various doses (5, 10, and 20 mg/kg body weight)
for 4, 8, 12 weeks. Data are means = SEM from number of fibers in the
parenthesis. *P<0.05 represents significantly time-dependent difference from 4-
week group of the same dose and significantly dose-dependent difference from
sham control using using Student-Newman-Keuls test after two-ways ANOVA.
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Figure 17. Percentage of o-MHC and gel representative of MHC isoforms in left
ventricular tissue of sham control (SHAM) and testosterone-injected groups
with various doses (5, 10, and 20 mg/kg body weight) for 4, 8, 12 week. Data
are means * SEM from number of fibers in the parenthesis. *P<0.05
represents significantly time-dependent difference from 4 week duration in the
same dose and significantly dose-dependent difference from sham control in
the same duration using Student-Newman-Keuls test after two-ways ANOVA.

Further analysis of MHC isoforms was performed to evaluate the potential
underlying mechanism for the suppressed maximum tension of the contractile activity. As
shown in Figure 17, there was both time- and dose-dependent effect of testosterone treatment
on the relative amount of a-MHC. While the percentage of a-MHC was significant reduced
with animal age as previously documented [92], significant increases in the percentage of a-
MHC were observed in heart of rats treated with every dose of testosterone for 4 weeks
compared to that of sham controls. Age-dependent decrease in the a-MHC expression was
still present in the testosterone-treated groups. This age-dependent change in the isoform
expression of a-MHC has been suggested to provide a greater economy of contraction which
may help maintaining the cardiac contractile activity in aging as confirmed by results of
maximum tension shown in the present study. Interestingly, the increased expression of a-
MHC in testosterone-treated rats was observed without alterations in maximum active tension
of the cardiac fibers. Moreover, with the same magnitude of a-MHC in the heart to that of
sham, maximum tension development was significantly suppressed in 12-week testosterone-
treated rat. These results thus imply that the compensatory response of the heart to
testosterone treatment induced changes in the economy of cross-bridge cycling toward a lower
effectiveness which may result in a possibility of pathological development.
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Project IV: To elucidate the relations of cardiac hypertrophy induced in high plasma
testosterone rats to the SR Ca’’ uptake function
i) Histochemical study
ii) Measurements of SERCA activity
iii) Immunoblots of connexin43 and SR proteins

Due to a potential of impaired SR function in underlying the mechanistic
dysfunction of the contractile activity leading to hypertrophy of the heart, we then tested
whether high plasma testosterone induces changes in SR function and consequently induces
hypertrophy of the hearts? We have focused on determining the relations of cardiac
hypertrophy to the SERCA activity in the testosterone-injected rats. Both the time- and dose-
dependent impacts of testosterone overload on SERCA activity were determined at various
Ca2+ concentrations using SR membrane preparations. The cross-sectional area of
cardiomyocytes and the amount of interstitial collagen deposition were analyzed in the heart of
treated rats using histochemical approach. Expression of gap junction protein connexin43,
which indicates a possibility of arrhythmic induction in cardiac hypertrophy, was also
determined.

Figure 18 shows the cross-sectional area of cardiomyocytes from each experimental
group. While there was no change in the cardiomyocyte cross-sectional area of in sham
control rats along the duration of study, enlargement of the cardiomyocytes was significantly
shown in every group of rats with high-testosterone administration without time- and dose-
dependent manner. These results indicate the dose-independent effect of supra-physiological
dose of testosterone in inducing hypertrophy of cardiac myocytes. In conjunction with results
of active tension development, the induced cardiac hypertrophy is more likely pathological end.
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Figure 18. Cross—sectional area of cardiac myocytes from sham control and testosterone-
injected rats with various doses (5, 10, and 20 mg/kg body weight) for 4, 8, 12
weeks. Data are means = SEM from 100-150 myocytes/heart and of 4-7
hearts/group. *P<0.05 represents significant difference from sham control using
Student-Newman-Keuls test after two-ways ANOVA.
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Structural abnormality of the heart was further examined by measuring amount of
collagen deposition. As shown in Figure 19, significant increases in the amount of collagen
deposition were observed in the cardiac section of rats treated with high doses of 10 and 20
mg/kg BW for 8 and 12 weeks compared to the sham control. The results confirm the
pathological induction of hypertrophy in testosterone-treated rats.
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Figure 19. A: Cardiac section stained with Pico-Sirius red and viewed under light
microscope (X400 magnification). B: Comparison of the percentage of collagen
deposition in the cardiac section from sham and testosterone-injected rats with
various doses (5, 10 and 20 mg/kg body weight) for 4, 8 and 12 weeks. Data
are means = SEM from 300-400 myocytes in 3-5 hearts per group. *P<0.05
represents significantly dose-dependent difference from sham control in the same
duration and #P<0.05 represents significant difference from the 8-week duration
group using Student-Newman-Keuls test after two-ways ANOVA.

Whether the pathological hypertrophy induced by testosterone treatment further affect
the electrical conduction of the heart or not was demonstrated by evaluating the expression of
connexin43 and its phosphorylated level. As shown in figure 20, there was no change the
expression ratio of phospho-Ser368 CX43 to the total CX43 among the different doses of
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testosterone treatment. Thus, treatment of supra-physiological dose of testosterone induced
hypertrophy of the heart toward pathological end by suppressing the contractile activity without
affecting the electrical conduction through the gap-junction between cardiac myocytes.
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Figure 20. (A) Immunoblot analysis of phosphorylated Serine368 (phosphor-SeraeS)
connexin 43 (CX43) and total CX43 and (B) comparison of the band intensity
expressed as a ratio of phosphor—Ser368 CX43 to the total CX43 protein in the
left ventricular homogenate of sham control and testosterone-injected rats (+T)
with various doses (5, 10, and 20 mg/kg body weight) for 4, 8, 12 weeks. Data
are means = SEM from 3-5 hearts.

Measurements of SERCA expression and pump activity were performed using
immunoblot and enzyme kinetic assay, respectively. Activity of SERCA was determined at
various Ca2+ concentrations using SR membrane preparations. Figure 21 shows comparison
of cardiac hypertrophy data derived from the percentage of heart to body weight ratio, the
maximum SERCA activity, and the ECs;, of SERCA activity among the experimental groups
from the study. Maximum and the Ca2+ sensitivity of SERCA activity were summarized in
Table 7 and 8, respectivity. While there was no dose effect after 4 weeks of testosterone
treatment despite the appearance of cardiac hypertrophy, dose-dependent increases in
maximum SERCA activity were observed in testosterone-treated rats for both 8 and 12 weeks.
However, with the highest dose of testosterone (20 mg/kg BW) administration, maximum
SERCA activity was returned to be the same as that of vehicle in both 8 and 12 weeks of
treatment. The Ca2+ sensitivity of SERCA activity seems to have no change among the
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groups except in one group with 10 mg/kg testosterone treatment for 12 weeks. These results
indicate that supra-physiological dose of testosterone induces cardiac hypertrophy before any
changes in SERCA activity. The parallel increase in SERCA activity with cardiac hypertrophy
suggests a physiological adaptation of the hypertrophic heart. The reversed change in SERCA
activity at high dose may imply the turning status from physiological to pathological adaptation
of the heart to hypertrophy induction.
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Figure 21. A: Comparison of maximum SERCA activity (umole Pi/mg protein/min) among vehicle-
and various high doses (5, 10, and 20 mg/kg BW) testosterone-injected rats for 4, 8 and
12 weeks and ECs, (B). Data are means = SEM from 8-12 preparations. P 0.05
represents significantly dose-dependent difference from vehicle control in the same
duration of study using Student-Newman-Keuls test after two-way ANOVA.
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Table 7. The maximum SERCA activity (umole Pi/mg protein/min) of cardiac SR
membrane vesicles from vehicle- and high testosterone-injected rats (5, 10, and
20 mg/kg BW) for 4, 8 and 12 weeks of treatment
Maximum SERCA activity
GROUP (tmole Pi/mg protein/min)
4 weeks 8 weeks 12 weeks
Vehicle 0.75 + 0.03 (10) 0.75 + 0.02 (10) 0.75 + 0.03 (8)
T5 0.77 + 0.04 (11) 0.82 + 0.03# (10) 0.81 + 0.03 (11)
T10 0.80 + 0.04 (10) 0.83 + 0.02# (11) 0.88 + 0.03# (11)
T20 0.80 + 0.03 (11) 0.73 £ 0.02 (11) 0.74 + 0.03 (12)
Data are means = SEM for rat numbers in the parenthesis. #P<0.05 represents
significantly dose-dependent difference from vehicle control in the same duration of
study using Student-Newman-Keuls test after two way ANOVA.
Table 8. The effective Ca2+ concentration producing half-maximal activation (ECsy) of

SERCA activity of the cardiac SR membrane vesicles from vehicle- and high
testosterone-injected rats (5, 10, and 20 mg/kg BW) for 4, 8 and 12 weeks

GROUP ECs0 (HM)
4 weeks 8 weeks 12 weeks
Vehicle 0.42 £ 0.05 (10) 0.40 = 0.04 (10) 0.44 = 0.03 (8)
T5 0.29 £ 0.03 (11) 0.37 = 0.06 (10) 0.46 = 0.05 (11)
T10 0.48 + 0.07 (10) 0.39 + 0.05 (11) 0.28 + 0.03" (11)
T20 0.39 £ 0.05 (11) 0.35 & 0.05 (11) 0.42 + 0.04 (12)

Data are means = SEM for rat numbers in the parenthesis. #P<0.05 represents
significantly dose-dependent difference from vehicle control in the same duration of
study using Student-Newman-Keuls test after two way ANOVA.

Expression of SERCA and its regulatory protein, phospholamban, was further
evaluated and results were demonstrated in Figure 22. While there was no change in the
phospholamban levels among the groups, expression of SERCA,, was increased only in the
group with 10 mg/kg testosterone administration for 8 weeks (Figure 22B). However, results of
SERCA,, to phospholamban ratio then demonstrated no change among the groups (Figure
22C).

Taken together, we tested whether supra-physiological dose of testosterone induces
changes in the Ca2+-handling activities leading to hypertrophy of the heart and/or testosterone-
induced cardiac hypertrophy that reversely impacts on the Ca2+-handling proteins. Our results
show no association between Ca2+-handling activities and testosterone level in cardiac
hypertrophy induction. It is, however, the cardiac hypertrophy reversely changes the Ca2+
pumping activity of SERCA. These data indicate an adaptive change of the cardiac Caz+-
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handling proteins evoked after a prolonged exposure to high testosterone. However, this
adaptive response may eventually degenerate to maladaptive response which may lead to
deterioration of the heart if the high testosterone persists. The conclusion is partially
supported by previous reports suggesting that an increase in the intracellular Ca2+ mobilization
may precede cardiovascular decompensation in some models of cardiac hypertrophy.[93-95]

Administration of testosterone or synthetic anabolic steroids has been well recognized
to be related to increase the risk of hypertension, alteration in lipid profile and coronary artery
disease [96]. With the identification of androgen receptors in isolated cardiac myocytes [17,
97], the finding may explain how testosterone promotes the arterial stiffness, ventricular
remodeling and compliance, inflammation and apoptosis, and cardiac hypertrophy and fibrosis
of the heart [98-101].

Generally, evaluation of hypertrophic induction pattern of cardiomyocytes involves three
parameters, including 1) changes in the expression of B-MHC and SKA, anti-skeletal actin,
which are well known cardiac hypertrophy marker, 2) cardiomyocyte size, and 3) protein
synthesis assessed by amino acid incorporation. Testosterone has been shown to significantly
increase all three parameters that were blocked by inhibiting mTORC1, mammalian target of
rapamycin complex 1 [102]. A hallmark event for anabolic action of testosterone is through
protein synthesis, which is highly regulated by the mTORC1. Testosterone has recently been
demonstrated to activate the mTORC1 pathway in cardiomyocytess through inositol 1,4,5-
triphosphate (IP;)-mediated Ca2+ release and MEK/ERK,, [102]. Based on this pathway of
action, our results of 4 weeks testosterone-treated group showing that differences doses of
testosterone have no effects on SERCA activity but induce cardiac hypertrophy to the same
degree further indicate the dissociation of cardiac hypertrophy to changes in SERCA activity.
Furthermore, the association was observed in prolonged testosterone treatment to 8 and 12
weeks. The results further confirm the reversed impact of cardiac hypertrophy on the SERCA
function.

How testosterone-induced cardiac hypertrophy could reversely change the SERCA
activity is presently unknown? Effects of testosterone on the SERCA activity seems to be
maximized under physiological condition as demonstrated from our results in castrated rat
study. Moreover, no pharmacological effect of testosterone on SERCA function was observed.
However, other Ca2+ mediating proteins like L-type Ca2+ channels and ryanodine receptors still
leave possibility for effect of testosterone-induced cardiac hypertrophy to indirectly activate or
deteriorate the SERCA activity. As shown in two previous studies in neonatal [103] and adult
[104] rat ventricular myocytes, chronic incubation of testosterone enhances Ca2+ influx via the
L-type Ca2+channel. Golden et al. [105] also demonstrated that testosterone also increases
the expression of L-type Ca2+ channels. In addition, a spontaneously arising in Ca2+ spark in
chronic testosterone-treated cardiomyocytes was clearly detected by Line-scan images [104].
In the adult ventricular myocyte, testosterone also increases the Ca2+ spark, indicating an
increase the Ca2+ releases from the SR. These effects are abolished upon androgen receptor
blockade, indicating receptor-mediated events. In any case, the information is still inconclusive
and more direct studies need to be done in details.
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Figure 22. A: Immunoblot analysis of SERCA2a, phospholamban (PLB) and actin, and
comparison of the band intensity expressed as a ratio of SERCA2a to actin (B), PLB
to actin (C) and SERCA2a to PLB (D) of left ventricular homogenates from vehicle
control and high testosterone-injected groups (5, 10, and 20 mg/kg BW) after 4, 8
and 12 weeks of treatment. Data are means £ SEM from 4-6 hearts. #P<0.05
represents significantly dose-dependent difference from vehicle control in the same
duration of study using Student-Newman-Keuls test after two way ANOVA.
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Project V: To determine the signaling component that involves in testosterone-induced
cardiac hypertrophy
i) Determinations of pathological signals in high testosterone rat hearts
ii) Determinations of physiological signals in high testosterone rat hearts
iii) Determinations of pathological and physiological signals in high
testosterone rats with exercise training (preliminary study in this project)

Cardiac hypertrophy is a remodeling response of the heart to many insults that
lead to a better cardiac performance in case of physiological hypertrophy or a
sustained/decreased performance in pathological hypertrophy depending on type, degree, and
exposed frequency of stress. It is well accepted that both remodeling processes share some
signaling processes besides the different signaling mechanisms. It is presently unknown
whether the hypertrophy of the heart induced by testosterone is physiological or pathological.
The study is therefore aimed to determine the specific signaling process of action in high
testosterone-treated rats. Changes in the activation, expression, and/or phosphorylation of
potential pathological signals, including calcineurin, mitogen-activated protein kinase (MAPK:
p38, JNK, ERK,,,), and nuclear factor of activated T cell (NFAT3c) will be analyzed. On the
other hand, level of the mammalian-target of rapamycin (mTOR) was also planned to be
measured to represent the physiological signal of cardiac hypertrophy. Based on the well-
recognized effect of exercise training in inducing physiological hypertrophy of the heart, the
experimental rats with combined treatment of high testosterone and running-trained program
has also been included in this project as preliminary study for the future research. Results
from this set of study will provide information concerning the preventive or additive effect of
exercise training on inducing cardiac hypertrophy.

Based on results in project lll & IV indicating the potential of pathological cardiac
hypertrophy in 8 and 12 weeks after testosterone treatment, the signaling components
determined in this part was then concentrated on pathological signals like calcinurin and NFAT.
Unexpectedly, both calcineurin (Figure 23) and NFAT (Figure 24) show a tendency to be
increased in the heart of testosterone-treated rats compared to sham control using the blotting
technique. Activation of calcineurin will usually dephosphorylate the NFAT to allow the
translocation of NFAT into the nucleus and therefore turn on many gene transcriptions in
underlying cardiac hypertrophy. A tendency increase in calcineurin should then cope with a
tendency decrease in NFAT level. These unexpected results of NFAT may be due to the
measurement of both the phosphorylated form in the cytosol and the dephosphorylated form in
the nucleaus. So, the histoimmunochemical technique may be a better approach of
determination which would need to wait for further study.
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