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ABSTRACT 
 The cardio-protective effect of estrogen (E2) on the myofilament activation has 
been reported from our laboratory in a series of experiments. However, the 
underlying mechanisms are still unclear. Based on the possible interactive action of 
E2 and insulin (INS) on cardiac myofilament activation, diabetes (DM) was then used 
as an approach in this study to challenge the regulatory effect of E2 on myofilament 
response to Ca2+. The relationships of pCa-myofilament ATPase activity were 
compared among sham, ovariectomized (OVX) rats with and without DM 
complication, and DM-OVX rats with E2 and/or INS supplementation. The same 
magnitude of suppression in maximum myofilament ATPase activity was confirmed 
in OVX, DM and DM-OVX rats, and was restored by supplementation with E2, INS 
and coadministration of E2 and INS, respectively. Specific induction in myofilament 
Ca2+ hypersensitivity after E2 deficiency was further confirmed in DM-OVX rats in 
which could be reversed by E2 supplementation. Additionally, upregulation of β1-
adrenoceptors (β1-AR) was found to be associated with the myofilament Ca2+

hypersensitivity in E2-deficient groups. Conversely, changes in the heat shock protein 
72 (HSP72) paralleled that of maximum myofibrillar ATPase activity.  
 The cardio-regulatory effect of E2 on crossbridge (CB) cycling kinetics of the 
contractile activation was further analyzed. Relations of maximum myofilament 
ATPase activity and the % α-myosin heavy chain (MHC) were compared among 
OVX, DM and DM-OVX groups using thyroid hormone or propyl thiouracil (PTU) 
in inducing varying range of α-MHC. While linear relations with the same slope were 
detected in DM and DM-OVX groups, a concave relation was observed in OVX 
groups. These results indicated that maximum myofilament ATPase activity was 
solely determined by α-MHC in DM rats but also other contractile modifications in 
E2-deficient group. Moreover, the effect of E2 on the contractile modifications may, in 
part, underlie the induction of cardiac myofilament Ca2+ sensitivity. The mechanistic 
role of E2 in affecting myofilament Ca2+ sensitivity was further studied by evaluating 
effects of E2 deficiency with DM complication on the intracellular Ca2+ handling by 
sarcoplasmic reticulum (SR). A similar magnitude of suppression in maximum SR 
Ca2+ uptake and SR Ca2+-ATPase (SERCA2a) activities with increased sensitivity 
was clearly demonstrated in OVX, DM, and DM-OVX rats. Immunoblot analysis also 
showed the same degree of reduction in SERCA proteins in these rats. All changes 
were abolished by E2 and/or INS supplementation. Thus, there was no or less 
contribution of the SR Ca2+ uptake function in affecting myofilament Ca2+ sensitivity.
 The whole series of results indicated that E2 affects the cardiac myofilament 
Ca2+ activation through changes in protein expressions of β1-AR, HSP72, MHC and 
modifications of the contractile proteins. It is the contractile proteins modification 
that contributes to an induction in the myofilament Ca2+ hypersensitivity with less or 
no contribution of SR Ca2+ uptake function.   
KEY WORDS: CARDIAC CONTRACTILE ACTIVATION/ ESTROGEN/ INSULIN/ β1-

ADRENOCEPTORS/ HEAT SHOCK PROTEIN 72/ MYOSIN HEAVY 
CHAIN ISOFORM/ SERCA2a  

 146 pp. 



Fac. of Grad. Studies, Mahidol Univ. 
 

Thesis/ v
 

กลไกการเปล่ียนแปลงการทาํงานของเสนใยกลามเน้ือหัวใจในหนูตัดรังไขท่ีเปนเบาหวาน 
(MECHANISM OF CHANGES IN CARDIAC MYOFILAMENT ACTIVATION IN 
OVARIECTOMIZED RATS WITH DIABETIC COMPLICATION)  

อริยพร  ถาวรไกรวงศ   4436910 SCPS/D 

ปร.ด. (สรีรวิทยา)  
คณะกรรมการควบคุมวทิยานพินธ: จงกลณี วัฒนาเพิ่มพูล Ph.D. (Physiology & Biophysics),  
นทีทิพย กฤษณามระ ปร.ด. (สรีรวทิยา), สุวรรณเกรียติ สวางคุณ Ph.D. (Physiology)  

บทคัดยอ 
        การศึกษาของหองปฏิบัติการเราไดพบแลววาเอสโตรเจนมีผลควบคุมการทํางานของกลามเนื้อ
หัวใจ แตกลไกยังไมเปนท่ีทราบชัด จากผลกระทบรวมของเอสโตรเจนและอินซูลินตอหัวใจ จึงใช
ภาวะเบาหวานเพื่อรบกวนผลของเอสโตรเจนในการควบคุมการทํางานของเสนใยกลามเนื้อ เม่ือ
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เบาหวานรวม ลวนมีคาปฏิกิริยาสูงสุดในการดึงเก็บแคลเซียมเขาซารโคพลาสมิกเรติคูลัม และ
จํานวนของโปรตีนซารโคพลาสมิกเรทิคูลัมเอทีพีเอสลดลงแตความไวเพิ่มข้ึนเทากันในทุกกลุม 
ดังนั้นการเก็บกลับแคลเซียมโดยซารโคพลาสมิกเรติคูลัมมีสวนเกี่ยวของนอยหรือแทบไมมีตอการ
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CHAPTER I 

THEME OF THESIS 

 

 
        The well-recognized gender difference in the incidence of cardiovascular 

diseases has raised the cardioprotective role of female sex hormones in the cardiac 

contractile function.  Data from epidemiological study has demonstrated a lower 

incidence of cardiovascular diseases in premenopausal women than that in age-

matched men.  However, the incidence rate was markedly increased after menopause 

to reach the same rate as that in men (Kuhn and Rackley, 1993).  Many studies from 

both clinical and animal models have reported the significant role of female sex 

hormones in the cardiac contractile activation.  Decreases in ejection fraction and rate 

were clearly detected in post-menopausal women using echocardiographic study 

(Schillaci et al., 1998).  In ovariectomized (OVX) rat hearts reductions in cardiac 

output, ejection fraction, and prolonged relaxation period have also been reported 

(Scheuer et al., 1987).  In addition, a shift in myosin isoenzymes from a predominant 

V1, the highest ATPase activity isoenzyme, to a predominant V3, the lowest ATPase 

activity isoenzyme, was also found in OVX rat hearts (Malhotra et al., 1990; Schaible 

et al., 1984).  Our laboratory has further demonstrated a suppressed maximum 

myofibrillar ATPase activity, myofibrillar Ca2+ hypersensitivity, and a significant 

shift in myosin heavy chain (MHC) towards β-MHC isoform in OVX rat hearts 

(Wattanapermpool, 1998; Wattanapermpool and Reiser 1999).  Using isolated 

skinned fiber preparations, we found that the Ca2+ hypersensitivity of the myofilament 

is a specific effect induced in cardiac tissue after ovariectomy (Wattanapermpool and 

Reiser, 1999).  Furthermore, upregulation of β1-adrenergic receptors, which may 

underlie changes in the myofilament Ca2+ activation, was clearly demonstrated in 

OVX rat hearts (Thawornkaiwong et al., 2003).  All changes could be reversed by 

either estrogen (E2) supplementation or exercise training (Wattanapermpool et al., 
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2000; Thawornkaiwong et al., 2003; Bupha-Intr and Wattanapermpool, 2004).  The 

similarity of cardiac Ca2+ hypersensitivity detected in ovariectomized rats to that in 

cardiomyopathic condition (Heyder et al., 1995; Wolff et al., 1995; 1996) strongly 

supports the beneficial role of estrogen in the myocardial activation. 

        Surprisingly, the cardioprotective effect of estrogen on myocardial function 

seems to be overcome by diabetes (DM) (Gustafsson et al., 2004; Kannel et al., 1974; 

Sowers, 1998).  The morbidity and mortality of cardiovascular diseases in diabetic 

patients appear to be increased in female compared to age-matched male (Gustafsson, 

2004).  The reversed gender differences in heart disease incidence suggest a 

reasonable hypothesis that deprivation of E2 and insulin (INS) induces interactive 

effects on cardiac myofilament response to Ca2+.  Our laboratory has investigated the 

interactive actions of E2 and INS on the cardiac myofilament activation using 

streptozotocin-induced diabetes in OVX rats as the model of study (Pantharanontaga, 

2000).  We found a significant reduction in maximum ATPase activity of cardiac 

myofilaments in diabetic ovariectomized (DM-OVX) rats with the same magnitude of 

suppression as that detected in OVX or DM rats.  In contrast, an increased cardiac 

myofilament Ca2+ sensitivity detected in OVX rats was observed only in DM-OVX 

but not DM rats.  These results partially imply a similar final common pathway of the 

hormone action on the contractile activation.  The adaptive response of the cardiac 

myofilament to become more sensitive to Ca2+ even under diabetic complication 

implies a dominant effect of E2 deficiency in inducing cardiac myofilament Ca2+ 

hypersensitivity.  The potential interactive action of E2 and INS on cardiac contractile 

activation and the possible underlying mechanism of E2 in affecting the cardiac 

myofilament response to Ca2+ were therefore focused in this study. 

E2 and insulin may interactively affect the response of cardiac myofilament to 

Ca2+ through changes in the regulatory effect of β1-adrenergic stimulation and/or the 

protective effect of heat shock proteins (HSP).  Physiologically, stimulation of β1-

adrenergic receptors plays a significant role in enhancing cardiac contractility through 

modifications of Ca2+ mobilization in the excitation contraction process (Bers, 2002).  

However, over- or chronic adrenergic stimulation to the heart was found to induce 

harmful effects on the contractile function (Bristow et al., 1992; Chakraborti et al., 

2000; Kaye et al., 1995; Lefkowitz et al., 2000; Post et al., 1999).  Our laboratory has 
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reported an upregulation of β1-adrenergic receptors in cardiac membrane of OVX rats 

which could be restored by either E2 supplementation (Thawornkaiwong et al., 2003) 

or exercise training (Bupha-Intr and Wattanapermpool, 2004).  Despite controversial 

data in the expression of β1-adrenoceptors, an elevated norepinephrine spillover 

chronic stimulation of the receptors has been demonstrated in DM hearts (Ganguly et 

al., 1987).  There is also evidence of sex hormone-related loss of cardiac protection 

through a reduction in HSP72 expression in OVX rats, which could be restored by E2 

supplementation or exercise training (Bupha-Intr and Wattanapermpool, 2004; Voss 

et al., 2003).  Similarly, downregulation of HSP72 has been documented in diabetic 

hearts in which the impaired HSP could also be offset by endurance exercise (Atalay 

et al., 2004).  It is therefore interesting to investigate whether deficiency of E2 and 

INS could interactively induce a synergistic effect associated with increased β1-

adrenergic stimulation and/or loss of protective effect via reduced HSP72 expression 

on cardiac contractile response to Ca2+. 

The interactive effect of E2 and insulin on the maximum myofibrillar ATPase 

activity reported from our previous studies (Pantharanontaga, 2000) indicates a final 

common pathway of the E2 and insulin 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 

OVX and DM rat hearts (Wattanapermpool, 1998; Pierce et al., 1985).  Furthermore, 

direct effects of E2 and insulin on MHC expression have clearly been demonstrated 

(Bupha-Intr and Wattanapermpool, 2004; Danzi et al., 2003).  However, while the 

same degree of suppression in maximum myofibrillar ATPase activity was 

demonstrated, a lesser extent of shift in MHC toward β-MHC isoform was detected in 

OVX rat hearts (unpublished data).  The information thus suggests an additional 

mechanism besides the shift in MHC isoforms being responsible for the regulatory 

effects of E2 on cardiac contractile activity.  

Alterations in cardiac contractile activity could be induced by the deterioration 

in kinetic properties of crossbridge (CB) cycling, indicated by the isoform expression 

of MHC and the modification of cardiac contractile proteins (Rundell et al., 2005; 

Andruchov et al., 2006).  A direct relation of CB cycling kinetics to the expression of 

β-MHC has been demonstrated in diabetic rat myocardium (Rundell et al., 2004).  
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Despite the known effect of E2 deficiency on the MHC expression, the impact of 

altered MHC on the CB cycling kinetics under the condition has not been studied.  

The evidence of cardiac myofilament Ca2+ hypersensitivity in OVX rats 

(Wattanapermpool, 1998) suggests a possible modification of cardiac myofilament 

proteins, could be by phosphorylation, which then accounts, in part, for the 

suppression of the cardiac contractile activity.  The implication from the evidence of a 

higher α-MHC content but the same level of maximum myofibrillar ATPase activity 

to those of DM rat hearts does support possible differential phosphorylation states of 

cardiac myofilament proteins in OVX rats.  It is then interesting to evaluate whether 

E2 deficiency induces changes in cardiac contractile responses through shifts in MHC 

isoform and/or phosphorylation of cardiac contractile proteins. 

        The dominant effect of E2 deprivation in inducing an enhanced Ca2+ sensitivity 

of cardiac myofilament even under diabetic complication (Pantharanontaga, 2000) 

also supports the significant role of E2 in cardiac myocyte activation.  It is, however, 

still not clear how cardiac myofilament Ca2+ hypersensitivity is induced in the E2 

deficient rats.  Generally, sensitivity of myofilaments to Ca2+ can be affected by two 

possible mechanisms, including changes in the myofilament machinery in response to 

Ca2+ and changes in the intracellular mobilization of Ca2+ around the myofilaments.  

Our laboratory had first proved the hypothesis that it is the decrease in the 

intracellular Ca2+ mobilization induced after E2 deficiency that induces adaptation of 

the myofilaments to be hypersensitive to Ca2+ activation.  A significant reduction in 

the peak Ca2+ transient with a prolonged decay was clearly demonstrated in 

cardiomyocytes isolated from OVX hearts (Ren et al., 2003; Bupha-Intr et al., 2007).  

These results support our hypothesis that the decrease in intracellular Ca2+ 

mobilization after E2 deficiency induces a hypersensitive adaptation of the cardiac 

myofilament to the Ca2+ activation.  We then further proved that the decrease in 

intracellular Ca2+ mobilization causes an increase in cardiac Ca2+ hypersensitivity 

after E2 deprivation.    

        Alterations in dynamic transports of Ca2+ between the sarcoplasmic reticulum 

(SR) storage and the cytosol could have an impact on the Ca2+ transient profile during 

the cardiac cycle of contraction and relaxation.  Suppression in the [Ca2+]i transient 

magnitude with a prolongation of [Ca2+]i decay in cardiomyocytes of OVX rats points 
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to a possible adaptive response in the SR Ca2+ handling activity.  Our laboratory has 

recently reported a significant decrease in the maximum SR Ca2+-uptake rate with an 

increase in the SR Ca2+-uptake sensitivity in both the left ventricle homogenate and 

the SR vesicle preparations from 10-wk OVX rat hearts (Bupha-Intr and 

Wattanapermpool, 2006).  This suppression of SR Ca2+-uptake activity appears to be 

related to significant decreases in the activity and expression of the SR Ca2+-ATPase 

pump (SERCA) protein and mRNA levels (Bupha-Intr and Wattanapermpool, 2006), 

which could be restored by E2 supplementation (Bupha-Intr and Wattanapermpool, 

2006) and by exercise training (Laosiripisan, 2006).   Despite controversial data in the 

myofilament Ca2+ sensitivity, reductions in intracellular Ca2+ transient and SR Ca2+ 

activity have also been demonstrated in DM rats either with or without alteration in 

the expression of SR Ca2+-associated proteins (Choi et al., 2002; Ligeti et al., 2006).  

It is therefore interesting to evaluate the significant role of E2 in the cardiac SR Ca2+ 

uptake function using the approach of DM complication in OVX rats.    

        The goal of this thesis project was set to understand the cellular, subcellular, and 

molecular adaptation of cardiac myocytes after E2 deficiency with diabetic 

complication to draw the possible interactive effect of E2 and insulin on cardiac 

myofilament response to Ca2+ and the underlying mechanism.  Four specific 

objectives were raised in this study. 

1. To evaluate the influence of diabetes on changes in response to Ca2+ of 

cardiac myofilament from OVX rats 

2. To elucidate whether deficiency of E2 and INS interactively affects the 

cardiac contractile response to Ca2+ through alterations in either β1-

adrenergic stimulation and/or HSP72 

3. To investigate the regulatory effect of E2 on the crossbridge cycling 

kinetics of the contractile filament 

4. To test the significant role of E2 in the regulation of intracellular Ca2+ 

handling in cardiac myocytes by the sarcoplasmic reticulum under 

diabetic complication 

        Relationships of –log free Ca2+ concentration (pCa)-myofilament ATPase 

activity were plotted to evaluate the influence of DM on changes in the cardiac 

myofilament response to Ca2+ in OVX rats using isolated myofibrillar preparations 



Ariyaporn  Thawornkaiwong                                                                                        Theme of Thesis/ 6 

from sham, OVX, DM, and DM-OVX with and without supplementations with E2, 

INS, or E2 plus INS.  To test the interactive effect of E2 and INS deprivation on β1-

adrenergic receptor and HSP72 expression, the radioligand receptor binding assay of 

β1-adrenoceptors and immunoblot analysis using specific antibodies of β1-adrenergic 

receptor and HSP72 were performed in various experimental groups, including sham, 

OVX, DM, DM-OVX, with and without E2, INS, or E2 plus INS.  The regulatory 

effect of E2 on the crossbridge cycling kinetics of the cardiac myofilament was 

investigated by plotting the relationships of % α-MHC isoform and maximum 

myofibrillar ATPase in various experimental groups, including OVX with and 

without E2 supplementation, DM with and without INS supplementation, DM-OVX 

with and without E2, INS, or E2 plus INS together with sham group.  To further probe 

for changes in the crossbridge kinetics, the level of cardiac α-MHC expression in the 

heart of OVX, DM and DM-OVX rats was varied by manipulating the thyroid status.  

Lastly, the significant role of E2 in the SR function under DM complication was tested 

using left ventricular homogenate and SR vesicles for measurements of the SR Ca2+ 

uptake and the SR Ca2+-ATPase activity, respectively, in various groups including 

sham, OVX, DM with and without INS supplementation, DM-OVX with and without 

supplementations with E2, INS, or E2 plus INS.  Immunoblot of The SR Ca2+-ATPase 

and its associated protein were also analyzed. 
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CHAPTER II 

LITERATURE REVIEW  
 

 

         A.  Impact of female sex hormones on cardiac contraction 
        Estrogen (E2) and progesterone are two important female sex hormones in 

reproductive physiology.  Their receptors belong to the steroid receptor family, which 

activates both genomic and non-genomic effects (Babiker et al., 2002; Li and 

O’Malley, 2003).  The genomic effect of estrogen on the cardiovascular system 

mediates via two isoforms of E2 receptor (ER), ERα and ERβ.  Interaction of the 

ligand-receptor complex to the specific hormone responsive element on the promoter 

region of the target gene underlies the classical genomic pathway.  The genomic 

effect of these receptors activation gives rise to the suppression or activation of the 

target gene transcription.  For example, a decreased expression of atrial natriuretic 

factor in the myocardium is observed by the genomic effect of E2 (Horio et al., 2000).  

In contrast to the genomic action, the non-genomic action of E2 in the myocardium is 

activated in both a ligand-dependent and a ligand-independent manner.  The ligand-

dependent activation by E2 has been suggested to act via a membrane-bound receptor 

through G protein αi (Wyckoff et al., 2001).  On the other hand, the ligand-

independent activation involves the alteration of phophorylation levels of the 

receptors (Kazmi et al., 1993; El-Tanani and Green, 1997).  In the cardiac myocyte, 

direct effects of female sex hormones on cardiac contractile functions are supported 

by the presence of both E2 and progesterone receptors (Ingegno et al., 1988; Grohe et 

al., 1997; 1998; Taylor and Al-Azzawi, 2000).  However, the lack of E2 and 

progesterone responsive elements on the genes of cardiac myofilament and Ca2+ 

handling proteins (Bourdeau et al., 2004; Richer et al., 2002) indicate that female sex 

hormones may regulate the cardiac contractile function through the other 

mechanisms.      

        The well-recognized gender difference in the cardiovascular disease has brought 

to a number of studies on the influence of female sex hormones on the cardiac 
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contractile activation.  A reduction in the midwall fractional shortening with a greater 

relative wall thickness in early menopause has been demonstrated using 

echocardiographic study (Schillaci et al., 1998).  Studies in both pre-pubertal and 

post-pubertal ovariectomized (OVX) rats have also found reductions in stroke volume 

and ejection fraction (Schaible et al., 1984; Scheuer et al., 1987).  Moreover, 

significant decreases in the myosin Ca2+-ATPase activity and the percentage content 

of V1 myosin isoenzyme were also detected.  These changes could be prevented by E2 

supplementation.  Our laboratory has further reported a series of studies on the effects 

of chronic ovarian sex hormone deficiency on the cardiac myofilament Ca2+ 

activation.  A suppression of maximum Ca2+-dependent actomyosin MgATPase 

activity and a significant shift in myosin heavy chain (MHC) isoforms toward β-MHC 

isoform have been detected in the hearts of OVX rats (Wattanapermpool, 1998; 

Wattanapermpool and Reiser, 1999).  Strikingly, an increase in the Ca2+ 

responsiveness of myofilament activation in OVX rat hearts was also shown in both 

biochemical and mechanical studies (Wattanapermpool, 1998; Wattanapermpool and 

Reiser, 1999).  Supplementation of E2 could prevent these changes 

(Wattanapermpool, 2000).  The similarity of Ca2+ hypersensitivity detected in OVX 

rats to that in cardiomyopathic hearts (Heyder et al., 1995; Wolff et al., 1995; 1996) 

previously reported supports the beneficial role of E2 in the myocardial activation.  

However, it is not known how myofilament Ca2+ hypersensitivity was induced in the 

E2-deficient hearts.  A significant reduction in the magnitude and a prolonged decay 

of Ca2+ transient has been recently reported in cardiomyocyte isolated from OVX rat 

hearts, and was completely restored by E2 supplementation, which may, in part, 

underlie the induction of myofilament respose to Ca2+ after E2 deprivation (Ren et al., 

2003; Bupha-Intr et al., 2007).  A significant reduction in maximum sarcoplasmic 

reticulum (SR) Ca2+-uptake rate with an increase in the SR Ca2+-uptake sensitivity 

paralleled to significant decreases in the activity and expression of the SR Ca2+-

ATPase pump (SERCA) protein and mRNA levels have also been demonstrated in 

OVX rat hearts.  These changes could be restored by E2 supplementation.  Moreover, 

an upregulation of β1-adrenergic receptors, which implies a harmful effect on the 

contractile function, was also detected in OVX rat hearts (Thawornkaiwong et al., 

2003).  Taken together, these data indicated a maladaptive response of cardiac 
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myofilament response to Ca2+ after E2 deprivation.  Further studies concerning the 

mechanism underlying changes induced after ovarian sex hormone deficiency 

certainly provide a better view of potential targets for therapeutic and preventive 

approaches for cardiovascular disease especially in postmenopausal women. 

   

 B.  Impact of diabetes on cardiac contraction 
        Diabetes is a well-known risk factor for development of cardiovascular 

abnormalities and impaired myocardial performance (Rubler et al., 1972; Dhalla et 

al., 1985).  The myocardial defect in diabetes is associated with a specific 

cardiomyopathy, which can progress toward heart failure.  Diabetic cardiomyopathy 

is a condition of ventricular dysfunction developed in diabetic status in the absence of 

coronary atherosclerosis and hypertension (Ahmed et al., 1975; Fein et al., 1985).  

Cardiac dysfunction in diabetic cardiomyopathy is characterized by depressions in the 

contractile force generation, cardiac relaxation, and pumping activity.  Impaired 

diastolic filling is one of the earliest signs of the disease (Ruddy et al., 1988).  

Changes in the cardiac contractile function in diabetes include a decrease in ATPase 

activity of contractile proteins, changes in sarcolemmal channels, SERCA, and Ca2+ 

sensitivity of myofilaments (Dillmann, 1990; Liu et al., 1996; 1997; Malhotra and 

Sanghi, 1997; Depre et al., 2000).  A shift in the cardiac myosin isozyme from V1, αα-

homodimer, to V3, ββ-homodimer, has been reported in the diabetes (Golfman et al., 

1999; Depre et al., 2000).  The α-MHC protein content as well as mRNA level were 

decreased, whereas β-MHC content and mRNA expression were increased in the left 

ventricle of diabetic animals.  Insulin treatment could reverse the depressed 

myofibrillar ATPase activity and the shift in MHC isoforms in diabetic animal models 

(Dillmann, 1980; Pierce and Dhalla, 1981; 1985; Dhalla et al., 1985; MacLean et al., 

1987). Hypothyroidism (i.e., variable degrees of decreased plasma T3 levels) with 

neither changes in the number nor the affinity of thyroid receptors (TRs) has also been 

demonstrated in streptozocin-induced diabetic rats (Haddad et al., 1997a).  The 

pattern of changes in cardiac myosin mRNA levels in the diabetic rat is similar to that 

reported in hypothyroidism (Dillmann, 1989). 

        Alterations in the composition and/or phosphorylation level of the contractile and 

regulatory proteins have been reported to be the cause of cardiac dysfunction in 
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diabetic rats.  A significant increase in cardiac troponin I (cTnI) phosphorylation (by 

40%) in the diabetic hearts which could be reversed by insulin administration has 

been reported (Liu et al., 1996).  PKC-mediated cTnI phosphorylation is postulated to 

possibly happen because it mainly blunts the maximal myofibrillar ATPase activity 

(Noland et al., 1996). This postulation is supported by the increased PKC protein 

content and activity in diabetic rat heart (Liu et al., 1999).  Although some 

investigators have found no significant changes in cTnI content and gene expression 

in the right and left ventricles of diabetic rats (Liu et al., 1996), others have 

demonstrated a downregulation of the total TnI (Dhalla et al., 1998).  In addition, 

significant reductions of protein contents of myosin light chain (MLC), myosin light 

chain kinase (MLCK) (40% to 45%), and MLC phsophorylation (30% to 45%) in 

diabetic hearts which alter the myofilament ATPase activity were also detected and 

were reversible upon treatment with insulin.  Changes in the cTnT isoform pattern 

represented by a shift from cTnT1 to cTnT3 are also reported in diabetic heart (Akella 

et al., 1995).  Not only diabetes-related alterations are restricted to myofibrils (Takeda 

et al., 1996; Pierce and Russell, 1997), changes in the cellular Ca2+ homeostasis are 

also demonstrated in association to SERCA2a content and activity (Ganguly et al., 

1983; Takeda et al., 1996; Golfman et al., 1999; Trost et al., 2002; Zhong et al., 

2003), and to phospholamban content and phosphorylation (Trost et al., 2002; Zhong 

et al., 2003).  Although myofibrillar changes are considered as an early sign of cardiac 

remodeling in diabetic cardiomyopathy (Schaffer, 1991), alterations in SR function 

was found in the late phase of diabetes.   

 

 C.  Impact of thyroid hormone on cardiac contraction 
        Thyroid hormone is an important regulator of cardiac contractile function 

(Dillmann, 1990; Klein and Ojamaa, 2001).  Many of the cardiac effects of 

triiodothyronine (T3), the biologically active form of the hormone, involve the 

expression of several important cardiac genes.  After transport to the myocyte 

nucleus, T3 binds to thyroid hormone nuclear receptors (TRs), which in turn bind to 

T3 response elements located within the 5′ flanking regions of T3-responsive genes 

(Brent et al., 1994).  TRs act in a bimodal fashion to activate the transcription in the 

presence of T3 by recruiting coactivator complexes and to repress the transcription in 
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the absence of ligand by recruiting corepressor complexes.  Two distinct genes 

encode the family of TRs, which are two splice variants, TRα-1 and TRα-2, and one 

primarily splice variant of the TRβ gene, TRβ1 (Dillmann et al., 1990; Lazar, 1993; 

Ribeiro et al., 1998; Mansen et al., 2001).  There are multiple T3-regulated cardiac-

specific genes including α-MHC, β-MHC, phospholamban, and SERCA2 (Klein and 

Ojamaa, 2001; Moolman, 2002).   

        Alterations in thyroid hormone level affect T3-responsive cardiac genes resulting 

in pathogenesis of cardiac disease.  Hypothyroidism causes a decreased expression of 

positively regulated T3-responsive cardiac genes such as α-MHC and SERCA2, 

whereas the expression of negatively regulated T3-responsive genes such as β-MHC 

and phospholamban is increased (Dillmann et al. 1990; Morkin, 2000; Danzi and 

Klein, 2002). A shift in the cardiac phenotype of rodents with hypothyroidism results 

in decreases in both systolic and diastolic contractile function (Dillmann, 1990). 

Treatment of thyroid hormone in hypothyroid animals could restore the expression of 

these genes, increase cardiac mass, and improves contractile function (Danzi and 

Klein, 2002; Danzi et al., 2003; Haddad et al., 2003).  In contrast, hyperthyroidism 

promotes α-MHC and SERCA2 expression in the myocardium resulting in faster rates 

of isotonic shortening and isometric contractions (Jakab et al., 1994; Wolska et al., 

1997; Yagi et al., 2001).  Moreover, excessive administration of thyroid hormone or 

hyperthyroidism induces pronounced cardiac hypertrophy, which is attributed to 

hypertrophic cardiomyopathy and heart failure.   

 

       D.  Myofilament Proteins  
        Cardiac muscle contraction is generated by the interaction of myofilament 

protein under the regulation of Ca2+using energy powered by ATP hydrolysis.  The 

contractile machinery unit is composed of many proteins arranged into thick and thin 

sliding filaments.  Thick filaments are made up of myosin heavy chain, myosin light 

chain, and myosin binding protein C.  Thin filaments contain actin, tropomyosin, and 

troponin complex, which function as regulators of the crossbridge interactions.  

  1.  Troponin Complex 
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        The troponin complex (Tn) includes three protein subunits, troponin T (TnT), 

troponin C (TnC) and troponin I (TnI) with 1:1:1 stoichiometry, forming a complex 

molecule on the thin filament (Filatov et al., 1999).  These three subunits include an 

18.4 kDa calcium binding subunit TnC, a 24 kDa inhibitory subunit TnI, that inhibits 

contraction in an absence of Ca2+, and a 34 kDa tropomyosin binding subunit TnT, 

that holds other troponin subunits to tropomyosin (Tm).  Each troponin complex is 

associated with one Tm molecule and seven actins.   At the blocked stage in the 

crossbridge interaction, highly binding affinity of TnI to actin prevents myosin heads 

in interacting with actin on their binding sites.  When Ca2+ bind to TnC, the affinity of 

TnI and TnT to TnC will be strengthened which then opens up the crossbridge 

binding site of actin for myosin head.  Movement of troponin complex simultaneously 

rearranges the Tm to move out of the groove of actin and therefore enhances the 

strong actin-crossbridge interaction.  The importance of troponin complex in 

regulating cardiac contraction has been focused on the modification of myofilament 

Ca2+ sensitivity by two possibilities, including protein mutation or isoform switching 

and protein phosphorylation (Solaro and Van Eyk, 1996).   

        Troponin C:  TnC belongs to the Ca2+-binding protein family and consists of two 

globular domains, which look like a dumbbell structure.  Each globular domain 

contains a pair of Ca2+-binding site in which binding affinities are different depending 

on location and isoforms.  TnC has two isoforms derived from different gene coding 

(Kawasaki and Kretsinger, 1994).  One isoform is found in fast skeletal muscle and 

the other one is expressed in both slow skeletal and cardiac muscles.  Two Ca2+ 

molecules can bind at each domain of fast skeletal muscle TnC, whereas one Ca2+ 

molecule can bind at N-terminal domain of cardiac TnC.  Moreover, the N-terminal 

globular domain of both fast skeletal and cardiac TnC has a lower affinity to Ca2+ 

than that of the C-terminal domain.  However, the N-terminal domain of TnC is an 

important site in regulating myofilament contraction, while the C-terminal domain 

and the central α-helix of TnC play an important role in transducing a conformational 

signal among troponin subunits (Tobacman, 1996). 

        Troponin I:  TnI is responsible for inhibiting the actin-activated myosin ATPase 

activity or actomyosin interaction (Filatov et al., 1999).  Three isoforms of TnI are 

derived from three different genes including fast skeletal TnI (fsTnI), slow skeletal 
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TnI (ssTnI) and cardiac TnI (cTnI).  ssTnI predominantly expressed in fetal heart of 

human and is gradually replaced by cardiac TnI soon after birth (Sasse et al. 1993).  

cTnI has a specific 31-amino acid sequence at the N-terminal of the molecule which 

contains two cyclic AMP-dependent protein kinase (PKA) phosphorylation sites, 

serine 23 and 24, (Chandra et al., 1997).  The carboxyl-terminus of TnI contains 

binding sites for TnC and TnT.  The amino-terminal of TnI contains inhibitory (at 

amino acid 115-131) and regulatory ( at amino acid 147-163) regions, which will bind 

to Ca2+-saturated TnC but to actin and Tm in the absence of Ca2+.  In the heart, 

cardiac TnI can be phosphorylated by three protein kinases, including PKA, PKC, and 

cGMP-dependent protein kinase (PKG) (Noland et al., 1995; Chandra et al., 1997).  

Phosphorylation of cTnI induces conformational changes in the troponin complex, 

leading to altered Ca2+ affinity of TnC and relaxation (Zhang et al., 1995).  PKA and 

PKG act on the same phosphorylation sites on the cTnI resulting in a decreased 

contractile sensitivity to Ca2+ and an enhanced crossbridge cycling rate.  PKC could 

phosphorylate many residues including Thr144, Ser43, 45, 23, 24 of cTnI predominantly 

depending on isoforms of PKC.  Phosphorylation of cTnI by PKC-specific sites 

results in a reduction in the Ca2+-dependent actomyosin Mg-ATPase activity (Noland 

and Kuo, 1993b; Solaro and Rarick 1998) leading to a depressed crossbridge cycling 

rate.  A decreased phosphorylation of cTnI was demonstrated in heart failure in which 

the hypersensitivity of the contractile response to Ca2+ was observed (Wolff et al., 

1996; van der Velden et al., 2003). 

        Troponin T:  TnT regulates Ca2+ sensitivity for tension development via 

allosteric mechanism (Perry, 1999).  Ca2+-dependent binding sites of TnT form a 

triple-coiled binding to Tm and TnC.  Binding of Ca2+ to TnC increases the 

probability of TnT-Tm cross-linking.  In addition, one part of TnT interacts with actin 

and plays a crucial role in fixing the whole troponin complex on the thin filament 

during the weaken contact of TnI to actin in the presence of Ca2+.  There are multiple 

isoforms of TnT either from different genes or from alternative splicing (Solaro and 

Van Eyk, 1996).  At least four isoforms have been reported in human cardiac muscle 

including cTnT1, cTNT2, cTNT3, and cTnT4.  The expression of TnT isoforms in the 

heart is developmentally regulated with the predominance of cTnT1, cTnT2 and 

cTnT4 in the fetal life, and cTnT3 in adults (Anderson et al., 1995; Saba et al., 1996).  
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TnT isoforms differ in the N-terminal hypervariable region, have different effects on 

maximal force development and on Ca2+ sensitivity of force and ATPase activity 

(Mesnard et al. 1995; Schiaffino and Reggiani, 1996).  Therefore, shifts in cTnT 

isoforms, which may happen in the postnatal period and heart failure condition, can 

induce functional consequences.  Morover, phosphorylation of TnT by PKC at Thr 
190,199, 280 and Ser194 can modify the function of TnT and provide different contraction 

results depending on sites of TnT phosphorylation (Solaro and Van Eyk, 1996).  As a 

result, phosphorylation of TnT gives rise to an additional mechanism for the 

regulation of crossbridge kinetics and may be important for Ca2+-sensitive interactions 

of TnT with TnC and Tm (Farah and Reinach, 1995). 

 

        2.  Tropomyosin 

        Tropomyosin is a coiled-coil dimmer that coils around the actin spans over seven 

actin monomer to block its interaction with myosin.  There is one tropomyosin for 

every Tn complex (Solaro and Rarick, 1998: Wolska and Wieczorek, 2003).  Tm 

regulates interactions of actin to myosin in a Ca2+-dependent manner under the control 

of Tn complex.  Two isoforms of Tm, α and β isoform, have been reported in cardiac 

muscle, and form to be αα-, ββ- homodimers and αβ-heterodimer.  The ratios among 

them in the heart are dependent on species and growth stages, and are critical in 

determining myocardial relaxation time as well as maximum rate of relaxation 

(Muthuchamy et al. 1995; Gaffin et al. 2004).  Moreover, Tm is a regulatory protein 

that is necessary and sufficient for cooperativity of acto-myosin interactions 

(Moraczewska, 2002). 

 

         3.  Actin 

        Actin is a ubiquitous cytoskeletal protein and the most conserved contractile 

proteins. It is a globular molecule (G-actin) with a molecular weight of ∼42 kDa 

polymerized to form fiber (F-actin).  Two sarcomeric actins, α-cardiac and α-skeletal, 

are co-expressed in the normal adult heart.  Although these two isoforms have four 

different amino acids among the 375 residues, there is no significantly different effect 

on crossbridge interactions.  There are two important biological properties of actin 

including 1) activation of myosin ATPase and reversible binding to myosin, and 2) 
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reconstitution of actomyosin which liberates chemical energy from ATP for 

producing physiochemical change in the myosin crossbridges 

 

        4.  Myosin heavy chain 

        Myosin heavy chain is the molecular structure of myosin that interacts with actin 

in forming crossbridges and is responsible for the conversion of chemical energy to 

mechanical energy (Spudich, 1994).  Two isoforms of MHC, α- and β-MHC, are 

expressed in cardiac muscle which is transcripted from two distinct genes.  α-MHC 

isoform is larger (MW∼220 kDa depends on the species) and has a higher ATPase 

activity than that of β-MHC isoform (Moss and Buck, 2002).  The α- and β-MHC 

isoforms form three isoenzymes termed V1-V3.  The V1 and V3 forms are comprised 

of αα-homodimer and ββ-homodimer, respectively, whereas the V2 form is made up 

of heterodimer of α- and β-MHC.  The expression of cardiac MHC composition 

varies among species, with a predominantly α-MHC isoform in small rodent and a 

predominantly β-MHC isoform in large mammals including human.  Their relative 

expression levels in cardiac tissue are also changed by developmental stage, heart 

diseases, and hormones such as thyroid hormone.  An increase in the expression of 

cardiac β-MHC is well accepted to be a pathological indicator of the heart.  This 

characteristic has been found in human heart failure in a similar fashion to those in 

animal models (Miyata et al., 2000; Reiser et al., 2001). 

 

        5.  Myosin light chain 

        Myosin light chains are small protein (18-27 kDa) associates with the neck 

region of the myosin-S1 segment, and are classified into essential light chain (ELC) 

and regulatory light chain (RLC) (Moss and Buck, 2002).  Both types of light chains 

exert effect on crossbridge interactions, but only RLC can be phosphorylated by Ca2+/ 

calmodulin-dependent myosin light chain kinase and protein kinase C (Noland and 

Kuo, 1993a) and dephosphorylated by light chain phosphatase (Morano, 1992).  

Phosphorylation of RLC has been found to increase the Ca2+-responsiveness of force 

(van der Velden et al., 2003) and the rate of force development (Morano, 1992).  In 

human heart, two ELC isoforms and three RLC isoforms were detected.  Changes in 
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the isoform components induce changes in actin-crossbridge interactions.  A 

decreased RLC phosphorylation has been reported in end-stage failing human hearts 

(van der Velden et al., 2001) which may be a potential compensatory mechanism to 

reverse the detrimental effects of increased Ca2+ -sensitivity in human heart failure.  

 

        6.  Myosin binding protein C 

        Besides myosin light chain, myosin-binding protein C (MyBP-C) is another thick 

filament protein that has three isofroms, including slow skeletal, fast skeletal and 

cardiac isoforms. This protein has a binding site for myosin, titin and actin (Squire et 

al., 2003).  The exact physiological function of MyBP-C is not fully understood.  

However, there is a report demonstrating that the structure, charge and position of 

MyBP-C determine the cardiac function as a regulator of the actin-crossbridge 

interaction (Weisberg and Winegrad, 1998).  The cardiac isoform contains four 

accessible phosphorylation sites (Gautel et al. 1995), which were specific sites for 

PKA and Ca2+/calmodulin–regulated kinease (CaMK).  Phosphorylation of MyBP-C 

by PKA promotes myosin head to move away from the thick filament backbone and 

reduces flexibility of crossbridge heads (Weisberg and Winegrad, 1998).  Moreover, 

structural changes of thick filament were found to be accompanied with MyBP-C 

phosphorylation, which may modify the kinetics of crossbridge cycling (Weisberg 

and Winegrad, 1998), the activity and/or Ca2+ sensitivity of myosin ATPase 

(Winegrad, 1999; McClellan et al., 2001), and force development in skinned fiber 

(Witt et al., 2001). 

 

        E.  Role of Ca2+ in myofilament activation  

        Cardiac excitation-contraction coupling (ECC) is the process that converts the 

electrical depolarization of the myocytes to the contraction of the cardiac 

myofilaments.  This process requires the ubiquitous second messenger Ca2+ as a direct 

activator of myofilament contraction (Bers, 1991).  Many cardiac sarcolemmal and 

cellular components of the Ca2+ handling protein involve in controlling the movement 

of Ca2+ around the myofilaments leading to the beat-to-beat fluctuation of the 

cytosolic Ca2+ concentration.  During the depolarization of cardiac myocytes, small 

amounts of extracellular Ca2+ enter the cell through voltage-dependent L-type Ca2+ 
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channel (LTCC).  These Ca2+ entries trigger Ca2+ release from the intracellular Ca2+ 

storage called sarcoplasmic reticulum via the ryanodine Ca2+ release channels (RyR).  

This process is known as Ca2+-induced-Ca2+ release (CICR).  As a result, there is an 

increase in the intracellular Ca2+ concentration [Ca2+] from 0.1-0.15 μM in the resting 

cell to about 1 μM.  The increase in the intracellular Ca2+ activates myofilament 

contraction by binding of Ca2+ to troponin C, which then switches on the contractile 

machinery.  After contraction, initiation of muscle relaxation occurs when 

intracellular Ca2+ concentration decline, allowing Ca2+ to dissociate from troponin C.  

This process requires Ca2+ transport out of the cytosol by three pathways involving 

SERCA, sarcolemmal Na+/Ca2+ exchange (NCX), and sarcolemmal Ca2+-pump.  The 

depletion of cytosolic Ca2+ during relaxation is mostly accomplished by the function 

of SERCA which is responsible for about 70-90 % of reduction in [Ca2+]i during 

relaxation period depending on species.  After reuptake into the SR, Ca2+ then binds 

to a Ca2+-binding protein called calsequestrin (CSQ) and is stored near to the Ca2+ 

release channels.  In addition, Na+/Ca2+ exchange and sarcolemmal Ca2+ pump also 

involve in removing Ca2+ for about 10-30 % and 2-3 % of Ca2+, respectively, out to 

the extracellular side as shown in Figure 1.  The alteration of Ca2+ handling process in 

myocyte is a central cause of both contractile dysfunction and arrhythmias in 

pathophysiological conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure1 Diagram of Ca2+ transport in cardiac myocyte (Bers, 2002) 
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        F.  Cardiac myofilament Ca2+ sensitivity 
        The cardiac contractile response to Ca2+ activation can be modified by 

mechanical, physiological, and pathological impacts.  Muscle contraction is activated 

by the binding of Ca2+ ions to TnC.  The binding of Ca2+ to TnC results in the 

enhancement of its binding affinity to TnI which then weakens the TnI-actin 

interaction and swings off the tropomyosin binding subunit, TnT.  Strong binding of 

TnI to TnC leads to the opening of the myosin binding site on the actin.  

Consequencely, the movement of the troponin complex in the presence of Ca2+ 

rearranges the Tm to move out of the groove of actin and then allows the strong actin-

crossbridge interaction (Moss and Buck, 2002).  As a result, the thin filament slides 

toward the center of sarcomere resulting in force generation of the muscle.  The 

ATPase activity used during this process is the so called Ca2+-dependent actomyosin 

MgATPase activity, which indicates numbers and rates of crossbridge cycling.  After 

that, detachment of crossbridges from actin occurs by the binding of ATP to myosin 

which allows the cycling of actomyosin interaction to be repeated if the Ca2+ is still 

bound to TnC (Solaro, 1982).  Ca2+ dissociation from TnC can reverse the crossbridge 

interaction into blocking state until the next Ca2+ stimulation.  This molecular 

mechanism clearly indicates the impact of Ca2+ binding affinity to TnC in determining 

the contraction and relaxation performance of the heart.  Modification of TnC-Ca2+ 

binding interaction will induce changes in cardiac contractile status as represented by 

alterations in the Ca2+ responsiveness of myofilament activation or the sensitivity of 

myofilament to Ca2+ activation.  The myofilament Ca2+ sensitivity, however, can be 

changed by other cardiac modifications without affecting TnC-Ca2+ binding affinity 

such as increased MLC or MyBP-C phosphorylation (van der Velden et al., 2003; 

Oakley et al., 2007).  

        The myofilament Ca2+ sensitivity can be calculated from the relation between 

Ca2+ concentrations to either force development or ATPase activity.  A non-linear 

relation between Ca2+ concentration and cardiac contraction reflects the cooperative 

function of the contractile proteins in such a way that binding of Ca2+ to TnC provides 

higher Ca2+ binding affinity of another TnC on the neighboring contractile unit.  

Changes in this cooperative function thus affect the Ca2+ responsiveness of 

myofilament activation.  Moreover, molecular alteration in generating force per cross-
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bridge imparts the change in the sensitivity of myofilament.  An increase in the Ca2+ 

sensitivity results in a greater force generation for a given Ca2+ concentration, 

whereas a reduction in Ca2+ responsiveness results in less force (Lee and Allen, 1993).  

On the other hand, a decrease in Ca2+ sensitivity of myofilament activation associated 

with an increase in the off rate of Ca2+ exchange to TnC as occurred during β-

adrenergic activation causes a decrease in the duration of muscle relaxation (Solaro, 

2002). 

        Changes in myofilament Ca2+ responsiveness can be modified by many factors 

including mechanical factors, covalent and non-covalent factors, and molecular 

mutation.  Phosphorylations of TnI and MyBP-C by PKA, acidosis, and low 

temperature all induce a rightward shift in pCa-force relations of muscle fibers 

(Solaro, 2002; Blanchard and Solaro, 1984; Harrison and Bers, 1990).  On the other 

hand, phosphorylation of MLC2, Ca2+ sensitizing agents, cardiomyopathy, female sex 

hormone deficiency, and heart failure induce leftwards shift in pCa-force relations 

which indicates the Ca2+ hypersensitivity of myofilament activation (Heyder et al., 

1995; Wolff et al., 1995; 1996; Solaro, 2002).  Differences in myofibrillar protein 

isoforms and gene mutations also alter the Ca2+ sensitivity of myofilament activation 

(Westfall et al., 2002).  In addition, changes in the intracellular Ca2+ may involve in 

changes of the cardiac Ca2+ sensitivity (Kinugawa et al., 1999; Brixius et al., 2002). 

 

        G.  Regulation of intracellular Ca2+  
        Excitation-contraction (EC) coupling of the heart includes the process from a 

small inflow of Ca2+ through the L-type Ca2+ channels on the sarcolemma to a release 

of large amount of Ca2+ from SR storage via ryanodine receptors to induce muscle 

contraction.  Subsequently, relaxation is mediated by the rapid removal of cytosolic 

Ca2+ predominantly by reuptaking into the SR storage using SERCA.  Some of the 

Ca2+ will be extruded out of the cells through the functions of Na+/Ca2+ exchanger and 

Ca2+-ATPase on the sarcolemma.  Some detailed information of these calcium cycling 

proteins will be briefly summarized here.  

  1.  Cardiac Ca2+ Channel  

        Cardiac cells exhibit two classes of voltage-dependent Ca2+ channels named L-

type and T-Type Ca2+ channels (Bers, 2002).  The L-type Ca2+ channels are 
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responsible for the major influx of Ca2+ during the plateau phase of the action 

potential.  In contrast, T-type Ca2+ channels are found in the sinus node, 

atrioventricular node, atrium, and in a specialized conducting system but are though to 

be absent in normal ventricles.  L-type Ca2+ channels, which is called dihydropyridine 

receptors, are found to be located primarily at sarcolemmal-SR junctions where the 

SR Ca2+ release channels exist (Scriven et al., 2000).  Sarcolemmal L-type Ca2+ 

channels are multimeric protein complexes comprised of five subunits termed α1, α2, 

β, γ, and δ.  These subunits are encoded by separate gene (Hullin et al., 1993).  The 

α1-subunit contains the calcium conducting pore and the binding sites for calcium 

channel blockers.  On the other hand, the α2-, β-, γ-, and δ-subunits have regulatory 

properties. 

 

  2.  Ryanodine receptor 

        Ca2+ is released from the SR via the calcium sensitive ryanodine receptors which 

are among the largest proteins identified to date.  There are three isoforms of RyR 

receptors encoded by separate genes expressing in the mammalian tissue.  RyR1 is the 

primarily dominant isoform in skeletal muscle, while RyR2 is dominant isoform in 

cardiac muscle.  RyR3 is expressed at low levels in various tissues including cardiac 

muscle.  RyR1 and RyR2 were functionally triggered by different signals.  RyR1 in 

skeletal muscle can be activated in the absence of Ca2+ entry.  Changes in the 

conformation of L-type Ca2+ channels after depolarization can trigger the opening of 

RyR1.  In contrast, RyR2 in cardiac muscle is a ligand-gated Ca2+ channel, activated 

by Ca2+ influx through L-type Ca2+ channel.  The RyR Ca2+ release channels form a 

homotetramers (565 kDa for each subunit).  The N-terminal domain of RyR channels 

protrudes into the cytosol to act as a scaffolding protein that localized numerous key 

regulatory proteins to the junctional complex.  These regulatory proteins include 

calmodulin (Fruen et al., 2000), FKBP 506 binding protein (FKBP 12.6 which also 

called calstabin2) (Brillantes et al., 1994; Marx et al., 2001), PKA (Marx et al., 2000), 

phosphatases1 and 2A (PP1 and PP2A) (Marx et al., 2000), and sorcin (Meyers et al., 

1995).  RyRs are also coupled to other proteins at the luminal SR surface including 

triadin, junctin, and CSQ (Zhang et al., 1997).  Triadin and junctin take care of the 
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intra-SR anchoring of RyR and CSQ is a high-capacity intracellular calcium buffering 

protein. 

        The activity of RyR is regulated by several factors, including physiological 

substances (e.g. Ca2+, Mg2+, ATP), pharmacological agents (e.g. caffeine, ryanodine, 

ruthenium red, and the immunosuppressant drugs, FK506 and rapamycin), and 

intracellular processes (e.g. phosphorylation, oxidation) (Fill and Copello, 2002).  

Phosphorylation of RyR by PKA at Ser2809 results in an increased opening probability 

of the RyR channels by dissociation of calstabin2 (FKBP12.6), which stabilizes the 

closed state of RyR channels in the absence of PKA.  In normal hearts, 

phosphorylation of RyR2 by PKA causes a reversible dissociation of FKBP12.6 and a 

transient increase in the SR calcium release, resulting in an enhanced contractility of 

the muscle cells (Valdivia et al., 1995).  However, the defective regulation of RyR2 in 

failing hearts is associated with PKA hyperphosphorylation of the channels, resulting 

in dissociation of FKBP12.6 and an increased SR Ca2+ leak (Marx et al., 2000).  

Defective regulation of RyR2 leads to pathological consequences, including depletion 

of SR Ca2+ stores and aberrant release of SR Ca2+ during diastole, which may trigger 

fatal cardiac arrhythmias (Marx et al., 2000). 

 

        3.  Sarcoplasmic reticulum Ca2+-ATPase pump  

        The rate of Ca2+ sequestration by the SERCA is a major determinant of the 

muscle relaxation rate.   There are three highly homologous genes, SERCA1, 

SERCA2 and SERCA3, encoding this pump.  However, five different isoforms have 

been found.   SERCA1 and SERCA1b are the isoform expressed in adult and neonatal 

fast-twitch skeletal muscle, respectively.  SERCA2a is the cardiac and slow-twitch 

skeletal isoform.  SERCA2b and SERCA3 are expressed in a broad variety of muscle 

and nonmuscle tissue.  The cardiac isoform, SERCA2a, is abundantly expressed in the 

ventricular and atrial compartments of the mammalian heart.  The Ca2+ uptake 

activities of SERCA2a involves transportation of two Ca2+ per molecule of ATP 

against a high ion gradient from a free intracellular Ca2+ concentration between 100 

nM - 10 μM to a free calcium concentration of ~1 mM in the SR (Lytton et al., 1992; 

Bers, 1991).  This pump is crucial for Ca2+ accumulation within the SR and thus this 

pump together with the Na+/ Ca2+ exchanger and the sarcolemmal Ca2+-ATPase 
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eliminates calcium from the cytosol in order to facilitate relaxation of the myocardium 

for the availability of Ca2+ release through the RyR during systolic.   

        The activity of SERCA2a can be modulated by both direct and indirect 

mechanisms.  The most predominant mechanism is the indirect modulation by the 52 

amino acids phosphoprotein called phospholamban (Koss and Kranias, 1996; Luo et 

al., 1994), located in the cardiac SR.  Binding of phospholamban to SERCA2a 

reduced the Ca2+ binding affinity of SERCA protein.  Phospholamban is present in 

two stoichiometric forms including monomeric, the active inhibitory form, and 

pentameric, an inactive or less active or reservoir form (Autry and Jones, 1997; 

Kimura et al., 1997).  According to SDS-PAGE analysis, about 80-90 % of 

pentameric form and about 10-20 % monomeric form of phospholamban are present 

(Arkin et al., 1994; Simmerman et al., 1996).  The phosphorylation of phospholamban 

by PKA at Ser16 or by CaMKII at Thr17 releases the inhibitory effect of 

phospholamban on SERCA2a.  Consequently, the affinity of SERCA2a to Ca2+ is 

enhanced.  In addition, phosphorylated phospholamban also favors the association of 

the monomeric phospholamban into pentameric phospholamban without affecting the 

maximal velocity (Vmax) of SERCA2a (Cornea et al., 1997).  Therefore, variations in 

the relative ratio of phospholamban to SERCA2a, the proportion of monomeric and 

pentameric forms of phospholamban, and the phosphorylation levels of 

phospholamban can all affect the SERCA2a binding affinity to Ca2+ and consequently 

alter the intracellular Ca2+ mobilization.  Direct modulation of SERCA2a activity can 

be induced by the phosphorylation of SERCA2a protein by CaMKII at Ser38 

(Toyofuku et al., 1994), resulting in an increase in the maximal activity (Vmax) of the 

enzyme without affecting the Ca2+-affinity (Narayanan and Xu, 1997; Toyofuku et al., 

1994; Xu et al., 1993).  Thyroid hormone and insulin are other direct factors that 

could also modulate SERCA2a activity.   SERCA activity not only contributes to 

cardiac relaxation, but also plays a key role in providing the load of Ca2+ required for 

subsequent contraction.  In heart failure, diminished peak systolic Ca2+ level, 

prolonged diastolic Ca2+ sequestration, and elevated diastolic Ca2+ levels were clearly 

demonstrated which indicate malfunction of Ca2+ uptake activities (Houser et al., 

2000; Frank et al., 2002).  Changes in SERCA2a and phospholamban protein contents 

may account for the suppressed Ca2+ uptake function in human failing heart.  A 
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reduction in phospholamban phosphorylation at Ser16 was also found to contribute to 

changes in SERCA activity (Schwinger et al., 1999; Dash et al., 2001). 

        4.  Na+/ Ca2+ exchanger 

        The major physiological role of the Na+/Ca2+ exchanger is to extrude Ca2+ from 

the cell which then contributes significantly to the relaxation of the heart.  The cardiac 

Na+/Ca2+ exchanger consists of 970 amino acids, composing of an NH2-terminal 

cleaved signal sequence, 11 hydrophobic (putative transmembrane) domains, and a 

hydrophilic (intracellular) loop (Nicoll et al., 1990).  There are at least three different 

genes coding for different Na+/Ca2+ exchanger molecules with a number of spliced 

variants (Ruknudin et al.,, 1997).  The Na+/Ca2+ exchanger extrudes one calcium ion 

for three sodium ions using the electrochemical sodium gradient (Ruknudin et al., 

1997; Philipson, 1990).  However, the Na+/Ca2+ exchanger is also voltage dependent 

and can reverse its mode during the action potential (Ruknudin et al., 1997; Philipson 

and Nicoll, 1992).  In its influx or reverse mode it couples Ca2+ ion entry to Na+ ion 

efflux which explains the observed inotropic effects of cardiac glycosides.  It has also 

been suggested that the Ca2+ entry via the exchanger can directly trigger sarcoplasmic 

reticulum Ca2+ release (Eisner et al., 1998). 

 

        H.  β-Adrenergic receptors of the hearts 

        β-adrenergic receptor belongs to the superfamily of G protein-coupled receptors 

(GPCRs), key molecules for modulating cardiac contractile function (Rockman et al., 

2002).  There are three identified β-adrenergic receptor subtypes, designated β1, β2, 

and β3, which have distinct molecular functional and pharmacological characteristics 

(Caron and Lefkowitz, 1993).  In the human myocardium, β1-adrenergic receptor is 

the predominant subtype, representing approximately 70% to 80% of the total β-

adrenergic receptor density.  On the other hand, β2-adrenergic receptors are present 

about 20% of all β-adrenergic receptors with a minor contribution of β3-adrenergic 

receptors (Brodde, 1993).  Stimulation of myocardial β1-adrenergic receptors with 

catecholamine plays a physiologically significant role in enhancing cardiac contractile 

activity through modifications of Ca2+ flow during the process of excitation 

contraction coupling and on myofilament sensitivity (Bers, 2002) (Figure 2).  β1-
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adrenergic receptors are the G-protein coupling receptors signaling through both 

cAMP-dependent and cAMP-independent pathways (Bishopric et al., 1992; 

Steinberg, 1999; Zhu et al., 2003).  In the heart, agonist occupancy of β1-adrenergic 

receptors leads to the primary activation of adenylyl cyclase stimulatory G proteins 

(Gs) resulting in an increased intracellular cyclic-AMP (cAMP).  Cyclic-AMP acts as 

secondary messengers to activate PKA which will phosphorylate many proteins as 

mentioned earlier.  In the cAMP-independent pathway, the signal is transmitted 

through nuclear receptors to stimulate or inhibit the transcriptional process (Bishopric 

et al., 1992; Schafer et al., 2000).  Therefore, effects of β1-adrenergic stimulation 

could be indicated by cellular phosphorylation levels as well as protein expression 

levels.   

        Alterations in the responsiveness to β1-adrenergic stimulation depend on two 

contributions, including receptor activation and downstream signaling processes.  

Under normal physiological condition, there is a basal β1-adrenergic receptor 

stimulation.  Alterations in β1-adrenergic receptors stimulation will disturb the cardiac 

cellular homeostasis   (Dorn et al., 2000; Schafer et al., 2000; Engelhardt et al., 2001).  

The increased adrenergic drive either through upregulation of β1-adrenergic receptors 

or an increased signaling process is known to be toxic to the heart (Engelhardt et al., 

1999; Lefkowitz et al., 2000; Post et al., 1999).  In a transgenic mice model, 

overexpression of human β1-adrenergic receptors in the heart produces a short-lived 

improvement of cardiac function but ultimately induces a cardiomyopathic phenotype 

with dilation and depressed contractile functions (Bisognano et al., 2000; Engelhardt 

et al., 1999).  On the other hand, during the development of HF, several molecular 

changes progressively take place within cardiomyocytes that yield significant 

derangements of the β-adrenergic receptor signaling system (Brodde 1993).  

Decreases in the expression of β1-adrenergic receptors in cardiac membrane of the 

failing hearts have also been reported (Anthonio et al., 2000; Beau et al., 1993).  This 

receptor downregulation was considered to be a compensatory response to an increase 

in catecholamine levels in heart failure (Dong et al., 1999).   
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Figure 2  Diagram of β1-adrenergic signaling pathways directly regulating 

myocardial contraction and cardiac output.  

  

        I.  Heat shock proteins 
        Heat shock proteins (HSPs) are a group of protective proteins induced by many 

stimuli, such as hyperthermia, exercise, ischemia, hypoxia and inflammation (Hutter 

et al., 1996; Marber et al., 1995; Chen et al., 2002).  HSPs are “molecular chaperones” 

that recognize and form a complex with incorrectly folded or denatured proteins, and 

ultimately lead to the correct folding, compartmentalization, or degradation.  Many 

HSPs have been found in cardiac, such as HSP90, HSP72 and HSP65.  Each HSP is 

named according to its mass in kilodaltons.  The synthesis of HSPs is highly 

conserved between different species.  The expression of the HSP genes encoding 

different HSPs is regulated by the heat shock transcription factors (HSFs), which are 

normally bound to HSPs within the cytosol.  When cells are exposed to stress, HSFs 

are phosphorylated and form trimers that enter the nucleus and bind the heat shock 

elements located within the promoter of heat shock genes to activate the HSP 

synthesis (Nishizawa et al., 2002).  Three isoforms of HSF, namely HSF1, HSF2, and 

HSF4, have been detected in the human heart and are encoded by distinct genes.  

Only HSF1 is efficiently activated with reduced oxygen species in ischemic-

reperfused heart (Melling et al., 2004) and has been suggested to be involved in 
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protection of the heart against ischemia-reperfusion injury (Lau et al., 1997; Martin et 

al., 1997).  In contrast, three other heat shock transcription factor isoforms (HSF2–4) 

are not sufficient to preserve the heat shock response in the absence of HSF1.  HSP 

70s including HSP72 and HSP73 are suggested to play an important role in the 

cardio-protection against stress-induced functional damage.  Myocardial tolerance 

against ischemia/reperfusion injury is increased when myocardial HSP72 is 

accumulated after an exposure of normal animals to heat shock (Qian et al., 1998).  

Post-ischemic contractile recovery is improved in the perfused heart of HSP72-

overexpressed mice.  In contrast, reductions in the production of HSP70s are 

associated with the decrease in contractile function during the development of heart 

failure (Tanonaka et al., 2001). 
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                                              CHAPTER III 

MATERIALS AND METHODS 

 

 

A.  Animals 

        Female Sprague-Dawley rats (7 Weeks of age) weighing between 160-180 g 

were obtained from the National Laboratory Animal Center at Salaya Campus, 

Mahidol University.  The rats were housed in hanging stainless steel cage in 

temperature and humidity-controlled room with 12 hour, dark-light cycle.  Water and 

rat chow (C.P., Thailand) were fed ad libitum.  The animal protocol was approved by 

the Experimental Animal Committee, Faculty of Science, Mahidol University, in 

accordance with National Laboratory Animal Centre, Thailand.   

 

B.  Experimental protocols 

Model of study 

        The ovarian sex hormone deficiency was induced by ovariectomy in post-

pubertal female Sprague-Dawley rats weighing between 180-200 g (approximately 8 

weeks of age).  Diabetic animal was experimentally induced by intraperitoneal 

injection of streptozotocin (STZ), in a dose of 65 mg/kg body weight and a fixed 

volume of 0.2 ml of citrate buffer (pH 4), two weeks after ovariectomy.  The rats were 

sacrificed 10 weeks after ovariectomy.  The uterus was weighed to verify the 

condition of ovarian sex hormone deprivation while urinary glucose was checked 24 

hr after diabetic induction and before sacrifice using glucose strip to confirm the 

diabetic status.  Sham animals were prepared by the same operation procedure as that 

performed in ovariectomized rats except that both ovaries were kept intact.  The 

control group for diabetic condition received only citrate buffer injection instead of 

streptozotocin.  
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Protocol 1.  To evaluate the influence of diabetes on changes in response to Ca2+ 

of cardiac myofilament from OVX rats.   

        Sham-operated group (SHAM) + Oil 

Ovariectomized group (OVX) + Oil 

 Diabetic group (DM) + Oil  

                    DM-OVX + Oil  

 DM-OVX + E2 

 DM-OVX + INS 

 DM-OVX + E2 + INS  

          Streptozotocin (65 mg/kg BW), ip. for DM induction 

   

Time   0                  2                                5                                                  10 weeks 

 

 Test urinary glucose 24 hr.after STZ  

 injection to check the DM condition 

• Test urinary glucose before sacrifice to confirm DM status  

• Determination of heart, body, and uterine weights 

• Preparation & assay of myofibrillar ATPase activity 

Figure 3  Diagram of experimental protocol 1 

 

        Rats were divided into seven groups as shown in Figure 3.  Rats were bilaterally 

ovariectomized or sham-operated.  Sham-operated rat was prepared by the same 

operating procedure as that performed in ovariectomized rats except that both ovaries 

were kept intact.  Two days after surgery, sham rats were subcutaneously injected 

with 0.1 ml of corn oil whereas ovariectomized rats were randomly divided into two 

groups and subcutaneously injected with either 0.1 ml of corn oil with or without 5 µg 

of 17β-estradiol three times per week for 10 weeks.  Two weeks after surgery, both 

sham and ovariectomized rats were further randomly divided into non-diabetic and 

diabetic groups.  Diabetic rats were induced by intra-peritoneal injection of freshly 

prepared streptozotocin (STZ), in a dose of 65 mg/kg body weight and a fixed volume 
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of 0.2 ml, while non-diabetic groups were injected with only citrate buffer instead of 

STZ.  Three days after diabetic induction, diabetic-ovariectomized rats were 

subcutaneously injected with 5 units of human insulin on a daily basis for the whole 

experimental period.  Ten weeks after surgery, animals were sacrificed and left 

ventricles were used for determining the myofibrillar ATPase activity.  The –log free 

Ca2+ concentration (pCa)-myofilament ATPase relationship of isolated myofibrillar 

was then performed.   

 

Protocol 2.  To investigate the interactive effect of E2 and INS deprivation on β-

adrenergic receptor and HSP72 expression. 

        Rats were prepared as described in protocol 1.  The density and binding affinity 

of β1-adrenergic receptor was analyzed using cardiac sarcolemmal preparation and 

receptor binding assay.  SDS-gel electrophoresis and Western blot analysis were also 

performed to determine quantity of the amounts of β1-adrenergic receptor and HSP72.   

  

Protocol 3.  To investigate the regulatory effect of E2 on the crossbridge cycling 

kinetics of the cardiac contractile filament.   

        Protocol 3.1 To evaluate the correlation between cardiac maximum 

myofilament ATPase activity and the MHC isoform in E2- 

and/or INS-deficient rats.  

        Rats were divided into nine groups as shown in Figure 4 and were prepared as 

described in protocol 1.  Upon the complete duration of study, rats were sacrificed for 

preparations of cardiac myofilament, measurements of myofilament ATPase activity, 

and determination of MHC isoforms.  Maximum Ca2+-dependent actomyosin Mg2+-

ATPase activity at pH 7.0 was measured using cardiac myofibrillar preparations.  

MHC isoforms were also analyzed using SDS-gel electrophoresis.  Relations of the 

percentage of α-MHC and the maximum myofilament ATPase activity from each 

group were plotted and the linear regression was analyzed for each experimental 

group based on the combined data with sham group.   

 



Ariyaporn Thawornkaiwong                                                                            Materials and Methods / 30 

 
SHAM + Oil 

                    OVX + Oil 

 OVX + E2 

DM + Oil  

                    DM + INS  

 DM-OVX + Oil 

 DM-OVX + E2  

                    DM-OVX + INS 

                    DM-OVX + E2 + INS    

          Streptozotocin (65 mg/kg BW), ip. for DM induction 

   

Time   0                  2                                5                                                  10 weeks 

 

 Test urinary glucose 24 hr. after STZ 

  injection to check the DM condition 

• Test urinary glucose before sacrifice to confirm DM status  

• Determination of heart, body, and uterine weights 

• Preparation & assay of maximum myofibrillar ATPase 

activity at pH 7.0  

• Determination of MHC isoforms 

Figure 4  Diagram of experimental protocol 3.1 

         

        Protocol 3.2 To test whether changes in the cardiac crossbridge cycling 

kinetics were regulated only to the MHC isoform.  

        In order to evaluate the crossbridge cycling kinetics of the cardiac myofilament 

at a wide scale of α-MHC, the thyroid status of OVX, DM and DM-OVX rats were 

then manipulated to induce different amount expression of α-MHC.  OVX, DM and 

DM-OVX rats were prepared as described in protocol 1.   Suppression of plasma 

thyroid hormone was induced by oral-administration of 6-n-propyl-2-thiouracil (PTU) 

on a daily basis in a dose of 0.05 - 0.1 g starting three days of the diabetic induction.  
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On the other hand, increments of thyroid hormone were induced by injection by 

subcutaneous injection of triiodothyronine (T3) 15 µg/kg body weight on a daily basis.  

Thyroid status was verified by the plasma free T3 level before sacrifice.  

                    OVX + T3 

                    OVX + PTU 

DM + T3 

 DM + PTU  

 DM-OVX + T3 

 DM-OVX + PTU  

          Streptozotocin (65 mg/kg BW), ip. for DM induction 

   

Time   0                  2                                5                                                  10 weeks 

  

 Test urinary glucose 24 hr.after STZ  

 injection to check the DM condition 

• Test urinary glucose before sacrifice to confirm DM status  

• Determination of heart, body, and uterine weights 

• Measurement of free T3 in plasma  

• Preparation & assay of maximum myofibrillar ATPase 

activity at pH 7.0  

• Determination of MHC isoforms 

Figure 5  Diagram of experimental protocol 3.2 

                 

Protocol 4  To evaluate the significant role of E2 in the regulation of intracellular 

Ca2+ handling in cardiac myocytes by the sarcoplasmic reticulum 

under diabetic complication. 

        Rats were divided into eight groups as shown in Figure 6 and were prepared as 

described in protocol 1.  Ten weeks after surgery, the animals were sacrificed, and the 

left ventricles homogenates and SR membrane vesicle were used for quantification of 

the SR Ca2+ uptake and the SR Ca2+ ATPase (SERCA) activity, respectively.  SR Ca2+ 
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uptake activity was performed using left ventricular homogenate.  The SERCA 

activity was also determined using coupled enzyme reaction.  The protein contents of 

SERCA2a, total phospholamban (PLB), phosphor-Ser16 phospholamban, phospho-

Thr17 phospholamban and calsequestrin on the SR membrane were also quantitated 

using Western blot analysis technique.   

SHAM + Oil 

OVX + Oil 

DM + Oil   

 DM + INS  

                    DM-OVX + Oil   

 DM-OVX + E2  

                    DM-OVX + INS 

                    DM-OVX + E2 + INS  

        Streptozotocin (65 mg/kg BW), ip. for DM induction 

   

Time   0                  2                                5                                                  10 weeks 

 Test urinary glucose 24 hr.after STZ  

 injection to check the DM condition 

• Test urinary glucose before sacrifice to confirm DM status 

• Determination of heart, body, and uterine weights 

• SR membrane preparation & ATPase activity assay  

• Left ventricular homogenates preparation and SR Ca2+ 

uptake activity assay 

• Immunoblot analysis 

Figure 6  Diagram of experimental protocol 4 

         

C.    Materials 

Most of the chemicals were purchased from Sigma, St Louis, MO, and Fisher 

Scientific, Pittsburgh, PA.  Millipore filters (Millex-HA, 0.45 μm) were purchased 
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from Millipore, Molseim, France.  Chemicals for SDS-PAGE and immunoblotting 

were obtained from Bio-Rad, Hercules, CA.  [3H]-dihydroalprenolol, 45CaCl2, 

enhanced chemiluminescence detection kit and hyperfilm were obtained from 

Amersham Pharmacia Biotech, Buckinghamshire, England.  Human insulin was 

purchased from Eli Lilly, Indianapolis, IN.  Glucose strips were purchased from 

Roche, Indianapolis, IN. 

Monoclonal and polyclonal antibodies of β1-adrenergic receptor, 

calsequestrin, phospholamban, and SERCA2a were obtained from Affinity 

Bioreagents, Golden, CO.  Polyclonal antibodies of HSP72 were purchased from 

Stressgen, Victoria, BC.  Polyclonal antibodies of phospho-Ser16 and phospho-Thr17 

phospholamban were acquired from Badrilla Leeds, UK.  Horseradish peroxidase-

conjugated donkey anti-mouse was purchased from Research Diagnostic Inc., 

Flanders NJ.  Horseradish peroxidase-conjugated goat anti-rabbit was purchased from 

Zymax Reagents, San Francisco, CA. 

 

D.    Methods 

        1.  Cardiac membrane preparation 

        Isolated cardiac membranes were prepared from the left ventricle using the 

method of Baker and Potter with modification (Appendix D).  The heart was rapidly 

rinsed in ice-cold normal saline solution after excision.  Left ventricle was 

homogenized in 10 ml of 10 mM Tris-HCl pH 8.0 twice with Omni Macro 

homogenizer.  After homogenization, 30 ml of 1 M KCl was added in the homogenate 

and then left on ice for 20 minutes to dissolve the myofilament proteins and to reduce 

the non-specific binding debris.  The homogenate was then filtered through six layers 

of cheesecloth to remove debris.  The filtrate was centrifuged at 43,900 g at 4oC for 

20 minutes to precipitate the membrane.  The supernatant was discarded and the pellet 

was resuspended in 35 ml Tris-buffer.  The homogenate was resedimented with the 

same speed of centrifugation.  The final pellet was dispersed with 10 ml of 50 mM 

HEPES buffer, pH 8.0 using Teflon-glass homogenizer. Protein concentration was 

finally determined by Bradford assay (Appendix B).  Cardiac membrane suspension 

was immediately used for receptor binding assay. 
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        2.  β1-Adrenergic receptor binding assay 

        The binding assay for β1-adrenergic receptor was performed under an 

equilibrium condition based on the procedure of Cervoni et al. (Appendix E).  

Approximately 0.05 mg of fresh cardiac membrane protein was added into each assay 

tube containing 50 mM HEPES buffer (pH 8.0) with 4 mM MgCl2 and various 

concentrations of [3H]-dihydroalprenolol (DHA) ranging from 0.5-40 mM.  The 

reaction was incubated for 20 minutes at 25oC in metabolic shaking water bath set at 

60 oscillations per minute.  The reaction was stopped by adding of 4 ml ice-cold 

washing solution (25 mM HEPES with 4 mM MgCl2) and immediately filtered 

through GF/B glass filter paper.  The filter was rinsed twice with the washing solution 

to remove the unbound ligand.  The membrane was transferred into scintillation vial, 

blown dry, and 7 ml of scintillation fluid (Appendix F) was then added into the vial.  

The vial was left overnight to let the membrane dissolved and then transferred 6 ml of 

the scintillation fluid to a new vial.  The radioactivity was measured using β-counter 

and defined as the total binding of [3H]-DHA on the membrane.  Non-specific DHA 

binding on the membrane protein was determined in a parallel set of assay containing 

10 µM (-)-alprenolol in the incubation mixture.  The specific binding of [3H]-DHA on 

the membrane was calculated by subtracting the non-specific binding from the total 

binding. 

        Relations between specific [3H]-DHA binding (fmole/mg protein) and free [3H]-

DHA (nM) were plotted by non-linear least square regression analysis based on the 

binding isotherm equation using GraphPad Inplot, ISI software version 4.0 to 

determine a saturation binding.  The maximum binding (Bmax) and dissociation 

constant (Kd) of the receptor were obtained from a linear transformation of data to a 

Scatchard plot of bound/free.  The x-axis interception is an estimate of Bmax and the 

slope provides an estimate of –1/Kd. 

 

        3.  Cardiac myofibrillar preparation  

        Hearts were rapidly removed from the rats under ether anesthesia and placed in 

ice-cold saline. Cardiac myofibrils were prepared from the left ventricles as described 

by Pagani and Solaro (1984). Two to three left ventricles were minced and suspended 
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in 40 ml of 30 mM imidazole with protease inhibitor (0.5 mg/ml Leupeptin, 0.5 

mg/ml pepstatin A, and 0.45 mM phenylmethylsulfonyl fluoride). The suspension was 

homogenized twice by Omni Macro Homogenizer. The homogenate was centrifuged 

at 12,000g, 4°C for 13 min. The supernatant was discarded and the pellet was 

resuspended, homogenized, and centrifuged (10 min at 3,000g) in many segmential 

steps with different solutions as follows: three washing steps in standard buffer 

containing 60 mM KCl, 30 mM imidazole, and 2.5 mM MgCl2 along with protease 

inhibitors; one washing step in standard buffer with 1 mM EGTA followed by two 

membrane extracting steps in standard buffer with 1% Triton-X100 using glass-glass 

homogenizer; three final washing steps in standard solution. The final pellet was 

suspended in approximately 3-4 ml of standard buffer per heart. Myofibrillar protein 

concentration was finally determined by the method of Lowry et al. (Appendix A) 

using bovine serum albumin (BSA) as standard protein. 

 

        4. Cardiac myofibrillar Ca2+-dependent actomyosin MgATPase activity 

Maximum cardiac myofibrillar Ca2+-dependent actomyosin MgATPase 

activity  

        Ca2+-dependent MgATPase activity of isolated myofibrils was assayed by 

determination of inorganic phosphate (Pi) released in 10 min linear reaction at 30˚C in 

2 mM Mg2+, 60 mM imidazole, 5 mM MgATP2-, and ionic strength of 120 mM.  

Assays were run in various the free Ca2+ concentrations from pCa 7.5 to 4.875 at pH 

7.0 (Appendix G).  Total concentrations of CaCl2, EGTA, KCl, MgCl2, and ATP were 

calculated using a computer program generated from the dissociation constants given 

by Fabiato (Fabiato, 1988).  The concentration of Pi was measured by the method of 

Carter and Karl (Appendix H).  The relations between pCa and MgATPase activity 

were plotted using non-linear least square regression based on Hill equation. 

 

        5.  Sample preparation for myosin heavy chain isoform analysis  

        Sample preparations were preformed for gel electrophoresis as described with 

some modifications (Martin et al., 2002).  Before cardiac myofilament preparation, 

papillary muscle was isolated from the left ventricle soaked in saline at 4°C.  The 
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isolated muscles was frozen immediately in liquid nitrogen, pulverized while frozen, 

and added with sample buffer containing 50 volume (v/w) of 50 mM Tris pH 6.8, 

2.5% SDS, 10% glycerol, 1mM DTT, 1 μg/ml Leupeptin, 1 μg/ml pepstatin A, 1 mM 

PMSF, and 5 μg/ml Aprotinin.  The sample was then sonicated for 1 hr at 4°C and 

finally centrifuged with microcentrifuge at 10,000 rpm for 5 min.  The supernatant 

was collected and the total protein concentration was measured by the bicinchoninic 

acid method (Appendix C).  Then, 2-mercaptoethnol was added into the sample to a 

final concentration of 5% (v/v). The sample was aliquoted and stored at -80°C.   

 

        6.  Myosin heavy chain separation  
        Cardiac MHC isoform was separated in discontinuous gel containing 5% 

acrylamide in the stacking gels and 6.5% acrylamide in the resolving gels as 

previously described with some modification (Martin et al., 2002).  The acrylamide 

and biscrylamide ratio was 100:1.  Samples were diluted to a protein concentration of 

0.5 μg/μl and were loaded into wells with 5 μg.  Gels were run at a constant current 

for 3.5 hr, and then changed to constant voltage until 15 hr running.  Upon the 

completion of the electrophoresis, gels were stained with a modified Coomassie Blue 

stain for 8 hours, and destained with water for 1 to 5 hours. Gels were scanned with a 

GS800 densitometer (Bio-Rad) to determine the relative amount of α- and β-MHC to 

the total MHC in each sample.  

  

        7.  Determination of the SR Ca2+ uptake activity 

        Whole left ventricle was homogenized in 25 mM imidazole using a Teflon-glass 

homogenizer with a motor driven pestle at 600 rpm for 20-40 passes.  The 

homogenate was filtered through six layers of cheesecloth and the filtrate was 

collected for the SR Ca2+ uptake measurement.  An amount of 50 mg of left 

ventricular homogenate was diluted with 25 mM imidazole to make a final 

concentration of 1 mg of protein per ml of reaction (Appendix I).  The reaction was 

run in various concentrations of Ca2+ ranging from pCa 8.0 to 4.875, pH 7.0 at 37°C 

with 0.1% of 45CaCl2.  The Ca2+ uptake assay was initiated by addition of ATP to a 

final concentration of 5 mM and then incubated for 3 minutes at 37°C with 60 rpm 
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shaking.  The reaction was stopped by rapid cooling in ice.  A volume of 0.3 ml of the 

reaction mixture was filtrated through 0.45 μm Millipore filter (Millex HA).  The 

radioactivities of the sample in the filtrated and non-filtrated fraction were determined 

using liquid scintillation spectrometer (Appendix F).  Subtraction of radioactivity in 

the filtrate from the non-filtrated portion represents the amount of SR Ca2+ uptake.  

Protein concentration was confirmed by Bradford assay (Appendix B).  The 

relationships between pCa and the SR Ca2+ uptake were plotted using non-linear least 

square regression based on Hill equation. 

 

        8.  Isolation of cardiac SR vesicular membrane 

        SR vesicle was prepared from the left ventricular homogenate in 8 ml of 10 mM 

NaHCO3, pH6.8.  The homogenate was centrifuged at 8,000 g, 4°C for 10 minutes and 

the supernatant was then centrifuged at 10,000 g, 4°C for 20 minutes to precipitate 

myofibrils.  KCl powder was added into the supernatant to a final concentration of 0.6 

M KCl and the mixed supernatant was then left on ice for 15 minutes.  SR vesicle was 

then precipitated by centrifugation at 45,000 g, 4°C for 45 minutes.  The pellet was 

resuspended in 0.25 M sucrose buffer followed by ultracentrifugation at 100,000 g, 

4°C for 60 minutes.  The final pellet was then resuspended in 2 ml of 0.4 M sucrose, 5 

mM HEPES, 5 mM Tris-base, pH 7.2.  The final suspension was immediately frozen 

and stored at –80°C.  Protein concentration of the SR vesicle was determined using 

Bradford assay (Appendix B). 

 

        9.  Determination of the SR Ca2+ ATPase (SERCA) activity 

        SR vesicle was used for the assay of SERCA activity.  The reaction was 

analyzed by triple enzyme assay (SERCA, pyruvate kinase, and lactate 

dehydrogenase) to quantify NADH contents after oxidation as previously described 

by Chu and his group (Appendix K).  The reaction was run at various concentrations 

of Ca2+ ranging from pCa 8.0 to 5.0, pH 7.0 at 37°C.  The SERCA activity was 

determined by incubating 5 μg of SR vesicular protein in 1 ml reaction mixture 

containing 21 mM MOPS, 4.9 mM NaN3, 0.06 mM EGTA, 0.1 M KCL, 3 mM 

MgCl2, 1 mM phospho(enol) pyruvate, 0.2 mM NADH, pyruvate kinase 8.4 unit/ml, 
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and lactate dehydrogenase 12 unit/ml.  The reaction was initiated by addition of ATP 

to a final concentration of 1 mM.  Kinetic reaction of NADH degradation was 

monitored with spectrophotometer at 340 nm for 350 second.  SERCA activity was 

calculated from the optical density using extinction coefficient of NADH (Appendix 

K).  The non-specific SERCA activity was also measured in the reaction mixture with 

an addition of 0.1 mM thapsigargin.  Relations between pCa and SERCA activity 

were plotted using non-linear least square regression based on Hill equation.   

 

        10.  General methods and statistics 

        Amounts of SERCA2a, total phospholamban (PLB), phosphor-Ser16 PLB, 

phospho-Thr17 PLB, and calsequestrin (CSQ) of cardiac contractile proteins in left 

ventricular homogenate were determined by general immunoblot protocol.  Dilutions 

for monoclonal antibodies of SERCA2a and PLB were 1:1,000 and 1:5,000, 

respectively.  Polyclonal antibodies of phosphor-Ser16 and phosphor-Thr17 PLB were 

used at a dilution of 1:10,000 and 1:2,000, respectively.  The blotting membrane used 

for determining SERCA2a and phospholamban were re-probed with polyclonal 

antibody of CSQ at a dilution of 1:20,000.  Secondary antibody conjugated with 

horseradish peroxidase was used and the specific protein bands were detected on 

hyperfilm using chemiluminescence-labeling system.  The relative amounts of 

SERCA2a and PLB were normalized by the amount of CSQ in the same lane of the 

blot.  The relative amount of actin was used as a loading control for phosphor-Ser16 

and phosphor-Thr17 PLB detections. 

        Relations of pCa to Ca2+ uptake or SERCA activity were fit to the Hill equation 

using non-linear least square regression analysis (PRISM) to derive the EC50 (half 

maximal activating [Ca2+]) and Hill coefficient (n) (Appendix L).  Data are presented 

as means ± SE.  One-way analysis of variance (ANOVA) was used for determining 

the difference among groups with the significance set at P < 0.05.  Student Newman-

Keuls multiple comparison was used for determining significant difference between 

the two means. 
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CHAPTER IV 

RESULTS 

 

 

1.  Interactive effect of estrogen and insulin deficiency on the cardiac 

myofilament response to Ca2+. 

        As shown in Table 1, the condition of ovarian sex hormone deficiency was 

clearly indicated by significant decreases in uterine weight of OVX and DM-OVX 

groups compared to sham.  Supplementation of E2 could prevent the reduction in 

uterine weights.  The uterine weight was also significantly lower in DM rats than 

shams but in a smaller magnitude compared to ovarian sex hormone-deficient groups.  

While a significant increase in both heart and body weights was demonstrated in 

OVX rats, a significant decrease in both heart and body weights was detected in DM 

rats.  A decrease in body weight was still observed in the DM-OVX rats.  Similarly, 

hypertrophy of the heart represented by an increased heart weight/body weight ratio 

was demonstrated in DM and DM-OVX groups.  The decreased body weight and 

cardiac hypertrophy in DM-OVX rats could be prevented by either E2 or INS 

supplementation but the coadministration of E2 and INS. 

        Relationships of pCa-myofilament ATPase among the various groups were 

compared to evaluate the interactive effect of E2 and INS deprivation on the cardiac 

myofilament response to Ca2+.  As shown in Figure 7C, maximum myofibrillar 

ATPase activity of OVX and DM rats were significantly depressed from that of shams 

to the same magnitude of suppression (22.7% and 32.9%, respectively).  Maximum 

myofibrillar ATPase activity was also depressed in DM-OVX rat hearts to a similar 

degree (29.43%) and was completely restored upon supplementation with both E2 and 

INS (Figure 7D).  On the other hand, the leftward shift in the pCa-ATPase activity 

relations, representing an increase in the myofilament sensitivity to Ca2+ (reported as 

pCa50), was only detected in OVX (pCa50 = 6.06 ± 0.02) but not in DM (pCa50 = 5.96 

± 0.02) groups when compared to sham (pCa50 = 5.93 ± 0.02) (Figure 8C).  



Ariyaporn  Thawornkaiwong                                                                                                    Results / 40 

The cardiac myofilament Ca2+ hypersensitivity detected in sex hormone-deficient rats 

was also observed in DM-OVX rats (pCa50 = 6.01 ± 0.02, Figure 8C) in which could 

be reversed upon E2 or E2 + INS supplementation (Figure 8D).  Among all groups, 

there was no significant difference in the slope or Hill coefficient of the pCa-

myofilament ATPase relationship (Appendix L).  These results indicated that E2 and 

INS affect the cardiac contractile activation partly through a common final pathway in 

the regulation of maximum myofilament ATPase activity.  Moreover, it is the E2 

deficiency that induces an adaptive response of the myofilament to become more 

sensitive to Ca2+ activation even under diabetes complication.  
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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    228 ± 9 *# 0.81 ± 0.01*# 0.31 ± 0.01 *# 0.36 ± 0.02*# 

DM-OVX   246 ± 9 *# 0.92 ± 0.03# 0.09 ± 0.00 * 0.37 ± 0.02*# 

DM-OVX + E2   233 ± 5 *# 0.86 ± 0.02*# 0.37 ± 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 + E2 + INS   263 ± 4 # 0.90 ± 0.01# 0.40 ± 0.01 # 0.34 ± 0.01# 

        Values are means ± SE of 7 rats each group.  SHAM, sham-operated; OVX, 

ovariectomized; DM, diabetic; DM-OVX, diabetic-ovariectomized; E2, estrogen; INS, 

insulin.  P < 0.05, significant difference from SHAM (*) and OVX (#) groups.  
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Figure 7  -log free Ca2+ concentration (pCa)-myofibrillar ATPase activity relation 

from sham (SHAM), ovariectomized (OVX), diabetic (DM) and diabetic-

ovariectomized (DM-OVX) rats (A), and DM-OVX rats with estrogen 

(E2) and/or insulin (INS) supplementation (B). Comparison of the 

maximum Ca2+-dependent actomyosin Mg2+-ATPase activities of cardiac 

myofibrillar preparations from SHAM, OVX, DM, DM-OVX rats (C) 

and DM-OVX rats with estrogen and/or insulin supplementation (D).  

Data are means ± SE from 6-10 preparations.  P < 0.05, significant 

difference from SHAM (*) and DM-OVX (#) groups, respectively, using 

Student Newman-Keuls test after ANOVA. 
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Figure 8  pCa-%maximum ATPase activity relation from SHAM, OVX, DM and 

DM-OVX rats (A) and DM-OVX rats with estrogen and/or insulin 

supplementation (B). Comparison of –log of the Ca2+ concentration 

producing half-maximal activation (pCa50) from SHAM, OVX, DM, DM-

OVX rats (C) and DM-OVX rats with estrogen and/or insulin 

supplementation (D).  Data are means ± SE from 6-10 preparations.  P < 

0.05, significant difference from SHAM (*) and DM-OVX (#) groups, 

respectively, using Student Newman-Keuls test after ANOVA. 
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2.  Interactive effect of estrogen and insulin deficiency on the cardiac β1-          

adrenergic receptors and HSP 72. 

        Alteration in the regulatory effect of β1-adrenergic receptors stimulation appears 

to play important roles in the cardiac myofilament response to Ca2+ (Bers, 2002).  A 

significant upregulation of β1-adrenergic receptors density only in OVX rat hearts 

(257 ± 7.6 fmole/mg protein) but not in DM rat hearts (216 ± 9.2 fmole/mg protein) 

was demonstrated when compared to sham (209 ± 4.3 fmole/mg protein) (Figure 9).  

The same magnitude of enhancement in the receptor density was also observed in 

DM-OVX rat hearts (245 ± 5.8 fmole/mg protein).  Supplementation of E2 but not 

INS could restore the upregulation of the receptor in DM-OVX groups.  Results from 

Western blot analysis (Figure 10) also demonstrated a significant upregulation of the 

protein content in OVX (∼48%) and DM-OVX rat hearts (∼49%) but not in DM rats.  

The receptor upregulation in DM-OVX rats could be completely restored by E2 

supplementation.  On the other hand, the binding affinity of β-adrenergic receptor was 

not different among the various experimental groups as summarized in Figure 11.  

Thus, these results indicated that upregulation of β1-adrenergic receptor is specifically 

induced in ovarian sex hormone-deprived rat hearts even under DM complication.  

The close relation between the increased β1-adrenergic receptor and the enhanced 

myofilament sensitivity to Ca2+ in OVX rat hearts implies that the alteration of β1-

adrenergic receptor may, in part, underlie changes in the cardiac myofilament 

response to Ca2+ after estrogen deprivation.    

        To further investigate whether changes in the myofilament response to Ca2+ were 

associated with loss in the cardioprotective effect through expression of HSP72, the 

amount of HSP72 was determined in various left ventricular homogenates and 

summarized in Figure 12.  A significant decrease in HSP72 content was detected in 

OVX (∼27%) and DM rat hearts (∼25%) as compared to sham.  Similar to OVX and 

DM rats, the expression of HSP72 in DM-OVX group was also suppressed to a 

comparable degree (∼22%) compared to sham.  Supplementation with E2 or INS in 

DM-OVX group could not restore the decrease in HSP72 but the combined 

administration did.  The loss in cardioprotective effect through the suppressed HSP72 

expression in E2- or INS-deficient rats paralleled the suppression of maximum 
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myofibrillar ATPase activity which then indicates a potential common target, HSP72, 

in the controlling process of the two hormones in regulating myofilament contractile 

activity.    
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Figure 9  A: comparison of the density (Bmax) of the cardiac β1-adrenergic receptors 

(β1-AR) in left ventricular membrane preparations from SHAM, OVX, 

DM and DM-OVX rats.  B: comparison of the Bmax of the cardiac β1-AR 

in left ventricular membrane preparations from DM-OVX rats with 

estrogen and/or insulin supplementation.  Data are means ± SE from 8 

preparations.  P < 0.05, significant difference from SHAM (*) and DM-

OVX (#) groups, respectively, using Student Newman-Keuls test after 

ANOVA. 
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Figure 10  A: immunoblot analysis of β1-AR proteins from left ventricular 

homogenates and comparison of the relative band intensity from 

SHAM, OVX, DM, and DM-OVX rats.  B: immunoblot analysis of β1-

AR proteins and comparison of the relative band intensity from DM-

OVX rats with estrogen and/or insulin supplementation.  Data are 

means ± SE of 8 hearts.  *P < 0.05, significant difference from SHAM 

(*) and DM-OVX (#) groups, respectively, using Student Newman-

Keuls test after ANOVA. 
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Figure 11  A: comparison of the dissociation constant (Kd) of cardiac β1-AR in left 

ventricular membrane preparations from SHAM, OVX, DM, and DM-

OVX rats.  B: comparison of the Kd of β1-AR in left ventricular 

membrane preparations from DM-OVX rats with estrogen and/or insulin 

supplementation.  Data are means ± SE from 8 preparations. 
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Figure 12  A: immunoblot analysis of heat shock protein (HSP) 72 and calsequestrin 

(CSQ) and comparison of the band intensity expressed as a ratio of 

HSP72:CSQ of left ventricular homogenates from SHAM, OVX, DM, and 

DM-OVX rats.  B: immunoblot analysis of HSP72 and CSQ and 

comparison of the band intensity expressed as a ratio of HSP72:CSQ of 

left ventricular homogenates from DM-OVX rats with estrogen and/or 

insulin supplementation.  Data are means ± SE from 8 preparations.  P < 

0.05, significant difference from SHAM (*) and DM-OVX (#) groups, 

respectively, using Student Newman-Keuls test after ANOVA. 
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3.  Regulatory effect of estrogen on crossbridge cycling kinetics of the cardiac 
contractile filament. 

        3.1 Correlations of estrogen and insulin on the maximum myofilament 

ATPase activity and MHC isoform.  

        A significant decrease in uterine weights was clearly observed in OVX and DM-

OVX rats in which could be completely restored by E2 supplementation (Appendix M 

in Table IV).  A significant reduction in uterine weights of DM rats was also observed 

in a smaller magnitude compared to OVX rats which could be completely restored by 

INS supplementation.  Hypertrophy of the heart was still demonstrated in DM and 

DM-OVX rats which could be prevented by INS supplementation and 

coadministration of E2 and INS, respectively.  While the plasma T3 level was not 

changed in OVX rats, hypothyroid was induced in DM and DM-OVX rats, which 

could be completely restored by INS supplementation. 

        Maximum myofilament ATPase activity and % α-MHC isoform were measured 

and summarized in Figure 13 and 14, respectively.  As shown in Figure 13, 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 E2 and INS 

supplementation in OVX and DM rats, respectively, but only by coadministration of 

E2 and INS in DM-OVX rats.  On the other hand, different degrees of suppression in 

the relative α-MHC isoform expression in the heart of OVX (~19%) and DM (~36%) 

rats was detected as compared to sham and completely reversed upon 

supplementation with E2 and INS, respectively (Figure 14A).  The pronounced 

suppression of the relative α-MHC isoform expression detected in DM rat hearts was 

also detected in the hearts of DM-OVX (~34%) rats (Figure 14B).  Similar to 

myofibrillar ATPase activity, the isoform shift in MHC could be prevented by E2 and 

INS in OVX and DM rats, respectively, whereas coadministration of E2 and INS was 

needed for complete prevention in DM-OVX rats (Figure 14).  These results indicated 

differential effects of E2 and INS in regulating maximum myofibrillar ATPase 

activity. 

        To further prove the different effects of the E2 and INS on CB cycling kinetics, 

relationships of maximum ATPase activity and % α-MHC in experimental groups was 
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plotted.  The linear regression analysis of data from sham to that of individual 

experimental group was fitted to determine the direct effect of α-MHC isoform on CB 

cycling kinetics.  As shown in Figure 15A, the different linear regression lines in 

OVX (dash line, slope = 2.60 ± 0.16) or DM (solid line, slope = 1.49 ± 0.09) to sham 

were observed.  Regression analysis fitting data of OVX+E2 to that of OVX group 

gave rise to the same slope as that of OVX and SHAM (Figure 15B).    Similarly, 

regression analysis of DM+INS data from DM group was the same as that of DM and 

SHAM groups.  Interestingly, a similar slope of linear regression line from DM-OVX 

and SHAM (semi-dash line, slope = 1.55 ±  0.08) to that of DM and SHAM group 

was detected (Figure 15C).  As expected, regression analysis from data of DM-OVX 

and DM-OVX+E2+INS groups was similar to that of DM and DM+INS groups.  

These results indicated that E2 and INS regulated the CB cycling kinetics partly 

through expression of α-MHC isoform, whereas the different linear relations from 

DM and OVX rat hearts indicated the different regulatory effects of E2 and INS on 

CB cycling kinetics.  
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Figure 13  Comparison of maximum myofilament ATPase activity from SHAM, 

OVX rats with and without estrogen supplementation, DM rats with and 

without insulin supplementation (A), and DM-OVX rats with estrogen 

and/or insulin supplementation (B).  Data are means ± SE from 10-12 

preparations.  *P < 0.05 = significantly different from SHAM, using 

Student Newman-Keuls test after ANOVA. 
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Figure 14  Myosin heavy chain (MHC) region on SDS gels and the relative amount 

of α-MHC (as a percentage of total MHC) of left ventricular papillary 

muscle from SHAM, OVX rats with and without estrogen 

supplementation, DM rats with and without insulin supplementation (A), 

and DM-OVX rats with estrogen and/or insulin supplementation (B).  Data 

are means ± SE from 10-12 preparations.  P < 0.05, significant difference 

from SHAM (*), OVX (#) and DM-OVX (‡) groups, respectively, using 

Student Newman-Keuls test after ANOVA. 
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Figure 15  Relationships between maximum Ca2+-dependent actomyosin MgATPase 

activity and % α-MHC isoform from (A) SHAM, OVX, and DM rats 

with linear plot of combined data of SHAM with OVX (dash line) or DM 

(solid line) group, (B) from OVX+E2 and DM+INS, (C) from DM-OVX 

group with linear plot of combined data with SHAM (semi-dash line), 

(D) from DM-OVX rats supplemented with E2, INS and E2+INS with 

linear plot of combined data of DM-OVX+E2 (solid line), and DM-

OVX+INS (dash line) with SHAM.  Data are means ± SE from 10-12 

preparations.   
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         3.2  Shifts in MHC isoforms determined the sole changes in CB cycling 

kinetics in the heart of INS- but not E2-deficient rats. 

        To further specify the underlying mechanism of E2 and INS in regulating cardiac 

CB cycling kinetics, different levels of α-MHC expression were then varied by 

inducing different plasma thyroid concentrations.  General characteristics of the 

experimental rats were summarized in Appendix M, Table VII.  As expected, 

significant reductions in plasma T3 level were observed in OVX, DM and DM-OVX 

rats after PTU treatment.  On the other hand, T3 treatment induced euthyroid in DM 

and DM-OVX rats, but hyperthyroid in OVX rats.  There was no effect of T3 or PTU 

on the uterine weight of any groups.  Hypertrophy of the heart in DM and DM-OVX 

rats was enhanced after the treatment of T3.  Moreover, the cardiac hypertrophy in 

OVX group was induced after T3 treatment but not in PTU treatment.      

        As expected, maximum myofibrillar ATPase activity and % α-MHC were further 

suppressed in the hypothyroid rat hearts of every group (Figure 16).  On the other 

hand, euthyroid induction in DM and DM-OVX rats by T3 injection completely 

reversed the suppressed maximum ATPase activity and the reduced % α-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 levels (Figure 17A and 17B, 

respectively) was demonstrated to have the same slope value as those previous 

regression of DM vs SHAM (slope = 1.49 ± 0.09) and DM-OVX vs SHAM (slope = 

1.55 ± 0.08) (Figure 15).  Similarly, significant increases in maximum myofibrillar 

ATPase activity and % α-MHC of OVX rat were observed after T3 treatment.  

However, the correlation of maximum ATPase activity to % α-MHC expression at 

different thyroid status of OVX rats demonstrated a concave shape relationship fitted 

by the second degree polynomial equation (Figure 17C).  These results indicated that 

E2, in contrast to INS, plays an additional regulatory role on the CB cycling kinetics 

through changes in the myofilament protein besides its effect on the shift expression 

of MHC isoform.  The results also indicated that insulin indirectly regulates the CB 

cycling kinetics through the direct effect of thyroid hormones on α-MHC expression.  
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Figure 16  Comparison of maximum myofilament ATPase activity (A) and MHC 

region on SDS gels and the relative amount of α-MHC (as a percentage 

of total MHC) of left ventricular papillary (B) from SHAM, OVX, DM 

and DM-OVX rats with triiodothyronine (T3) or propyl-2 thiouracil 

(PTU) treatment.  Data are means ± SE from 12 preparations.  *P < 0.05 

= significantly different from SHAM, using Student Newman-Keuls test 

after ANOVA. 
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Figure 17  Relationship between maximum Ca2+-dependent actomyosin MgATPase 

activity  and % α-MHC isoform in DM (A), DM-OVX (B) and OVX (C) 

groups with triiodothyronine or propyl-2 thiouracil treatment. Data are 

means ± SE from 12-17 preparations.  
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4.  Interactive effect of estrogen and insulin deficiency in the intracellular 

calcium handling in cardiac myocytes by SR.    

         As expected, significant decrease in uterine weights was observed in OVX and 

DM-OVX rats in which could be completely restored by E2 supplementation 

(Appendix M in Table X).  A significant reduction in uterine weight of DM rats was 

also observed in a smaller magnitude compared to OVX rats which could be 

completely restored by INS supplementation.  Hypertrophy of the heart was still 

demonstrated in DM and DM-OVX rats which could be prevented by INS and 

coadministration of both E2 and INS supplementation, respectively.   

        The SR Ca2+-uptake activity was measured from left ventricular homogenates at 

various free Ca2+ concentrations.  As shown in Figure 18B, 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 suppression of SR Ca2+-uptake activity in DM-OVX and DM 

rats was completely restored by supplementation of E2 and INS, and INS, respectively 

(Figure 18D).  In contrast, the SR Ca2+-uptake sensitivity was increased in OVX 

(ECa50 = 0.48 ± 0.01) and DM (ECa50 = 0.50 ± 0.02) rats compared to sham (ECa50 = 

0.66 ± 0.02) (Figure 19B).  The increased SR Ca2+-uptake sensitivity was also 

observed in DM-OVX rats (ECa50 = 0.48 ± 0.01).  The increased SR Ca2+-uptake 

sensitivity could be prevented by supplementation of INS and coadministration of E2 

and INS in DM and DM-OVX groups, respectively (Figure 19D).  Despite changes in 

the maximum SR Ca2+-uptake rate and SR Ca2+-uptake sensitivity in OVX rat hearts, 

the Hill slope (Appendix L) was not different among the experimental groups.  These 

results indicate no dominant effect of E2 deficiency on the SR Ca2+-uptake function.  

Moreover, E2 and INS may interactively affect the cardiac SR Ca2+-uptake function.  
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Figure 18  pCa-SR Ca2+-uptake activity relation of left ventricular homogenates from 

SHAM and 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. 
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Figure 19 pCa-%maximum SR Ca2+-uptake activity relation of left ventricular 

homogenates 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 

(EC50) 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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        To further specify the underlying mechanism of changes in the SR Ca2+-uptake 

activity, SR Ca2+ ATPase or SERCA activity was then determined using cardiac SR 

membrane vesicles.  Similar to those changes in the SR Ca2+-uptake activity, 

maximum SERCA activity of OVX (0.92 ± 0.04 μmole Pi/mg protein/min) and DM 

(0.93 ± 0.03 μmole Pi/mg protein/min) rats were significantly depressed from sham 

(1.11 ± 0.04 μmole Pi/mg protein/min) to the same magnitude of suppression (31.3% 

and 30.6%, respectively, Figure 20B).  Maximum SERCA activity was also depressed 

in DM-OVX rats (0.90 ± 0.02 μmole Pi/mg protein/min, 32.8%) with no additive 

suppression when compared to OVX and DM rats and was completely restored upon 

supplementation with both E2 and INS (Figure 20D).  Supplementation of INS in DM 

rats could prevent the suppression of maximum SERCA activity.  The sensitivity of 

SERCA to Ca2+ activation was also increased in OVX (ECa50 = 0.74 ± 0.08) and in 

DM (ECa50 = 0.76 ± 0.10) rat hearts when compared to sham (ECa50 = 1.44 ± 0.12) 

(Figure 21B).  The increased SERCA sensitivity was also observed in DM-OVX 

group (ECa50 = 0.73 ± 0.07) with the same degree as that detected in OVX and DM 

rats.  The increase in SERCA sensitivity in DM and DM-OVX groups could be 

reversed by supplementation with INS and coadministration of E2 and INS, 

respectively (Figure 21D).  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 E2- and INS-

deficient rat hearts.  
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Figure 20  pCa- SR Ca2+-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 ± 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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Figure 21  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 (EC50) 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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        Role of E2 and INS in regulating the cardiac SR Ca2+-uptake activity was further 

analyzed on both qualitative and quantitative mechanistic changes in SERCA 

proteins.  Effects of E2 and INS deficiencies on the expression of both the SERCA 

and the SR Ca2+-uptake associated proteins were then evaluated.  Figure 22A shows 

results of immunoblot analysis of SERCA, phospholamban, and calsequestrin (CSQ) 

in sham, OVX, DM, and DM-OVX rats.  The protein bands of CSQ were used as 

loading control.  Relative amounts of SERCA and phospholamban to CSQ in the 

experimental rats were summarized in figure 22C and 22E, respectively.  As shown in 

figure 22C, 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 expression, upregulation of phospholamban protein 

was detected in DM (150%) and DM-OVX (153.8%) rat hearts but not in OVX rat 

(Figure 22E).  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 22G).  All these changes 

detected in DM and DM-OVX rat hearts could be reversed after INS supplementation 

and E2 and INS coadministration, respectively (Figure 22D, 22F and 22H).  These 

results indicated that the suppression of maximum SR Ca2+-uptake activity in E2- and 

INS-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 E2- and INS-deficient rat hearts, the level of the 

phosphorylated form of phospholamban at either Ser16 or Thr17 site was 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 23 and 24, respectively.  Downregulation of the phospho-Ser16 

phospholamban was detected in DM (28.8 %) and DM-OVX (29.7%) groups (Figure 
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23A) in which could be reversed by INS supplementation (Figure 23B).  Despite the 

unchanged phospho-Ser16 phospholamban, a significant downregulation of the 

phospho-Thr17 phospholamban was detected in OVX rats (32.2%) (Figure 24A).  

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 detected in OVX 

group.  Downregulation of the phospho-Thr17 phospholamban in DM and DM-OVX 

rats could be abolished by supplementation of INS and coadministration of E2 and 

INS, respectively (Figure 24B).  These result indicated that changes in the SERCA 

response to Ca2+ after E2 and INS deficiency were not modulated by alterations in 

phospholamban phosphorylation.  Therefore, the increase in Ca2+ sensitivity of 

SERCA in E2 and INS deficient groups might be due to other mechanisms.    

        Besides changes in the phosphorylation level of phospholamban, 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 PLB and the proportion of the monomeric form to the total 

amount of phospholamban were shown in Figure 25.  An increase in the proportion of 

the monomeric phospholamban was observed in OVX rats (19.8 ± 1.3%) from sham.  

The increased monomeric phospholamban was also detected in DM (26.7 ± 1.4%) and 

DM-OVX (27.5 ± 1.1%) groups in a higher magnitude than that of OVX rat and could 

be normalized by INS supplementation and E2 and INS coadministration, 

respectively.  The increased proportion of the monomeric form of 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 to pentamer.  These 

data confirm that the Ca2+ hypersensitivity of SERCA activity induced by E2 or INS 

deficiency was not related to change in the quantity or the activity of phospholamban.   

        Taken together, these results clearly indicated an interactive effect of estrogen 

and insulin in regulating the SR Ca2+ uptake function through both the expression of 

SERCA proteins and the interaction of SERCA to its regulatory protein.  
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Figure 22 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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Figure 23  Immunoblot analysis of phosphorylated Serine-16 (phosphor-Ser16) and 

actin and comparison of the band intensity expressed as a ratio of 

phosphor-Ser16: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. 
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Figure 24  Immunoblot analysis of phosphorylated Threonin-17 (phosphor-Thr17) and 

actin and comparison of the band intensity expressed as a ratio of 

phosphor-Thr17: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. 
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Figure 25  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 (‡), and DM-OVX (#) 

groups, respectively, using Student Newman-Keuls test after ANOVA. 

0
5

10
15
20

35

25
30

%
 M

on
om

er
 / 

To
ta

l P
LB

DM-OVX
DM

E2 & INS
+

INS
+

E2
+

OIL
+

INS
+

#

# ‡ # ‡

*
*‡ *‡

Pentameric PLB

SHAM OVX
Monomeric PLB

A

0
5

10
15
20

35

DM-OVXDMOVXSHAM

25
30

%
 M

on
om

er
 / 

To
ta

l P
LB

DM DM-OVX

B
Pentameric PLB

Monomeric PLB

DM-OVX

E2&INS
+

INS
+

E2
+

OIL
+

INS
+

DM

0
5

10
15
20

35

25
30

%
 M

on
om

er
 / 

To
ta

l P
LB

DM-OVX
DM

E2 & INS
+

E2 & INS
+

INS
+

INS
+

E2
+
E2
+

OIL
+

OIL
+

INS
+

INS
+

#

# ‡# ‡ # ‡# ‡

*
*‡*‡ *‡*‡

Pentameric PLB

SHAM OVX
Monomeric PLB

A

0
5

10
15
20

35

DM-OVXDMOVXSHAM

25
30

%
 M

on
om

er
 / 

To
ta

l P
LB

0
5

10
15
20

35

DM-OVXDMOVXSHAM

25
30

%
 M

on
om

er
 / 

To
ta

l P
LB

DM DM-OVX

B
Pentameric PLB

Monomeric PLB

DM-OVX

E2&INS
+

E2&INS
+

INS
+

INS
+

E2
+
E2
+

OIL
+

OIL
+

INS
+

INS
+

DM



Ariyaporn Thawornkaiwong                                                                                                Discussion /  70

CHAPTER V 

DISCUSSION 

 

 

        The present study extended our understanding on the cellular, subcellular, and 

molecular actions of E2 on the cardiac myofilament activation. The cardiac 

myofilament Ca2+ hypersensitivity is found to be specifically induced in 

ovariectomized rat hearts even under diabetes complication.  Alterations in the 

expression of β1-adrenergic receptors may, in part, play a mechanistic role underlying 

the cardioprotective effects of E2 that act together with Ca2+ hypersensitivity of the 

myofilament, thus, accounting for the gender difference in cardiac activation.  

Moreover, E2 and INS deficiencies interactively downregulated HSP72 expression 

and therefore suppressed maximum myofilament ATPase activity. While INS 

indirectly affects the cardiac CB cycling through the action of thyroid hormone on the 

MHC expression, E2 plays regulatory role in both the expression of MHC as well as 

the potential modifications of the contractile elements.  Lastly, E2 and INS also 

interactively regulate the cardiac SR Ca2+-uptake activity through changes in both the 

quality and quantity of SERCA2a protein. Under E2- or INS-deficient condition, an 

adaptive response of the SERCA2a function would be induced in almost the same 

condition that escaped the regulatory influence of phospholamban.  Therefore, the 

regulatory role of E2 on the SERCA2a represents a considerably minor contribution to 

the mechanisms underlying the post-hormone deficiency inducing myofilament Ca2+ 

hypersensitivity, whereas the major contribution is from the contractile protein 

modifications.     

 
        1. Interactive effect of estrogen and insulin on the cardiac myofilament 

response to Ca2+. 

        The experiments provide the first clear evidence on the dominant effect of E2 

deficiency in inducing Ca2+ hypersensitivity of the cardiac myofilament under diabetes 
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complication. The data emphasize the significance of myofilament Ca2+ 

hypersensitivity in the pathophysiology of the heart after sex hormone deficiency.  

The present study also showed that E2 and INS physiologically regulate and protect 

the cardiac contractile function through their interactive actions on the maximum 

myofibrillar ATPase activity, but not the myofilament Ca2+ sensitivity.      

        Presently, it is not clear how the increase in the mofilament response to Ca2+ 

leads to cardiac contractile dysfunction after ovariectomy.  An enhanced Ca2+ 

sensitivity of the myofilament is a common feature detected in most cardiomyopathy 

patients (Gomes and Potter, 2004) and heart failure models (Heyder et al, 1995; Wolff 

et al., 1996; Wolff et al., 1995).  An increased myofilament response to Ca2+ is a 

cellular mechanism proposed for explaining the underlying alterations in the Starling 

force of the heart (Rice and de Tombe, 2004) and could provide a therapeutic 

approach in the search for Ca2+-sensitizing agents (Kass and Solaro, 2006).  An 

elevated Ca2+ regulation of cardiac muscle activation has been shown to be the 

primary mechanism contributing to pathogenesis of troponin T-linked familial 

hypertrophic cardiomyopathy (Harada and Potter, 2004).  Increased affinity of Ca2+ 

bound to myofilament occurring with mutant cardiac troponin I could also cause a 

threat for arrhythmic activity associated with cardiomyopathy (Kobayashi and Solaro, 

2006).  Moreover, a chronic increase in the cardiac myofilament response to Ca2+ 

could cause hypertrophic induction in association with mutations in sarcomeric 

proteins (Gomes and Potter, 2004). Besides the reported shift in cardiac MHC 

isoforms in ovariectomy (Bupha-Intr and Wattanapermpool, 2004; Wattanapermpool 

and Reiser, 1999) that is more likely to underlie the suppressed maximum 

myofibrillar ATPase activity, evidence for changes in other sarcomeric proteins that 

subsequently alter the myofilament response to Ca2+ awaits future studies.    

        Differential effects of E2 and INS interaction on cardiac contractile function 

despite the presence of both receptors in the myocardium (Grohe et al., 1997; Velloso 

et al., 1998) suggest that different mechanisms exist for the hormones on the cardiac 

contractile response to Ca2+.  In contrast to other organs, the reversal of maximum 

cardiac myofibrillar ATPase activity in ovariectomy combined with diabetes only 

results when both E2 and insulin treatment are given, reflecting an interaction of the 

hormones in activating myofilament function.  On the other hand, the absence of the 
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interaction of the hormones on the ovariectomy-associated increase in cardiac 

myofilament Ca2+ sensitivity confirms that Ca2+ hypersensitivity of myofilament is a 

specific maladaptive response of the heart induced by sex hormone deficiency. 

Moreover, although interactive effects of E2 and INS on the ovariectomy associated 

increase in the myofilament response to Ca2+ are absent, E2 demonstrates a 

cardioprotective effect over INS in preventing Ca2+ hypersensitivity of myofilaments. 

This absence of hormone interaction confirms that Ca2+ hypersensitivity of 

myofilaments is a specific maladaptive response of the heart induced by E2 

deficiency.  How the hormones act on cardiac contractile function is not known at 

present.  

 

        2. Interactive effect of estrogen and insulin on β1-adrenergic receptor and 

HSP72 expression. 

        Data presented in this study also provide information on the mechanistic 

adaptation underlying the cardioprotective effects of estrogen that involves elevated 

expression of β1-adrenergic receptor and loss of protective factor, HSP72 in E2-

deprived rat hearts.  In ovariectomy, the close relation between enhanced myofilament 

sensitivity to Ca2+ and increased β1-adrenoceptor expression in the heart, with or 

without complication of diabetes, confirms the adaptation of the contractile response 

of the heart in a pathological direction.  Previous demonstrations that in ovariectomy 

there are decreases in the intracellular cardiac Ca2+ concentration and sarcoplasmic 

reticulum Ca2+ uptake activity (Ren et al., 2003; Bupha-Intr et al., 2007; Bupha-Intr 

and Wattanapermpool, 2006) suggest that both myofilament Ca2+ hypersensitivity and 

upregulation of β1-adrenoceptors are likely to be the maladaptive responses induced 

by sex hormone depletion.  The increased adrenergic drive either through the 

upregulation of β1-adrenoceptors or increase in signaling process is known to be toxic 

to the heart (Bristow et al., 1992; Chakraborti et al., 2000; Kaye et al., 1995; 

Lefkowitz et al., 2000; Post et al., 1999).  In a transgenic mouse model, 

overexpression of human β1-adrenergic receptors in the heart produces a short-lived 

improvement of cardiac function but ultimately leads a cardiomyopathic phenotype 

characterized by dilation and depressed contractile functions (Bisognano et al., 2000; 

Engelhardt et al., 1999).  This harmful compensatory mechanism of the heart induced 
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by chronic adrenergic stimulation has provided the fundamental basis for the use of 

anti-adrenergic agents in the treatment of chronic heart failure (Bristow, 2000; Hunt et 

al., 2005; Lechat et al., 1998; Packer et al., 2001).  Although the sequential induction 

between changes in the myofilament response to Ca2+ and in β1-adrenoceptors in 

ovariectomy remains unclear, parallel changes in these factors even with diabetes 

complication provide evidence for a high potential of cardiomyopathy induction in 

sex hormone-deficient hearts.  Physiological suppression of β1-adrenoceptor 

expression and stimulation may, in part, account for the cardioprotective effect of E2 

on the contractile response to Ca2+.   

        The cardioprotective action of E2 on the contractile activation could also be 

accounted for by the stability and the quality control of protein folding after 

translation in cardiomyocytes using a biological chaperone, HSP72 (Benjamin and 

McMillan, 1998).  The effect of HSP72 on the myofilament proteins after exposing to 

the ischemia/reperfusion condition has recently been demonstrated by protecting the 

degradation of cTnI and cTnT by their proteolytic cleavage via interacting with the 

proteins (Lu et al., 2008).  Thus, paralleled changes in HSP72 level and maximum 

myofibrillar ATPase activity (Figure. 7 and 12) provide a potential that HSP72 may 

be a common target for E2 and INS actions in regulating the contractile activity.  It 

has been reported that both E2 and INS control HSP72 expression via phosphorylation 

of the same transcription heat shock factor (HSF)-1 (Atalay et al., 2004; Knowlton 

and Sun, 2001; Yu et al., 2006).  Although homeostatic balance of β1-adrenergic 

receptor and protective factor HSP72 is physiologically regulated by E2, it is likely 

that only protective factors are regulated by INS.  Our data confirm the 

physiologically cardioprotective function of E2 on the contractile response to Ca2+ 

even under diabetes complication.  These results support the beneficial use of E2 and 

β1-blocker in preventing maladaptation of the heart to E2 deficiency, thereby lowering 

the incidence of heart failure in postmenopausal women. 

 

3. The regulatory effect of estrogen on the crossbridge cycling kinetics in 

myofilament activation.   

        Based on the determination of CB cycling kinetics by maximum myofilament 

ATPase activity, CB cycling kinetics was then analyzed to help answering how E2 
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regulated the maximum myofilament ATPase activity.  According to a report by 

Alpert and his group (Perterson et al., 2001; Alpert et al., 2002), the relationship of 

CB cycling kinetics and % α-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 % α-

MHC detected in this study was similar to that reported earlier (Rundell et al., 2004).  

The results indicated that INS-deficient rats affect the CB cycling kinetics by 

determining the α-MHC expression.  The shift of α-MHC in INS-deficient rats could 

be underlied by three possibilities, including a direct action of INS on the α-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 α-MHC gene (Danzi et 

al., 2003) together with the present finding of decreases in T3 level and α-MHC 

expression in INS deficient rat thus suggested an indirect impact of INS on the 

expression of α-MHC through changes in T3 concentration.  Moreover, the reversal of 

α-MHC level in DM rats with the still presence of hyperglycemic status after T3 

injection discards the influence of hyperglycemia on the shift in α-MHC in INS-

deficient rats.  In contrast, the concave relations found in the E2-deficient rats 

suggested that E2 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 E2 responsive element 

(ERE) on the cardiac MHC gene, a direct regulatory effect of E2 on the transcription 

of skeletal MHC gene has been reported (Piccone et al., 2005).  Thus, E2 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 E2 on 

changes in the contractile proteins.        

        It is possible that the modifications of the contractile proteins by E2 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 
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thin filament.  While MHC isoforms mainly determine the CB kinetics, isoforms of 

MLC have been reported to act as a fine tuner of the CB cyclings (Andruchov et al., 

2006).  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 (Abdelaziz et al., 2005; Morano et al., 1997).  Besides the isoform shift, 

mutations of cardiac Tn complex, TnT, TnC and TnI, have also been reported to 

worsen the cardiac CB cycling kinetics.  Tschirgi and his coworker (Tschirgi et al., 

2006) 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 (Biesiadecki et al., 2007).  Recently, 

a mutation of cardiac TnI in the cardiac stunning condition has been demonstrated to 

alter the CB cycling kinetics with increased myofilament Ca2+ sensitivity (Tachampa 

et al., 2008).  Another new mutation of human cardiac TnI detected in hypertrophic 

cardiomyopathy was also shown to result in deterioration of the CB cycling kinetics 

(Wen et al., 2008).   

        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 (Noguchi et al., 

2004).  This finding was also supported by the work of Belin and his group (Belin et 

al., 2007).  Upregulations in both the expression and activity of PKC-α 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 (Hamdani 

et al., 2008) 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 E2 

modulated cardiac contractile proteins, the specific effect of E2 deficiency in inducing 
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myofilament Ca2+ hypersensitivity implies the significant cardioprotective effect of E2 

on the cardiac contractile activation.   

 

4.  Interactive effect of estrogen and insulin deficiency in the intracellular 

calcium handling in cardiac myocytes by SR.    

        The present experiments provide clear evidence on the interactive effect of E2- 

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 Ca2+-uptake activity by E2- 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 (Ren et al., 2003; Bupha-Intr et al., 2007; Choi et al., 

2002).  However, the same suppressive effect on the SR Ca2+-uptake function but 

different changes in the myofilament responsiveness to Ca2+ hypersensitivity 

observed in E2-deficient condition suggests an involvement of other mechanistic 

adaptations of cardiac myocytes after ovariectomy.  Based on results of the third 

objective, E2 also plays a potential regulatory role in the modifications of the cardiac 

contractile components.  It is therefore possible that the Ca2+ hypersensitivity of the 

myofilament after ovarian sex hormone deficiency may also be due to changes in the 

contractile components.   

        A suppressed SR Ca2+-uptake activity is a common feature detected in most 

human and animal models of cardiomyopathy and heart failure (Prestle et al., 2003; 

Temsah et al., 2000).  It is, however, unclear how E2 and INS regulate the SR Ca2+-

uptake function.  Physiological significance of E2 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 (Frank et al., 2002; Houser et al., 2000).  The SR Ca2+-uptake activity 

in failing heart was apparently found to be associated with the reduction in both 

activity and expression of SERCA2a (Zheng et al., 2004; Armoundas et al., 2007).  

The parallel effects of E2 and INS deficiencies ie., suppression of the cardiac SR Ca2+-

uptake function and reduction in the activity and expression of SERCA indicated a 
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final common pathway of these two hormone action on the SR Ca2+-uptake function 

through SERCA2a 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 E2- and INS-deficient rats could point to the possible 

regulatory effect of E2 and INS on the SERCA2a synthesis and/or degradation.  A 

significant decrease in both mRNA and protein levels of SERCA2a in E2- and INS-

deficient rats (Bupha-Intr and Wattanapermpool, 2006; Kim et al., 2001) indicated a 

possible interactive regulatory action of E2 and INS on the synthesis of SERCA2a 

protein.  However, it is currently not known how E2 and INS regulate the expression 

of SERCA2a in cardiac tissue.  Moreover, based on the positive regulatory effect of 

thyroid hormone on the SERCA2a gene (Dillmann et al., 1990), the parallel reduction 

in SERCA2a and the reduction in plasma T3 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 E2 responsive element on the 

SERCA2a gene, the absence of additive suppression on the SERCA2a protein in E2- 

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, (Doyle et al., 2004; Wang et al., 1998; Rishi et al., 1995; Schultz et al., 2005; 

Brady et al., 2003).  Likewise, the reduction of SERCA2a protein in E2- 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 (Tupling et al., 2004), the interactive effect of E2 and INS deficiencies in 

downregulating the HSP72 expression supported the potential regulatory effect of E2 

and INS on the degradation of SERCA2a protein.       

        Besides the quantitative effect of SERCA2a protein, the qualitative effect of 

SERCA2a could also regulate the SERCA2a activity through modifications of protein 

phosphorylation and stoichiometry.  In cardiac muscle cells, the activity of SERCA2a 

was normally regulated by phosphorylation of SERCA2a via CaMKII or of 

phospholamban via CaMKII and PKA.  Direct phosphorylation of SERCA at Ser38 by 
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CaMKII results in an increase in the maximal activity (Vmax) without affecting 

SERCA sensitivity to Ca2+ (Frank et al., 2003), leading to an enhancement of the rate 

of cardiac muscle relaxation (Toyafuku et al., 1994; Xu et al., 1999).  In contrast, 

phosphorylation of phospholamban by both CaMKII and PKA has been shown to 

relieve the inhibitory action of phospholamban on SERCA2a, resulting in an 

increased affinity of SERCA2a for Ca2+ and increase in SERCA2a activity 

(Hagemann and Xiao, 2002).  Because of a reduction in the systolic Ca2+ 

concentration in E2- and INS-deficient rat hearts (Ren et al., 2003; Bupha-Intr et al., 

2007; Choi et al., 2002), reductions in phosphor-Thr17 and/or phosphor-Ser16 

phospholamban (Figure 23 and 24) thus indicated a possible suppression in CaMKII 

activity in E2 and INS deficiencies.  Surprisingly, the reduction in phosphor-Thr17 

and/or phospho-Ser16 phospholamban in E2- 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 E2- 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 E2 and INS in the SR Ca2+-uptake 

activity through SERCA2a expression and modulation, the absence of correlation of 

changes in the SERCA2a Ca2+ sensitivity and the regulatory effect of phospholamban 

in both E2- 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+ (MacLennan et al., 

2003; Asahi et al., 2003).  Overexpression of sarcolipin in mouse heart suggests the 

direct inhibitory effect of sarcolipin on SERCA2a protein without changes in the 

phosphorylation level or stoichiometry of phospholamban (Babu et al., 2006).  

Whether sarcolipin contributes to the effect of E2 and INS on the cardiac SR awaits 

further investigation.  
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CHAPTER VI 

CONCLUSIONS 
 

 

 The objectives of this study focus on the regulatory mechanism of E2 on the 

cardiac myofilament response to Ca2+.  The first objective was to study the possible 

interactive effect of E2 and INS deficiency on the cardiac myofilament response to 

Ca2+.  Ca2+-dependent actomyosin MgATPase activities of cardiac myofibrillar 

preparations from various experimental groups were determined at various 

concentrations of Ca2+ to obtain the maximum activity and Ca2+ sensitivity in each 

group.  While there was no additive effect of E2 and INS deficiencies in the 

suppression of maximum myofilament ATPase activity, E2 deficiency showed the 

dominant effect in inducing the cardiac myofilament Ca2+ hypersensitivity even in 

condition of diabetic complication.  All changes could be reversed by the hormones 

supplementation.  These results indicated that E2 and INS interactively affect the 

cardiac contractile activation on regulating maximum myofilament ATPase activity.  

Moreover, it is the E2 deficiency that induced an adaptive response of the 

myofilament to become more sensitive to Ca2+.  To better understand how E2 

regulated the cardiac myofilament response to Ca2+, in the second objective the 

density and binding affinity of β1-adrenergic receptors in various cardiac membrane 

preparations were quantified using saturation binding isotherm assay at various 

concentrations of [3H]-dihydroalprenolol.  Expressions of β1-adrenergic receptors and 

HSP72 proteins were also determined by immunoblot analysis.  Similar to 

myofilament Ca2+ sensitivity, the dominant effect of E2 deficiency was observed in 

inducing an upregulation of β1-adrenergic receptors even under diabetic complication.  

E2 supplementation could restore this change.  Additionally, there was no additive 

effect of E2 and INS deficiencies in downregulating HSP72 which was restored upon 

coadministration of E2 and INS.  The close relation between the increased cardiac β1-

adrenergic receptors and the enhanced myofilament sensitivity to Ca2+ after ovarian 

sex hormone deficiency implied that the alteration of β1-adrenergic receptors may, in 
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part, underlie changes in the cardiac myofilament response to Ca2+ after estrogen 

deprivation.  In contrast, the loss in cardioprotective effect through the suppressed 

HSP72 expression in E2- or INS-deficient rats paralleled the suppression of maximum 

myofilament ATPase activity which then indicated a potential common target, 

HSP72, in the controlling process of the two hormones in regulating myofilament 

contractile activity. In the third objective, experiments were designed to investigate 

how E2 regulated the cardiac CB cycling kinetics.  Maximum myofilament ATPase 

activities of cardiac myofibrillar preparations and expression of cardiac MHC 

isoforms of papillary muscle were analyzed.  The relationships of maximum ATPase 

activity and % α-MHC isoform were plotted.  The linear regression analysis of data 

from individual experimental group to that of shams was then fitted to determine the 

direct effect of MHC isoform on the CB cycling kinetics.  Different linear regressions 

were observed between the groups of OVX vs SHAM and DM vs SHAM.  

Interestingly, the linear regression line demonstrated in DM vs SHAM groups was 

also detected in DM-OVX vs SHAM groups.  These results indicated that both E2 and 

INS regulated the CB cycling kinetics partly through changes in the expression of 

MHC isoform.  However, the different slope of the linear relationship between DM 

and OVX group to SHAM indicated the different degrees of the impact of E2 and INS 

on the CB.  To further specify the regulatory mechanism of E2 and INS on the CB 

cycling, effects of various levels of α-MHC on the kinetics were then evaluated.  

Maximum myofilbrillar ATPase activity and % α-MHC in OVX, DM and DM-OVX 

groups with various thyroid hormone states were evaluated and plotted.  A linear 

regression line was demonstrated in both DM and DM-OVX groups with different 

thyroid levels with the same slope value to the previous regression of DM and DM-

OVX with sham.  In contrast, correlation of maximum myofilament ATPase activity 

to % α-MHC expression at different thyroid status of OVX groups demonstrated a 

concave shape relationship.  These results confirmed that E2, in contrast to INS, plays 

a major regulatory role on CB cycling kinetics through modifications on the 

myofilament proteins besides its effect on the expression of MHC isoform.  The 

results also indicated that INS indirectly regulates the CB cycling through the direct 

effect of thyroid hormones on α-MHC expression.  The forth objective was to further 

evaluate the significant role of E2 in the regulation of intracellular Ca2+ handling of 
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cardiac myocytes by the SR under diabetic complication.  The SR Ca2+-uptake 

activity of the left ventricular homogenate and the SERCA2a activity from SR 

membrane vesicles were determined at various concentrations of Ca2+ to obtain the 

maximum activity and the Ca2+ sensitivity in each group.  The SR Ca2+-uptake 

associated protein contents from left ventricular preparations were also analyzed using 

immunoblot technique.  Results demonstrated no additive suppression in the SR Ca2+-

uptake function in association with decreases in both the amount and activity of 

SERCA proteins with a high inhibitory effect of phospholamban in DM-OVX rat 

hearts.  These changes were restored upon E2 and INS supplementation.  These results 

indicated an interactive effect of E2 and INS in regulating the SR Ca2+-uptake 

function through both the expression of SERCA proteins and the interaction of 

SERCA to its regulatory protein.  The detail results from these studies could be 

concluded as follows: 

1. No additive suppression in maximum myofibrillar ATPase activity induced 

by ovarian sex hormone deficiency and diabetic complication and the 

suppression was completely reversed by coadministration of E2 and INS.  

2. E2 deficiency induced cardiac myofilament Ca2+ hypersensitivity even under 

diabetic complication and the hypersensitivity was restored by E2 

supplementation.  

3. An upregulation of β1-adrenergic receptors was specifically induced in 

ovarian sex hormone-deprived rat hearts even under diabetic complication 

and the receptor upregulation was normalized by E2 supplementation. 

4.   No additive suppression in HSP72 protein expression was detected in E2- and 

INS-deficient rat hearts and the suppression was restored after 

coadministration of E2 and INS. 

5.   Different linear regression lines of maximum myofilament ATPase activity 

and % α-MHC were obtained from OVX vs SHAM and DM vs SHAM.  

6.   A linear regression of maximum myofilament ATPase activity and % α-

MHC detected in DM vs SHAM was also detected in DM-OVX vs SHAM.    

7.  A linear relationship was still observed in both DM and DM-OVX groups at 

different thyroid levels with the same slope value to the previous regression 

of DM and DM-OVX data with sham.  
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8.   The correlation of maximum myofilament ATPase activity to % α-MHC 

expression at different thyroid status of OVX groups demonstrated a concave 

shape relationship. 

9.   No additive suppression in maximum activity with Ca2+ hypersensitivity of 

the SR Ca2+-uptake function was detected in left ventricular homogenates 

from E2- and INS-deficient rats and the changes were completely reversed by 

coadministration of E2 and INS.   

10. No additive effect of E2 and INS deficiencies on decreases in the SERCA 

protein and activity was detected and these changes were completely restored 

by coadministration of E2 and INS. 

11. Upregulation of total phospholamban protein detected in DM but not OVX 

group was still observed in DM-OVX group and the upregulation was 

restored by INS supplementation. 

12.  Decreases in both the phosphor-Ser16 and phosphor-Thr17 phospholamban 

expression were found in DM and DM-OVX groups but only the phosphor-

Thr17 phospholamban was decreased in OVX group.  All changes were 

reversed by supplementation with INS and E2, respectively. 

13. Upregulation of the monomeric form of phospholamban was observed in 

OVX and DM groups with a more pronounced upregulation in the DM 

group. 

14. The same pronounced degree of upregulation of the monomeric form of 

phospholamban in the DM group was also observed in the DM-OVX group 

which was restored by INS supplementation.     

        In conclusion, results from this study indicate the significant role of E2 in the 

regulation of cardiac myofilament activation.  E2 regulated the cardiac myofialement 

response to Ca2+ through changes in the expressions of β1-adrenergic receptor, HSP72 

and MHC, modifications of the myofilament proteins, and regulation of SR Ca2+-

uptake function by affecting both the activity and the expression of SERCA2a protein 

with the greater inhibitory effect of phospholamban. 

 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  83

REFERENCES 

 
 

1. Abdelaziz AI, Pagel I, Schlegel WP, Kott M, Monti J, Haase H, et al. Human atrial 

myosin light chain 1 expression attenuates heart failure. Adv Exp Med Biol. 

2005; 565: 283-92. 

2. Ahmed SS, Jaferi GA, Narang RM, Regan TJ. Preclinical abnormality of left 

ventricular function in diabetes mellitus. Am Heart J. 1975; 89(2):153-8. 

3. Akella AB, Ding XL, Cheng R, Gulati J. Diminished Ca2+ sensitivity of skinned 

cardiac muscle contractility coincident with troponin T-band shifts in the 

diabetic rat. Circ Res. 1995; 76(4): 600-6. 

4. Alpert NR, Brosseau C, Federico A, Krenz M, Robbins J, Warshaw DM. 

Molecular mechanics of mouse cardiac myosin isoforms. Am J Physiol Heart 

Circ Physiol. 2002; 283(4): H1446-54. 

5. Anderson PA, Greig A, Mark TM, Malouf NN, Oakeley AE, Ungerleider RM, et 

al.  Molecular basis of human cardiac troponin T isoforms expressed in the 

developing, adult, and failing heart. Circ Res. 1995; 76(4): 681-6. 

6. Andruchov O, Andruchova O, Galler S. Fine-tuning of cross-bridge kinetics in 

cardiac muscle of rat and mouse by myosin light chain isoforms. Pflugers Arch. 

2006; 452(6): 667-73. 

7. Anthonio RL, Brodde OE, van Veldhuisen DJ, Scholtens E, Crijns HJ, van Gilst 

WH. β-adrenoceptor density in chronic infarcted myocardium: a subtype 

specific decrease of β1-adrenoceptor density. Int J Cardiol. 2000; 72(2): 137-41. 

8. Arkin IT, Adams PD, MacKenzie KR, Lemmon MA, Brunger AT, Engelman DM. 

Structural organization of the pentameric transmembrane α-helices of 

phospholamban, a cardiac ion channel. Embo J. 1994; 13(20): 4757-64. 

9. Armoundas AA, Rose J, Aggarwal R, Stuyvers BD, O'Rourke B, Kass DA, et al. 

Cellular and molecular determinants of altered Ca2+ handling in the failing 

rabbit 



Ariyaporn Thawornkaiwong                                                                                               References/  84

  heart: primary defects in SR Ca2+ uptake and release mechanisms. Am J 

Physiol Heart Circ Physiol. 2007; 292(3): H1607-18. 

10. Asahi M, Sugita Y, Kurzydlowski K, De Leon S, Tada M, Toyoshima C, et al.  

Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) by 

binding to transmembrane helices alone or in association with phospholamban. 

Proc Natl Acad Sci U S A. 2003; 100(9): 5040-5. 

11. Atalay M, Oksala NK, Laaksonen DE, Khanna S, Nakao C, Lappalainen J, et al. 

Exercise training modulates heat shock protein response in diabetic rats. J Appl 

Physiol. 2004; 97(2): 605-11. 

12. Autry JM and Jones LR. Functional Co-expression of the canine cardiac Ca2+ 

pump and phospholamban in Spodoptera frugiperda (Sf21) cells reveals new 

insights on ATPase regulation. J Biol Chem. 1997; 272(25): 15872-80. 

13. Babiker FA, De Windt LJ, van Eickels M, Grohe C, Meyer R, Doevendans PA. 

Estrogenic hormone action in the heart: regulatory network and function. 

Cardiovasc Res. 2002; 53(3): 709-19. 

14. Babu GJ, Bhupathy P, Petrashevskaya NN, Wang H, Raman S, Wheeler D, et al. 

Targeted overexpression of sarcolipin in the mouse heart decreases 

sarcoplasmic reticulum calcium transport and cardiac contractility. J Biol 

Chem. 2006; 281(7): 3972-9. 

15. Beau SL, Tolley TK, Saffitz JE. Heterogeneous transmural distribution of β-

adrenergic receptor subtypes in failing human hearts. Circulation. 1993; 88(6): 

2501-9. 

16. Belin RJ, Sumandea MP, Allen EJ, Schoenfelt K, Wang H, Solaro RJ, et al. 

Augmented protein kinase C-α-induced myofilament protein phosphorylation 

contributes to myofilament dysfunction in experimental congestive heart 

failure. Circ Res. 2007; 101(2): 195-204. 

17. Benjamin IJ and McMillan DR. Stress (heat shock) proteins: molecular 

chaperones in cardiovascular biology and disease. Circ Res. 1998; 83(2): 117-

32. 

18. Bers DM. Ca2+ regulation in cardiac muscle. Med Sci Sports Exerc. 1991; 23(10): 

1157-62. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  85

19. Bers DM. Cardiac excitation-contraction coupling. Nature. 2002; 415(6868): 198-

205. 

20. Biesiadecki BJ, Kobayashi T, Walker JS, John Solaro R, de Tombe PP. The 

troponin C G159D mutation blunts myofilament desensitization induced by 

troponin I Ser23/24 phosphorylation. Circ Res. 2007; 100(10): 1486-93. 

21. Bishopric NH, Sato B, Webster KA. β-adrenergic regulation of a myocardial actin 

gene via a cyclic AMP-independent pathway. J Biol Chem. 1992; 267(29): 

20932-6. 

22. Bisognano JD, Weinberger HD, Bohlmeyer TJ, Pende A, Raynolds MV, 

Sastravaha A, et al.  Myocardial-directed overexpression of the human β1-

adrenergic receptor in transgenic mice. J Mol Cell Cardiol. 2000; 32(5): 817-

30. 

23. Blanchard EM and Solaro RJ. Inhibition of the activation and troponin calcium 

binding of dog cardiac myofibrils by acidic pH. Circ Res. 1984; 55(3): 382-91. 

24. Bourdeau V, Deschenes J, Metivier R, Nagai Y, Nguyen D, Bretschneider N, et al. 

Genome-wide identification of high-affinity estrogen response elements in 

human and mouse. Mol Endocrinol. 2004; 18(6): 1411-27. 

25. Brady M, Koban MU, Dellow KA, Yacoub M, Boheler KR, Fuller SJ. Sp1 and 

Sp3 transcription factors are required for trans-activation of the human 

SERCA2 promoter in cardiomyocytes. Cardiovasc Res. 2003; 60(2): 347-54. 

26. Brent GA. The molecular basis of thyroid hormone action. N Engl J Med. 1994; 

331(13): 847-53. 

27. Brillantes AB, Ondrias K, Scott A, Kobrinsky E, Ondriasova E, Moschella MC, et 

al. Stabilization of calcium release channel (ryanodine receptor) function by 

FK506-binding protein. Cell. 1994; 77(4): 513-23. 

28. Bristow MR. β-adrenergic receptor blockade in chronic heart failure. Circulation. 

2000; 101(5): 558-69. 

29. Bristow MR, Minobe W, Rasmussen R, Larrabee P, Skerl L, Klein JW, et al. β-

adrenergic neuroeffector abnormalities in the failing human heart are produced 

by local rather than systemic mechanisms. J Clin Invest. 1992; 89(3): 803-15. 



Ariyaporn Thawornkaiwong                                                                                               References/  86

30. Brixius K, Savvidou-Zaroti P, Mehlhorn U, Bloch W, Kranias EG, Schwinger 

RH. Increased Ca2+-sensitivity of myofibrillar tension in heart failure and its 

functional implication. Basic Res Cardiol. 2002; 97 Suppl 1: I111-7. 

31. Brodde OE. β-adrenoceptors in cardiac disease. Pharmacol Ther. 1993; 60(3): 

405-30. 

32. Bupha-Intr T and Wattanapermpool J. Cardioprotective effects of exercise training 

on myofilament calcium activation in ovariectomized rats. J Appl Physiol. 

2004; 96(5): 1755-60. 

33. Bupha-Intr T and Wattanapermpool J. Regulatory role of ovarian sex hormones in 

calcium uptake activity of cardiac sarcoplasmic reticulum. Am J Physiol Heart 

Circ Physiol. 2006; 291(3): H1101-8. 

34. Bupha-Intr T, Wattanapermpool J, Pena JR, Wolska BM, Solaro RJ. Myofilament 

response to Ca2+ and Na+/H+ exchanger activity in sex hormone-related 

protection of cardiac myocytes from deactivation in hypercapnic acidosis. Am J 

Physiol Regul Integr Comp Physiol. 2007; 292(2): R837-43. 

35. Caron MG and Lefkowitz RJ. Catecholamine receptors: structure, function, and 

regulation. Recent Prog Horm Res. 1993; 48: 277-90. 

36. Chakraborti S, Chakraborti T, Shaw G. β-adrenergic mechanisms in cardiac 

diseases: a perspective. Cell Signal. 2000; 12(8): 499-513. 

37. Chandra M, Dong WJ, Pan BS, Cheung HC, Solaro RJ. Effects of protein kinase 

A phosphorylation on signaling between cardiac troponin I and the N-terminal 

domain of cardiac troponin C. Biochemistry. 1997; 36(43): 13305-11. 

38. Chen HW, Chien CT, Yu SL, Lee YT, Chen WJ. Cyclosporine A regulate 

oxidative stress-induced apoptosis in cardiomyocytes: mechanisms via ROS 

generation, iNOS and Hsp70. Br J Pharmacol. 2002; 137(6): 771-81. 

39. Choi KM, Zhong Y, Hoit BD, Grupp IL, Hahn H, Dilly KW, et al. Defective 

intracellular Ca2+ signaling contributes to cardiomyopathy in Type 1 diabetic 

rats. Am J Physiol Heart Circ Physiol. 2002; 283(4): H1398-408. 

40. Cornea RL, Jones LR, Autry JM, Thomas DD. Mutation and phosphorylation 

change the oligomeric structure of phospholamban in lipid bilayers. 

Biochemistry. 1997; 36(10): 2960-7. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  87

41. Danzi S and Klein I. Thyroid hormone-regulated cardiac gene expression and 

cardiovascular disease. Thyroid. 2002; 12(6): 467-72. 

42. Danzi S, Ojamaa K, Klein I. Triiodothyronine-mediated myosin heavy chain gene 

transcription in the heart. Am J Physiol Heart Circ Physiol. 2003; 284(6): 

H2255-62. 

43. Dash R, Frank KF, Carr AN, Moravec CS, Kranias EG. Gender influences on 

sarcoplasmic reticulum Ca2+-handling in failing human myocardium. J Mol 

Cell Cardiol. 2001; 33(7): 1345-53. 

44. Depre C, Young ME, Ying J, Ahuja HS, Han Q, Garza N, et al. Streptozotocin-

induced changes in cardiac gene expression in the absence of severe contractile 

dysfunction. J Mol Cell Cardiol. 2000; 32(6): 985-96. 

45. Dhalla NS, Liu X, Panagia V, Takeda N. Subcellular remodeling and heart 

dysfunction in chronic diabetes. Cardiovasc Res. 1998; 40(2): 239-47. 

46. Dhalla NS, Pierce GN, Innes IR, Beamish RE. Pathogenesis of cardiac 

dysfunction in diabetes mellitus. Can J Cardiol. 1985; 1(4): 263-81. 

47. Dillmann WH. Diabetes mellitus induces changes in cardiac myosin of the rat. 

Diabetes. 1980; 29(7): 579-82. 

48. Dillmann WH. Diabetes and thyroid-hormone-induced changes in cardiac 

function and their molecular basis. Annu Rev Med. 1989; 40: 373-94. 

49. Dillmann WH. Biochemical basis of thyroid hormone action in the heart. Am J 

Med. 1990; 88(6): 626-30. 

50. Dong E, Yatani A, Mohan A, Liang CS. Myocardial β-adrenoceptor down-

regulation by norepinephrine is linked to reduced norepinephrine uptake 

activity. Eur J Pharmacol. 1999; 384(1): 17-24. 

51. Dorn GW, 2nd, Tepe NM, Wu G, Yatani A, Liggett SB. Mechanisms of impaired 

β-adrenergic receptor signaling in G(αq)-mediated cardiac hypertrophy and 

ventricular dysfunction. Mol Pharmacol. 2000; 57(2): 278-87. 

52. Doyle KM, Russell DL, Sriraman V, Richards JS. Coordinate transcription of the 

ADAMTS-1 gene by luteinizing hormone and progesterone receptor. Mol 

Endocrinol. 2004; 18(10): 2463-78. 



Ariyaporn Thawornkaiwong                                                                                               References/  88

53. Eisner DA, Trafford AW, Diaz ME, Overend CL, O'Neill SC. The control of Ca 

release from the cardiac sarcoplasmic reticulum: regulation versus 

autoregulation. Cardiovasc Res. 1998; 38(3): 589-604. 

54. El-Tanani MK and Green CD. Two separate mechanisms for ligand-independent 

activation of the estrogen receptor. Mol Endocrinol. 1997; 11(7): 928-37. 

55. Engelhardt S, Boknik P, Keller U, Neumann J, Lohse MJ, Hein L. Early 

impairment of calcium handling and altered expression of junctin in hearts of 

mice overexpressing the β1-adrenergic receptor. Faseb J. 2001; 15(14): 2718-

20. 

56. Engelhardt S, Hein L, Wiesmann F, Lohse MJ. Progressive hypertrophy and heart 

failure in β1-adrenergic receptor transgenic mice. Proc Natl Acad Sci U S A. 

1999; 96(12): 7059-64. 

57. Fabiato A. Computer programs for calculating total from specified free or free 

from specified total ionic concentrations in aqueous solutions containing 

multiple metals and ligands. Methods Enzymol. 1988; 157: 378-417. 

58. Farah CS and Reinach FC. The troponin complex and regulation of muscle 

contraction. Faseb J. 1995; 9(9): 755-67. 

59. Fein FS, Miller-Green B, Sonnenblick EH. Altered myocardial mechanics in 

diabetic rabbits. Am J Physiol. 1985; 248(5 Pt 2): H729-36. 

60. Filatov VL, Katrukha AG, Bulargina TV, Gusev NB. Troponin: structure, 

properties, and mechanism of functioning. Biochemistry (Mosc). 1999; 64(9): 

969-85. 

61. Fill M and Copello JA. Ryanodine receptor calcium release channels. Physiol 

Rev. 2002; 82(4): 893-922. 

62. Frank KF, Bolck B, Brixius K, Kranias EG, Schwinger RH. Modulation of 

SERCA: implications for the failing human heart. Basic Res Cardiol. 2002; 97 

Suppl 1: I72-8. 

63. Frank KF, Bolck B, Erdmann E, Schwinger RH. Sarcoplasmic reticulum Ca2+-

ATPase modulates cardiac contraction and relaxation. Cardiovasc Res. 2003; 

57(1): 20-7. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  89

64. Fruen BR, Bardy JM, Byrem TM, Strasburg GM, Louis CF. Differential Ca2+ 

sensitivity of skeletal and cardiac muscle ryanodine receptors in the presence of 

calmodulin. Am J Physiol Cell Physiol. 2000; 279(3): C724-33. 

65. Gaffin RD, Gokulan K, Sacchettini JC, Hewett T, Klevitsky R, Robbins J, et al. 

Charged residue changes in the carboxy-terminus of α-tropomyosin alter mouse 

cardiac muscle contractility. J Physiol. 2004; 556(Pt 2): 531-43. 

66. Ganguly PK, Beamish RE, Dhalla KS, Innes IR, Dhalla NS. Norepinephrine 

storage, distribution, and release in diabetic cardiomyopathy. Am J Physiol. 

1987; 252(6 Pt 1): E734-9. 

67. Ganguly PK, Pierce GN, Dhalla KS, Dhalla NS. Defective sarcoplasmic reticular 

calcium transport in diabetic cardiomyopathy. Am J Physiol. 1983; 244(6): 

E528-35. 

68. Gautel M, Zuffardi O, Freiburg A, Labeit S. Phosphorylation switches specific for 

the cardiac isoform of myosin binding protein-C: a modulator of cardiac 

contraction? Embo J. 1995; 14(9): 1952-60. 

69. Golfman L, Dixon IM, Takeda N, Chapman D, Dhalla NS. Differential changes in 

cardiac myofibrillar and sarcoplasmic reticular gene expression in alloxan-

induced diabetes. Mol Cell Biochem. 1999; 200(1-2): 15-25. 

70. Gomes AV and Potter JD. Molecular and cellular aspects of troponin 

cardiomyopathies. Ann N Y Acad Sci. 2004; 1015: 214-24. 

71. Grohe C, Kahlert S, Lobbert K, Stimpel M, Karas RH, Vetter H, et al. Cardiac 

myocytes and fibroblasts contain functional estrogen receptors. FEBS Lett. 

1997; 416(1): 107-12. 

72. Grohe C, Kahlert S, Lobbert K, Vetter H. Expression of oestrogen receptor α and 

β in rat heart: role of local oestrogen synthesis. J Endocrinol. 1998; 156(2): R1-

7. 

73. Gustafsson I, Brendorp B, Seibaek M, Burchardt H, Hildebrandt P, Kober L, et al. 

Influence of diabetes and diabetes-gender interaction on the risk of death in 

patients hospitalized with congestive heart failure. J Am Coll Cardiol. 2004; 

43(5): 771-7. 



Ariyaporn Thawornkaiwong                                                                                               References/  90

74. Haddad F, Bodell PW, McCue SA, Baldwin KM. Effects of diabetes on rodent 

cardiac thyroid hormone receptor and isomyosin expression. Am J Physiol. 

1997; 272(5 Pt 1): E856-63. 

75. Haddad F, Bodell PW, Qin AX, Giger JM, Baldwin KM. Role of antisense RNA 

in coordinating cardiac myosin heavy chain gene switching. J Biol Chem. 

2003; 278(39): 37132-8. 

76. Hagemann D and Xiao RP. Dual site phospholamban phosphorylation and its 

physiological relevance in the heart. Trends Cardiovasc Med. 2002; 12(2): 51-

6. 

77. Hamdani N, Kooij V, van Dijk S, Merkus D, Paulus WJ, Remedios CD, et al. 

Sarcomeric dysfunction in heart failure. Cardiovasc Res. 2008; 77(4): 649-58. 

78. Harada K and Potter JD. Familial hypertrophic cardiomyopathy mutations from 

different functional regions of troponin T result in different effects on the pH 

and Ca2+ sensitivity of cardiac muscle contraction. J Biol Chem. 2004; 279(15): 

14488-95. 

79. Harrison SM and Bers DM. Temperature dependence of myofilament Ca 

sensitivity of rat, guinea pig, and frog ventricular muscle. Am J Physiol. 1990; 

258(2Pt1): C274-81. 

80. Heyder S, Malhotra A, Ruegg JC. Myofibrillar Ca2+ sensitivity of 

cardiomyopathic hamster hearts. Pflugers Arch. 1995; 429(4): 539-45. 

81. Horio T, Nishikimi T, Yoshihara F, Matsuo H, Takishita S, Kangawa K. 

Inhibitory regulation of hypertrophy by endogenous atrial natriuretic peptide in 

cultured cardiac myocytes. Hypertension. 2000; 35(1 Pt 1): 19-24. 

82. Houser SR, Piacentino V, 3rd, Weisser J. Abnormalities of calcium cycling in the 

hypertrophied and failing heart. J Mol Cell Cardiol. 2000; 32(9): 1595-607. 

83. Hullin RP, Srinivasan DP, Birch NJ. Monitoring lithium treatment. Bmj. 1993; 

306(6872): 269; author reply 70. 

84. Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats TG, et al. 

ACC/AHA 2005 Guideline Update for the Diagnosis and Management of 

Chronic Heart Failure in the Adult: a report of the American College of 

Cardiology/American Heart Association Task Force on Practice Guidelines 

(Writing Committee to Update the 2001 Guidelines for the Evaluation and 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  91

Management of Heart Failure): developed in collaboration with the American 

College of Chest Physicians and the International Society for Heart and Lung 

Transplantation: endorsed by the Heart Rhythm Society. Circulation. 2005; 

112(12): e154-235. 

85. Hutter JJ, Mestril R, Tam EK, Sievers RE, Dillmann WH, Wolfe CL. 

Overexpression of heat shock protein 72 in transgenic mice decreases infarct 

size in vivo. Circulation. 1996; 94(6): 1408-11. 

86. Ingegno MD, Money SR, Thelmo W, Greene GL, Davidian M, Jaffe BM, et al. 

Progesterone receptors in the human heart and great vessels. Lab Invest. 1988; 

59(3): 353-6. 

87. Jakab G, Kiss E, Kranias EG, Edes I. Effect of thyroid status on basal 

phosphorylation of cardiac myofibrillar phosphoproteins in rats. Cardioscience. 

1994; 5(1): 19-24. 

88. Kannel WB, Hjortland M, Castelli WP. Role of diabetes in congestive heart 

failure: the Framingham study. Am J Cardiol. 1974; 34(1): 29-34. 

89. Kass DA and Solaro RJ. Mechanisms and use of calcium-sensitizing agents in the 

failing heart. Circulation. 2006; 113(2): 305-15. 

90. Kawasaki H and Kretsinger RH. Calcium-binding proteins. 1: EF-hands. Protein 

Profile. 1994; 1(4): 343-517. 

91. Kaye DM, Lefkovits J, Jennings GL, Bergin P, Broughton A, Esler MD. Adverse 

consequences of high sympathetic nervous activity in the failing human heart. 

J Am Coll Cardiol. 1995; 26(5): 1257-63. 

92. Kazmi SM, Visconti V, Plante RK, Ishaque A, Lau C. Differential regulation of 

human progesterone receptor A and B form-mediated trans-activation by 

phosphorylation. Endocrinology. 1993; 133(3): 1230-8. 

93. Kim HW, Ch YS, Lee HR, Park SY, Kim YH. Diabetic alterations in cardiac 

sarcoplasmic reticulum Ca2+-ATPase and phospholamban protein expression. 

Life Sci. 2001; 70(4): 367-79. 

94. Kimura Y, Kurzydlowski K, Tada M, MacLennan DH. Phospholamban 

inhibitory function is activated by depolymerization. J Biol Chem. 1997; 

272(24): 15061-4. 



Ariyaporn Thawornkaiwong                                                                                               References/  92

95. Kinugawa S, Tsutsui H, Satoh S, Takahashi M, Ide T, IgarashiSaito K, et al. 

Role of Ca2+ availability to myofilaments and their sensitivity to Ca2+ in 

myocyte contractile dysfunction in heart failure. Cardiovasc Res. 1999; 44(2): 

398-406. 

96. Klein I and Ojamaa K. Thyroid hormone and the cardiovascular system. N Engl 

J Med. 2001; 344(7): 501-9. 

97. Knowlton AA and Sun L. Heat-shock factor-1, steroid hormones, and regulation 

of heat-shock protein expression in the heart. Am J Physiol Heart Circ 

Physiol. 2001; 280(1): H455-64. 

98. Kobayashi T and Solaro RJ. Increased Ca2+ Affinity of Cardiac Thin Filaments 

Reconstituted with Cardiomyopathy-related Mutant Cardiac Troponin I. J Biol 

Chem. 2006; 281(19): 13471-7. 

99. Koss KL and Kranias EG. Phospholamban: a prominent regulator of myocardial 

contractility. Circ Res. 1996; 79(6): 1059-63. 

100. Kuhn FE and Rackley CE. Coronary artery disease in women. Risk factors, 

evaluation, treatment, and prevention. Arch Intern Med. 1993; 153(23): 2626-

36. 

101. Laosiripisan J. (2006). Cardioprotection by exercise training in ovariectomized 

rat hearts: restoration of changes in sarcoplasmic reticulum calcium-uptake 

function. (M.Sc. Thesis).  

102. Lau S, Patnaik N, Sayen MR, Mestril R. Simultaneous overexpression of two 

stress proteins in rat cardiomyocytes and myogenic cells confers protection 

against ischemia-induced injury. Circulation. 1997; 96(7): 2287-94. 

103. Lazar MA. Thyroid hormone receptors: multiple forms, multiple possibilities. 

Endocr Rev. 1993; 14(2): 184-93. 

104. Lechat P, Packer M, Chalon S, Cucherat M, Arab T, Boissel JP. Clinical effects 

of β-adrenergic blockade in chronic heart failure: a meta-analysis of double-

blind, placebo-controlled, randomized trials. Circulation. 1998; 98(12): 1184-

91. 

105. Lee JA and Allen DG.  Altering the strength of the heart: basic mechanisms.  In: 

Lee JA and Allen DG editors.  Modulation of cardiac calcium sensitivity.  

Oxford: Oxford University Press 1993; 1-36. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  93

106. Lefkowitz RJ, Rockman HA, Koch WJ. Catecholamines, cardiac β-adrenergic 

receptors, and heart failure. Circulation. 2000; 101(14): 1634-7. 

107. Li X and O’Malley BW. Unfolding the action of progesterone receptors. J Biol 

Chem. 2003; 278(41): 39261-4. 

108. Ligeti L, Szenczi O, Prestia CM, Szabo C, Horvath K, Marcsek ZL, et al. 

Altered calcium handling is an early sign of streptozotocin-induced diabetic 

cardiomyopathy. Int J Mol Med. 2006; 17(6): 1035-43. 

109. Liu X, Takeda N, Dhalla NS. Troponin I phosphorylation in heart homogenate 

from diabetic rat. Biochim Biophys Acta. 1996; 1316(2): 78-84. 

110. Liu X, Takeda N, Dhalla NS. Myosin light-chain phosphorylation in diabetic 

cardiomyopathy in rats. Metabolism. 1997; 46(1): 71-5. 

111. Liu X, Wang J, Takeda N, Binaglia L, Panagia V, Dhalla NS. Changes in cardiac 

protein kinase C activities and isozymes in streptozotocin-induced diabetes. 

Am J Physiol. 1999; 277(5 Pt 1): E798-804. 

112. Lu XY, Chen L, Cai XL, Yang HT. Overexpression of heat shock protein 27 

protects against ischaemia/reperfusion-induced cardiac dysfunction via 

stabilization of troponin I and T. Cardiovas Res. 2008; 79(3): 500-8 

113. Luo W, Grupp IL, Harrer J, Ponniah S, Grupp G, Duffy JJ, et al. Targeted 

ablation of the phospholamban gene is associated with markedly enhanced 

myocardial contractility and loss of β-agonist stimulation. Circ Res. 1994; 

75(3): 401-9. 

114. Lytton J, Westlin M, Burk SE, Shull GE, MacLennan DH. Functional 

comparisons between isoforms of the sarcoplasmic or endoplasmic reticulum 

family of calcium pumps. J Biol Chem. 1992; 267(20): 14483-9. 

115. MacLean IM, Rajotte RV, Belcastro AN. Insulin and islet cell transplants: 

effects on diabetic rat cardiac myofibril ATPase. Am J Physiol. 1987; 252(2 

Pt 1): E244-7. 

116. MacLennan DH, Asahi M, Tupling AR. The regulation of SERCA-type pumps 

by phospholamban and sarcolipin. Ann N Y Acad Sci. 2003; 986: 472-80. 

117. Malhotra A, Buttrick P, Scheuer J. Effects of sex hormones on development of 

physiological and pathological cardiac hypertrophy in male and female rats. 

Am J Physiol. 1990; 259(3 Pt 2): H866-71. 



Ariyaporn Thawornkaiwong                                                                                               References/  94

118. Malhotra A and Sanghi V. Regulation of contractile proteins in diabetic heart. 

Cardiovasc Res. 1997; 34(1): 34-40. 

119. Mansen A, Yu F, Forrest D, Larsson L, Vennstrom B. TRs have common and 

isoform-specific functions in regulation of the cardiac myosin heavy chain 

genes. Mol Endocrinol. 2001; 15(12): 2106-14. 

120. Marber MS, Mestril R, Chi SH, Sayen MR, Yellon DM, Dillmann WH. 

Overexpression of the rat inducible 70-kD heat stress protein in a transgenic 

mouse increases the resistance of the heart to ischemic injury. J Clin Invest. 

1995; 95(4): 1446-56. 

121. Martin AF, Phillips RM, Kumar A, Crawford K, Abbas Z, Lessard JL, et al. Ca2+ 

activation and tension cost in myofilaments from mouse hearts ectopically 

expressing enteric γ-actin. Am J Physiol Heart Circ Physiol. 2002; 283(2): 

H642-9. 

122. Martin JL, Mestril R, Hilal-Dandan R, Brunton LL, Dillmann WH. Small heat 

shock proteins and protection against ischemic injury in cardiac myocytes. 

Circulation. 1997; 96(12): 4343-8. 

123. Marx SO, Gaburjakova J, Gaburjakova M, Henrikson C, Ondrias K, Marks AR. 

Coupled gating between cardiac calcium release channels (ryanodine 

receptors). Circ Res. 2001; 88(11): 1151-8. 

124. Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D, Rosemblit N, et al. 

PKA phosphorylation dissociates FKBP12.6 from the calcium release channel 

(ryanodine receptor): defective regulation in failing hearts. Cell. 2000; 101(4): 

365-76. 

125. McClellan G, Kulikovskaya I, Winegrad S. Changes in cardiac contractility 

related to calcium-mediated changes in phosphorylation of myosin-binding 

protein C. Biophys J. 2001; 81(2): 1083-92. 

126. Melling CW, Thorp DB, Noble EG. Regulation of myocardial heat shock protein 

70 gene expression following exercise. J Mol Cell Cardiol. 2004; 37(4): 847-

55. 

127. Mesnard L, Logeart D, Taviaux S, Diriong S, Mercadier JJ, Samson F. Human 

cardiac troponin T: cloning and expression of new isoforms in the normal and 

failing heart. Circ Res. 1995; 76(4): 687-92. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  95

128. Meyers MB, Zamparelli C, Verzili D, Dicker AP, Blanck TJ, Chiancone E. 

Calcium-dependent translocation of sorcin to membranes: functional 

relevance in contractile tissue. FEBS Lett. 1995; 357(3): 230-4. 

129. Miyata S, Minobe W, Bristow MR, Leinwand LA. Myosin heavy chain isoform 

expression in the failing and nonfailing human heart. Circ Res. 2000; 86(4): 

386-90. 

130. Moolman JA. Thyroid hormone and the heart. Cardiovasc J S Afr. 2002; 13(4): 

159-63. 

131. Moraczewska J. Structural determinants of cooperativity in acto-myosin 

interactions. Acta Biochim Pol. 2002; 49(4): 805-12. 

132. Morano I. Effects of different expression and posttranslational modifications of 

myosin light chains on contractility of skinned human cardiac fibers. Basic 

Res Cardiol. 1992; 87 Suppl 1: 129-41. 

133. Morano I, Hadicke K, Haase H, Bohm M, Erdmann E, Schaub MC. Changes in 

essential myosin light chain isoform expression provide a molecular basis for 

isometric force regulation in the failing human heart. J Mol Cell Cardiol. 

1997; 29(4): 1177-87. 

134. Morkin E. Control of cardiac myosin heavy chain gene expression. Microsc Res 

Tech. 2000; 50(6): 522-31. 

135. Moss RL and Buck SH.  Regulation of cardiac contraction by calcium.  In:Page 

E, Fozzard HA, and Solaro RJ editors.  Handbook of physiology section II: 

the cardiovascular system, volumn I: the heart.  Oxford: Oxford University 

Press 2002; 420-454. 

136. Muthuchamy M, Grupp IL, Grupp G, O'Toole BA, Kier AB, Boivin GP, et al. 

Molecular and physiological effects of overexpressing striated muscle β-

tropomyosin in the adult murine heart. J Biol Chem. 1995; 270(51): 30593-

603. 

137. Narayanan N and Xu A. Phosphorylation and regulation of the Ca2+-pumping 

ATPase in cardiac sarcoplasmic reticulum by calcium/calmodulin-dependent 

protein kinase. Basic Res Cardiol. 1997; 92 Suppl 1: 25-35.  



Ariyaporn Thawornkaiwong                                                                                               References/  96

138. Nicoll DA, Longoni S, Philipson KD. Molecular cloning and functional 

expression of the cardiac sarcolemmal Na+/Ca2+ exchanger. Science. 1990; 

250(4980): 562-5. 

139. Nishizawa J, Nakai A, Komeda M, Ban T, Nagata K. Increased preload directly 

induces the activation of heat shock transcription factor 1 in the left 

ventricular overloaded heart. Cardiovasc Res. 2002; 55(2): 341-8. 

140. Noguchi T, Hunlich M, Camp PC, Begin KJ, El-Zaru M, Patten R, et al. Thin-

filament-based modulation of contractile performance in human heart failure. 

Circulation. 2004; 110(8): 982-7. 

141. Noland TA, Jr., Guo X, Raynor RL, Jideama NM, Averyhart-Fullard V, Solaro 

RJ, et al. Cardiac troponin I mutants. Phosphorylation by protein kinases C 

and A and regulation of Ca2+-stimulated MgATPase of reconstituted 

actomyosin S-1. J Biol Chem. 1995; 270(43): 25445-54. 

142. Noland TA and Jr., Kuo JF. Phosphorylation of cardiac myosin light chain 2 by 

protein kinase C and myosin light chain kinase increases Ca2+-stimulated 

actomyosin MgATPase activity. Biochem Biophys Res Commun. 1993; 

193(1): 254-60. 

143. Noland TA, Jr., Raynor RL, Jideama NM, Guo X, Kazanietz MG, Blumberg 

PM, et al. Differential regulation of cardiac actomyosin S-1 MgATPase by 

protein kinase C isozyme-specific phosphorylation of specific sites in cardiac 

troponin I and its phosphorylation site mutants. Biochemistry. 1996; 35(47): 

14923-31. 

144. Oakley CE, Chamoun J, Brown LJ, Hambly BD. Myosin binding protein-C: 

enigmatic regulator of cardiac contraction. Int J Biochem Cell Biol. 2007; 

39(12): 2161-6. 

145. Packer M, Coats AJ, Fowler MB, Katus HA, Krum H, Mohacsi P, et al. Effect of 

carvedilol on survival in severe chronic heart failure. N Engl J Med. 2001; 

344(22): 1651-8. 

146. Pantharanontaga J. (2000). The study of cardiac myofilament activation in 

diabetic ovareictomized rats (M.Sc. Thesis). 

147. Perry SV. Troponin I: inhibitor or facilitator. Mol Cell Biochem. 1999; 190(1-2): 

9-32. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  97

148. Peterson JN, Nassar R, Anderson PA, Alpert NR. Altered cross-bridge 

characteristics following haemodynamic overload in rabbit hearts expressing 

V3 myosin. J Physiol. 2001; 536(Pt 2): 569-82. 

149. Philipson KD. The cardiac Na+/Ca2+ exchanger: dependence on membrane 

environment. Cell Biol Int Rep. 1990; 14(4): 305-9. 

150. Philipson KD and Nicoll DA. Sodium-calcium exchange. Curr Opin Cell Biol. 

1992; 4(4): 678-83. 

151. Piccone CM, Brazeau GA, McCormick KM. Effect of oestrogen on myofibre 

size and myosin expression in growing rats. Exp Physiol. 2005; 90(1): 87-93. 

152. Pierce GN and Dhalla NS. Cardiac myofibrillar ATPase activity in diabetic rats. 

J Mol Cell Cardiol. 1981; 13(12): 1063-9. 

153. Pierce GN and Dhalla NS. Mechanisms of the defect in cardiac myofibrillar 

function during diabetes. Am J Physiol. 1985; 248(2 Pt 1): E170-5. 

154. Pierce GN and Russell JC. Regulation of intracellular Ca2+ in the heart during 

diabetes. Cardiovasc Res. 1997; 34(1): 41-7. 

155. Post SR, Hammond HK, Insel PA. β-adrenergic receptors and receptor signaling 

in heart failure. Annu Rev Pharmacol Toxicol. 1999; 39: 343-60. 

156. Prestle J, Quinn FR, Smith GL. Ca2+-handling proteins and heart failure: novel 

molecular targets? Curr Med Chem. 2003; 10(11): 967-81. 

157. Qian YZ, Shipley JB, Levasseur JE, Kukreja RC. Dissociation of heat shock 

proteins expression with ischemic tolerance by whole body hyperthermia in 

rat heart. J Mol Cell Cardiol. 1998; 30(6): 1163-72. 

158. Reiser PJ, Portman MA, Ning XH, Schomisch Moravec C. Human cardiac 

myosin heavy chain isoforms in fetal and failing adult atria and ventricles. Am 

J Physiol Heart Circ Physiol. 2001; 280(4): H1814-20. 

159. Ren J, Hintz KK, Roughead ZK, Duan J, Colligan PB, Ren BH, et al. Impact of 

estrogen replacement on ventricular myocyte contractile function and protein 

kinase B/Akt activation. Am J Physiol Heart Circ Physiol. 2003; 284(5): 

H1800-7. 

160. Ribeiro RC, Apriletti JW, Wagner RL, Feng W, Kushner PJ, Nilsson S, et al. X-

ray crystallographic and functional studies of thyroid hormone receptor. J 

Steroid Biochem Mol Biol. 1998; 65(1-6): 133-41. 



Ariyaporn Thawornkaiwong                                                                                               References/  98

161. Rice JJ and de Tombe PP. Approaches to modeling crossbridges and calcium-

dependent activation in cardiac muscle. Prog Biophys Mol Biol. 2004; 85(2-

3): 179-95. 

162. Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM, Horwitz KB. 

Differential gene regulation by the two progesterone receptor isoforms in 

human breast cancer cells. J Biol Chem. 2002; 277(7): 5209-18. 

163. Rishi AK, Shao ZM, Baumann RG, Li XS, Sheikh MS, Kimura S, et al. 

Estradiol regulation of the human retinoic acid receptor α gene in human 

breast carcinoma cells is mediated via an imperfect half-palindromic estrogen 

response element and Sp1 motifs. Cancer Res. 1995; 55(21): 4999-5006. 

164. Rockman HA, Koch WJ, Lefkowitz RJ. Seven-transmembrane-spanning 

receptors and heart function. Nature. 2002; 415(6868): 206-12. 

165. Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, Grishman A. 

New type of cardiomyopathy associated with diabetic glomerulosclerosis. Am 

J Cardiol. 1972; 30(6): 595-602. 

166. Ruddy TD, Shumak SL, Liu PP, Barnie A, Seawright SJ, McLaughlin PR, et al. 

The relationship of cardiac diastolic dysfunction to concurrent hormonal and 

metabolic status in type I diabetes mellitus. J Clin Endocrinol Metab. 1988; 

66(1): 113-8. 

167. Ruknudin A, Valdivia C, Kofuji P, Lederer WJ, Schulze DH. Na+/Ca2+ 

exchanger in Drosophila: cloning, expression, and transport differences. Am J 

Physiol. 1997; 273(1 Pt 1): C257-65. 

168. Rundell VL, Geenen DL, Buttrick PM, de Tombe PP. Depressed cardiac tension 

cost in experimental diabetes is due to altered myosin heavy chain isoform 

expression. Am J Physiol Heart Circ Physiol. 2004; 287(1): H408-13. 

169. Rundell VL, Manaves V, Martin AF, de Tombe PP. Impact of β-myosin heavy 

chain isoform expression on cross-bridge cycling kinetics. Am J Physiol Heart 

Circ Physiol. 2005; 288(2): H896-903. 

170. Saba Z, Nassar R, Ungerleider RM, Oakeley AE, Anderson PA. Cardiac 

troponin T isoform expression correlates with pathophysiological descriptors 

in patients who underwent corrective surgery for congenital heart disease. 

Circulation. 1996; 94(3): 472-6. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  99

171. Sasse S, Brand NJ, Kyprianou P, Dhoot GK, Wade R, Arai M, et al. Troponin I 

gene expression during human cardiac development and in end-stage heart 

failure. Circ Res. 1993; 72(5): 932-8. 

172. Schafer M, Frischkopf K, Taimor G, Piper HM, Schluter KD. Hypertrophic 

effect of selective β1-adrenoceptor stimulation on ventricular cardiomyocytes 

from adult rat. Am J Physiol Cell Physiol. 2000; 279(2): C495-503. 

173. Schaffer SW. Cardiomyopathy associated with noninsulin-dependent diabetes. 

Mol Cell Biochem. 1991; 107(1): 1-20. 

174. Schaible TF, Malhotra A, Ciambrone G, Scheuer J. The effects of gonadectomy 

on left ventricular function and cardiac contractile proteins in male and female 

rats. Circ Res. 1984; 54(1): 38-49. 

175. Scheuer J, Malhotra A, Schaible TF, Capasso J. Effects of gonadectomy and 

hormonal replacement on rat hearts. Circ Res. 1987; 61(1): 12-9. 

176. Schiaffino S, Reggiani C. Molecular diversity of myofibrillar proteins: gene 

regulation and functional significance. Physiol Rev. 1996; 76(2): 371-423. 

177. Schillaci G, Verdecchia P, Borgioni C, Ciucci A, Porcellati C. Early cardiac 

changes after menopause. Hypertension. 1998; 32(4): 764-9. 

178. Schultz JR, Petz LN, Nardulli AM. Cell- and ligand-specific regulation of 

promoters containing activator protein-1 and Sp1 sites by estrogen receptors α 

and β. J Biol Chem. 2005; 280(1): 347-54. 

179. Schwinger RH, Munch G, Bolck B, Karczewski P, Krause EG, Erdmann E. 

Reduced Ca2+-sensitivity of SERCA2a in failing human myocardium due to 

reduced serin-16 phospholamban phosphorylation. J Mol Cell Cardiol. 1999; 

31(3): 479-91. 

180. Scriven DR, Dan P, Moore ED. Distribution of proteins implicated in excitation-

contraction coupling in rat ventricular myocytes. Biophys J. 2000; 79(5): 

2682-91. 

181. Simmerman HK, Kobayashi YM, Autry JM, Jones LR. A leucine zipper 

stabilizes the pentameric membrane domain of phospholamban and forms a 

coiled-coil pore structure. J Biol Chem. 1996; 271(10): 5941-6. 

182. Solaro RJ. Modulation of cardiac myofilament activity by protein 

phosphorylation. In:Page E, Fozzard HA, and Solaro RJ editors. Handbook of 



Ariyaporn Thawornkaiwong                                                                                               References/  100

physiology section II: the cardiovascular system, volume I: the heart.  Oxford: 

Oxford University Press 2002; 264-300. 

183. Solaro R. The role of calcium in contraction of the heart. In:Flaim S and Zelis R 

editiors. Calcium blocker. Mechanism of action and clinical applications.  

Baltimore: Urban and schwarzenberg 1982; 21-36. 

184. Solaro RJ and Rarick HM. Troponin and tropomyosin: proteins that switch on 

and tune in the activity of cardiac myofilaments. Circ Res. 1998; 83(5): 471-

80. 

185. Solaro RJ and Van Eyk J. Altered interactions among thin filament proteins 

modulate cardiac function. J Mol Cell Cardiol. 1996; 28(2): 217-30. 

186. Sowers JR. Diabetes mellitus and cardiovascular disease in women. Arch Intern 

Med. 1998; 158(6): 617-21. 

187. Spudich JA. How molecular motors work. Nature. 1994; 372(6506): 515-8. 

188. Squire JM, Luther PK, Knupp C. Structural evidence for the interaction of C-

protein (MyBP-C) with actin and sequence identification of a possible actin-

binding domain. J Mol Biol. 2003; 331(3): 713-24. 

189. Steinberg SF. The molecular basis for distinct β-adrenergic receptor subtype 

actions in cardiomyocytes. Circ Res. 1999; 85(11): 1101-11. 

190. Tachampa K, Kobayashi T, Wang H, Martin AF, Biesiadecki BJ, Solaro RJ, et 

al. Increased cross-bridge cycling kinetics after exchange of C-terminal 

truncated troponin I in skinned rat cardiac muscle. J Biol Chem. 2008; 

283(22): 15114-21. 

191. Takeda N, Dixon IM, Hata T, Elimban V, Shah KR, Dhalla NS. Sequence of 

alterations in subcellular organelles during the development of heart 

dysfunction in diabetes. Diabetes Res Clin Pract. 1996; 30 Suppl: 113-22. 

192. Tanonaka K, Furuhama KI, Yoshida H, Kakuta K, Miyamoto Y, Toga W, et al. 

Protective effect of heat shock protein 72 on contractile function of perfused 

failing heart. Am J Physiol Heart Circ Physiol. 2001; 281(1): H215-22. 

193. Taylor AH and Al-Azzawi F. Immunolocalisation of oestrogen receptor β in 

human tissues. J Mol Endocrinol. 2000; 24(1): 145-55. 

194. Temsah RM, Dyck C, Netticadan T, Chapman D, Elimban V, Dhalla NS. Effect 

of β-adrenoceptor blockers on sarcoplasmic reticular function and gene 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  101

expression in the ischemic-reperfused heart. J Pharmacol Exp Ther. 2000; 

293(1): 15-23. 

195. Thawornkaiwong A, Preawnim S, Wattanapermpool J. Upregulation of β1-

adrenergic receptors in ovariectomized rat hearts. Life Sci. 2003; 72(16): 

1813-24. 

196. Tobacman LS. Thin filament-mediated regulation of cardiac contraction. Annu 

Rev Physiol. 1996; 58: 447-81. 

197. Toyofuku T, Curotto Kurzydlowski K, Narayanan N, MacLennan DH. 

Identification of Ser38 as the site in cardiac sarcoplasmic reticulum Ca2+-

ATPase that is phosphorylated by Ca2+/calmodulin-dependent protein kinase. 

J Biol Chem. 1994; 269(42): 26492-6. 

198. Trost SU, Belke DD, Bluhm WF, Meyer M, Swanson E, Dillmann WH. 

Overexpression of the sarcoplasmic reticulum Ca2+-ATPase improves 

myocardial contractility in diabetic cardiomyopathy. Diabetes. 2002; 51(4): 

1166-71. 

199. Tschirgi ML, Rajapakse I, Chandra M. Functional consequence of mutation in 

rat cardiac troponin T is affected differently by myosin heavy chain isoforms. 

J Physiol. 2006; 574(Pt 1): 263-73. 

200. Tupling AR, Gramolini AO, Duhamel TA, Kondo H, Asahi M, Tsuchiya SC, et 

al. HSP70 binds to the fast-twitch skeletal muscle sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA1a) and prevents thermal inactivation. J Biol 

Chem. 2004; 279(50): 52382-9. 

201. Valdivia HH, Kaplan JH, Ellis-Davies GC, Lederer WJ. Rapid adaptation of 

cardiac ryanodine receptors: modulation by Mg2+ and phosphorylation. 

Science. 1995; 267(5206): 1997-2000. 

202. van der Velden J, Klein LJ, Zaremba R, Boontje NM, Huybregts MA, Stooker 

W, et al. Effects of calcium, inorganic phosphate, and pH on isometric force in 

single skinned cardiomyocytes from donor and failing human hearts. 

Circulation. 2001; 104(10): 1140-6. 

203. van der Velden J, Papp Z, Boontje NM, Zaremba R, de Jong JW, Janssen PM, et 

al. The effect of myosin light chain 2 dephosphorylation on Ca2+-sensitivity of 



Ariyaporn Thawornkaiwong                                                                                               References/  102

force is enhanced in failing human hearts. Cardiovasc Res. 2003; 57(2): 505-

14. 

204. van der Velden J, Papp Z, Zaremba R, Boontje NM, de Jong JW, Owen VJ, et al. 

Increased Ca2+-sensitivity of the contractile apparatus in end-stage human 

heart failure results from altered phosphorylation of contractile proteins. 

Cardiovasc Res. 2003; 57(1): 37-47. 

205. Velloso LA, Carvalho CR, Rojas FA, Folli F, Saad MJ. Insulin signalling in 

heart involves insulin receptor substrates-1 and -2, activation of 

phosphatidylinositol 3-kinase and the JAK 2-growth related pathway. 

Cardiovasc Res. 1998; 40(1): 96-102. 

206. Voss MR, Stallone JN, Li M, Cornelussen RN, Knuefermann P, Knowlton AA. 

Gender differences in the expression of heat shock proteins: the effect of 

estrogen. Am J Physiol Heart Circ Physiol. 2003; 285(2): H687-92. 

207. Wang F, Hoivik D, Pollenz R, Safe S. Functional and physical interactions 

between the estrogen receptor Sp1 and nuclear aryl hydrocarbon receptor 

complexes. Nucleic Acids Res. 1998; 26(12): 3044-52. 

208. Wattanapermpool J. Increase in calcium responsiveness of cardiac myofilament 

activation in ovariectomized rats. Life Sci. 1998; 63(11): 955-64. 

209. Wattanapermpool J and Reiser PJ. Differential effects of ovariectomy on 

calcium activation of cardiac and soleus myofilaments. Am J Physiol. 1999; 

277(2 Pt 2): H467-73. 

210. Wattanapermpool J, Riabroy T, Preawnim S. Estrogen supplement prevents the 

calcium hypersensitivity of cardiac myofilaments in ovariectomized rats. Life 

Sci. 2000; 66(6): 533-43. 

211. Weisberg A and Winegrad S. Relation between crossbridge structure and 

actomyosin ATPase activity in rat heart. Circ Res. 1998; 83(1): 60-72. 

212. Wen Y, Pinto JR, Gomes AV, Xu Y, Wang Y, Wang Y, et al. Functional 

Consequences of the Human Cardiac Troponin I Hypertrophic 

Cardiomyopathy Mutation R145G in Transgenic Mice. J Biol Chem. 2008; 

283(29): 20484-94. 



Fac. of Grad. Studies, Mahidol Univ.                                                                     Ph.D.(Physiology)/  103

213. Westfall MV, Borton AR, Albayya FP, Metzger JM. Myofilament calcium 

sensitivity and cardiac disease: insights from troponin I isoforms and mutants. 

Circ Res. 2002; 91(6): 525-31. 

214. Winegrad S. Cardiac myosin binding protein C. Circ Res. 1999; 84(10): 1117-

26. 

215. Witt CC, Gerull B, Davies MJ, Centner T, Linke WA, Thierfelder L. 

Hypercontractile properties of cardiac muscle fibers in a knock-in mouse 

model of cardiac myosin-binding protein-C. J Biol Chem. 2001; 276(7): 5353-

9. 

216. Wolff MR, Buck SH, Stoker SW, Greaser ML, Mentzer RM. Myofibrillar 

calcium sensitivity of isometric tension is increased in human dilated 

cardiomyopathies: role of altered β-adrenergically mediated protein 

phosphorylation. J Clin Invest. 1996; 98(1): 167-76. 

217. Wolff MR, Whitesell LF, Moss RL. Calcium sensitivity of isometric tension is 

increased in canine experimental heart failure. Circ Res. 1995; 76(5): 781-9. 

218. Wolska BM, Averyhart-Fullard V, Omachi A, Stojanovic MO, Kallen RG, 

Solaro RJ. Changes in thyroid state affect pHi and Nai+ homeostasis in rat 

ventricular myocytes. J Mol Cell Cardiol. 1997; 29(10): 2653-63. 

219. Wolska BM and Wieczorek DM. The role of tropomyosin in the regulation of 

myocardial contraction and relaxation. Pflugers Arch. 2003; 446(1): 1-8. 

220. Wyckoff MH, Chambliss KL, Mineo C, Yuhanna IS, Mendelsohn ME, Mumby 

SM, et al. Plasma membrane estrogen receptors are coupled to endothelial 

nitric-oxide synthase through Galpha(i). J Biol Chem. 2001; 276(29): 27071-

6. 

221. Xu A, Hawkins C, Narayanan N. Phosphorylation and activation of the Ca2+-

pumping ATPase of cardiac sarcoplasmic reticulum by Ca2+/calmodulin-

dependent protein kinase. J Biol Chem. 1993; 268(12): 8394-7. 

222. Xu A and Narayanan N. Ca2+/calmodulin-dependent phosphorylation of the 

Ca2+-ATPase, uncoupled from phospholamban, stimulates Ca2+-pumping in 

native cardiac sarcoplasmic reticulum. Biochem Biophys Res Commun. 1999; 

258(1): 66-72. 



Ariyaporn Thawornkaiwong                                                                                               References/  104

223. Yagi N, Saeki Y, Ishikawa T, Kurihara S. Cross-bridge and calcium behavior in 

ferret papillary muscle in different thyroid states. Jpn J Physiol. 2001; 51(3): 

319-26. 

224. Yu HP, Shimizu T, Choudhry MA, Hsieh YC, Suzuki T, Bland KI, et al. 

Mechanism of cardioprotection following trauma-hemorrhagic shock by a 

selective estrogen receptor-β agonist: up-regulation of cardiac heat shock 

factor-1 and heat shock proteins. J Mol Cell Cardiol. 2006; 40(1): 185-94. 

225. Zhang L, Kelley J, Schmeisser G, Kobayashi YM, Jones LR. Complex formation 

between junctin, triadin, calsequestrin, and the ryanodine receptor. Proteins of 

the cardiac junctional sarcoplasmic reticulum membrane. J Biol Chem. 1997; 

272(37): 23389-97. 

226. Zhang R, Zhao J, Mandveno A, Potter JD. Cardiac troponin I phosphorylation 

increases the rate of cardiac muscle relaxation. Circ Res. 1995; 76(6): 1028-

35. 

227. Zheng M, Dilly K, Dos Santos Cruz J, Li M, Gu Y, Ursitti JA, et al. 

Sarcoplasmic reticulum calcium defect in Ras-induced hypertrophic 

cardiomyopathy heart. Am J Physiol Heart Circ Physiol. 2004; 286(1): H424-

33. 

228. Zhong Y, Reiser PJ, Matlib MA. Gender differences in myosin heavy chain-beta 

and phosphorylated phospholamban in diabetic rat hearts. Am J Physiol Heart 

Circ Physiol. 2003; 285(6): H2688-93. 

229. Zhu WZ, Wang SQ, Chakir K, Yang D, Zhang T, Brown JH, et al. Linkage of 

β1-adrenergic stimulation to apoptotic heart cell death through protein kinase 

A-independent activation of Ca2+/calmodulin kinase II. J Clin Invest. 2003; 

111(5): 617-25. 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                                                  Ph.D. (Physiology) / 105 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 

 



Ariyaporn  Thawornkaiowong                                                                                            Appendix / 106 

APPENDIX A 

PROTEIN DETERMINATION WITH FOLIN PHENOL 

(Lowry et al.,1951) 
 

 

Reagents 

        Reagent A  2% Na2CO3 in 0.1 NaOH 

        Reagent B 4% Na-K tartrate 

        Reagent C 2% CuSO4 + 5H2O 

        Reagent D Alkaline Copper solution 

Mixed 20 ml of reagent A with 100 μl of reagent B and 100 μl 

of reagent C.  This mixed solution was discarded after 1 day 

        Reagent E  Folin phenol in H2O 

Folin & Cicocalteu’s phenol reagent (Sigma Chemical, MO) 

was diluted with H2O in a 1:1 ratio before use. 

 

Standard 

        Protein standard solution was prepared by dissolving 0.05 g of bovine serum 

albumin (BSA) from Sigma Chemical, MO in 100 ml of distilled water. 

 

Procedures 

1. The sample and standard proteins were diluted to appropriate concentration 

with reagent A to obtain a total volume of 200 μl. 

2. Then added 1 ml of reagent D. 

3. Added 100 μl of reagent E and mixed by vortex immediately. This rapid 

mixing is important since the reagent decomposes rapidly. 

4. Incubated for at least 30 minutes at room temperature. 

5. Read optical density at 770 nm by spectrophotometer. 
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6. Protein concentration of sample was calculated using intercept and slope 

factors of standard curve. 
 
Reference: 

Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ. Protein measurement with 

Folin Phenol reagent. J Biol Chem. 1951; 193(1): 265-275. 
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APPENDIX B 

PROTEIN DETERMINATION WITH BRADFORD’S ASSAY 

(Bradford, 1976) 
 

 

Reagents 

        Reagent A       Bradford stock solution 

 Mixed 100 ml of 95% ethanol, 200 ml of 88% phosphoric acid 

and 350 g of Serva Blue G together and kept at room 

temperature. 

        Reagent B       Bradford working solution 

 Mixed 30 ml of reagent A with 15 ml of 95% ethanol, 30 ml of 

88% of phosphoric acid and obtained to 500 ml. Filter the 

solution through Whatman No.1 paper and stored at room 

temperature for several weeks. 

 

Standard 

        Protein standard solution was prepared by dissolving 0.05 g of bovine serum 

albumin (BSA) form Sigma Chemical, MO in 100 ml of distilled water. 

 

Procedures 

1. The sample and standard proteins were diluted to appropriate concentration 

with distill water to obtain a total volume of 100 μl 

2. Then added 0.9 ml of reagent B and mixed by vortex immediately. 

3. Incubated for at least 5 minutes at room temperature. 

4. Read optical density at 595 nm by spectrophotometer. 

5. Protein concentration of sample was calculated using intercept and slope 

factors of standard curve. 

 



Fac. of Grad. Studies, Mahidol Univ.                                                                  Ph.D. (Physiology) / 109 

Reference: 

Bradford MM. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal 

Biochem. 1976; 72: 248-254. 
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APPENDIX C 

PROTEIN DETERMINATION WITH BCA REAGENT 

(Hill and Straka, 1988) 
 

 

Reagents 

        Reagent A       BCA Stocking solution 

Composed of 1.0% Bicinchoninic acid, 2.0% Na2CO3, 0.16% 

NaK-tartrate, 0.4% NaOH, and 0.95% NaHCO3, pH 11.25 

        Reagent B       2% CuSO4 + 5H2O 

        Reagent C       BCA working solution 

Mixed reagent A and reagent B at ratio 50:1, freshly prepare.  

 

Standard 

        Protein standard solution was prepared by dissolving 0.01 g of bovine serum 

albumin (BSA) from Sigma Chemical, MO in 100 ml of distilled water. 

 

Procedures  

1. The sample and standard proteins were diluted to appropriate concentration 

with distilled water to obtain a total volume of 50 μl 

2. Added 1 ml of mixed reagent C and then mixed by vortex immediately. 

3. Incubated for at least 30 minutes at 37° C. 

4. Read optical density at 562 nm by spectrophotometer. 

5. Protein concentration of sample was calculated using intercept and slope 

factors of standard curve. 

 

Reference: 

Hill HD and Straka JG. Protein determination using bicinchoninic acid in the presence 

of sulfhydryl reagents. Anal Biochem 1998; 170(1): 203-208. 
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APPENDIX D 

CARDIAC MEMBRANE PREPARATION 

           (Backer and Potter, 1980: with modification) 
 

 

Reagent 

Reagent A 10 mM Tris-HCl, pH 8.0 

Reagent B 1 M KCl 

Reagent C 50 mM HEPES buffer pH 8.0 (containing 4 mM MgCl2)  

 

Procedure 

1. Left ventricle was cut into small pieces and homogenized with Omni-Mixer 

Macrohomogenizer speed 5.5 (one minute twice) in 10 ml ice-cold Tris-HCl 

buffer. 

2. 30 ml of 1 M KCl was added and incubated at 4oC for 20 min to dissolve the 

myofilament proteins. 

3. Then, homogenate was filtered through six layers of cheesecloth followed by 

centrifugation at 43,900 g, 4oC for 20 minutes. 

4. The pellet was resuspended in 35 ml of Tris-HCl buffer and resedimented 

with the same speed of centrifugation. 

5. The final pellets were resuspended in 10 ml of ice-cold 50 mM HEPES 

containing 4 mM MgCl2. 

6. Protein concentration of cardiac membrane preparation was determined by 

Bradford’s protein assay (Appendix B). 

 

Reference: 

Baker SP and Potter LT.  Purification and partial characterization of cardiac plasma 

membranes rich in β-adrenoceptors. Membr Biochem. 1980; 3: 185-205. 
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APPENDIX E 

β-ADRENERGIC RECEPTOR ASSAY 

                (Cervoni et al., 1981: with modification) 
 

 

Incubation solutions      Final concentration 

HEPES, semi sodium salt, pH 8.0   50  mM 

(N-[2-Hydroxyethyl] piperazine-N-[2-ethane sulfonic acid) 

MgCl2        4.0  mM 

(-)-Alprenolol       10   μM   

 

Washing Solution 

 Iced-cold 25 mM HEPES, pH 8.0 and 4 mM MgCl2 

 

Procedure 

 The assay was run at various concentrations of [3H]-DHA from 0.5-40 nM with 

or without (-)-alprenolol pursuing the following steps. 

1. 100 μl of incubation buffer was preconditioned at 25oC for 1 minute. 

2. Binding reaction was started by adding 100 μl of cardiac membrane 

preparation (~50 μg protein) incubating at 25oC for 20 min with shacking at 

60 oscillations/min. 

3. After 20 min, 4 ml ice-cold washing solution was added to the reaction. 

4. The incubation mixture was immediately filtered through GF/B glass fiber 

filter (Whatman) using high performance vacuum pump. 

5. The filter was rinsed twice with 4 ml washing solution to remove the 

unbound [3H]-DHA and then blown dry 

6. Membrane protein and [3H]-DHA on dried filter was re-dissolved in 

scintillation fluid without Triton X-100 overnight. 

7. Equal amount of Scintillation was counted radioactivity (Appendix F)
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Reference: 

Cervoni P, Herzlinger H, Lai FM, and Tanikella T.  A comparison of cardiac reactivity 

and β-adrenergic receptor number and affinity between aorta-coarcted 

hypertensive and normotensive rats.  Br J Pharmacol 1981;74(3): 517-523. 
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APPENDIX F 

DETERMINATION OF RADIOISOTOPE 
 

 

Principle 
 3H and 45Ca used in the study are the radioactive isotopes that decay 

radioactivity by emitting beta particles. To determine their radioactivity, a liquid 

scintillation, which converts the energy absorbed from the beta particle into light 

photon, is used to dissolve standards and sample. The liquid scintillation contains two 

solutes, 2,5-diphenyl oxazole (PPO) and 1,4-bis[2-(5-phenyloxazolyl)] benzene 

(POPOP) in toluene solvent. The emitted electron from nucleus of radioisotopes is 

taken gained up by toluene and make them unstable state that must eventually lose the 

energy gained by emission of photons. The photon energy is transmitted to solutes 

(sometimes called fluors). A primary flours, PPO, converted excitation energy to short 

wavelength light photon. Short wavelength photon is then absorbed by secondary 

fluors, POPOP. Excited state of secondary solute emits the long wavelength energy, 

which is converted to photoelectrons at the photocathode of the photomultiplier tube. 

The radioactivity is presented as counts per minute (cpm) as compared to standard. 

 

Instrument 

 Liquid scintillation counter LKB Wallac 1219 Rackbeta. 

 

Reagents 

 Scintillation fluid 1 litter contains; 

 5     g  2,5-diphenyl oxazole (PPO) 

 0.3  g  1,4-bis[2-(5-phenyloxazole)]benzene (POPOP) 

 Toluene (with 500 ml of triton x-100 when the sample containing water) 

 

Procedures
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For dry filter: 

 1.  Put a dry filter, containing radioactive receptor complex, into the vial and 

added with 7 ml of scintillation fluid without triton x-100 and shacked. 

2. Left at room temperature overnight. Then, transferred 6 ml of scintillation 

fluid in the new vial. 

3. Counted the radioactivity in Liquid Scintillation counter. 

 

For aqueous solution: 

1. Placed sample in the 2 ml microcentrifugal tube with 1.5 ml of scintillation 

fluid.  Mixed the suspension until it clear. 

2. Put the microcentrifugal tube into the counting vial. 

3. Counted the radioactivity in Liquid scintillation counter. 

 The standard radioisotope was performed in the same way with known amounts. 

Counting duration per vial was set at 10 and 3 min for 3H and 45Ca, respectively. 

Amounts of ion were calculated using the intercept and slope factors of standard 

curve. 

 

Reference: 

Osterman LA. Isotopes, Scintillation and Scintillation Counters. In: Methods of 

protein and nucleic research (V2.). Edited by Osterman LA. Germany: Springer-

Verlag Berlin Heidenberg, 1984: 67-78. 
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APPENDIX G 

THE Ca2+-DEPENDENT MYOFIBRILLAR ACTOMYOSIN Mg2+-

ATPase ACTIVITY ASSAY 

(Pagani and Solaro, 1987) 
 

 

Incubation solutions      Final concentration 

 Potassium chloride 60 mM 

 Imidazole 30 mM 

 Magnesium chloride 7.5 mM 

 ATP 5.0 mM 

 

Procedure 

 The assay was run at various Ca2+ concentrations ranging from pCa (-log of 

molar calcium free) 7.5 to 4.875 in pH 7.0 pursuing the following steps. 

1. 50 μl of myofibrillar protein (concentration ranging between 3.8-4.2 mg/ml) 

was added to the incubation solutions with various concentrations of CaCl2 

at 5 mM EGTA to make a volume of 0.474 ml. 

2. Mixed and preincubated at 30°C for 3 minutes in a temperature-controlled 

dry-bath. 

3. The reaction would start by adding ATP to a final volume of 0.5 ml. Mixed 

and left at 30°C for another 10 min. 

4. After 10 minutes, 0.5 ml of ice-cold 10% trichloroacetic acid (TCA) was 

added to stop reaction. Mixed and rapidly placed the tube on ice. 

5. Each tube of sample was then centrifuged at 3,000 rpm, 4°C for 10 minutes. 

After that 50 μl of supernatant was taken for Pi assay (Appendix H). 
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6. For a blank tube, the incubation mixture contained no CaCl2. 10% TCA was 

added before adding ATP and left the tube on ice without incubation. 

 

Reference: 

Pagani ED and Solaro RJ. Method for measuring function properties of sarcoplasmic 

reticulum and myofibrils in small samples of myocardium. In: Schawartz A, 

editor. Methods in pharmacology, Vol. 5 New York : Plenum Publishing Crop, 

1984: 44-61. 
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APPENDIX H 

DETERMINATION OF INORGANIC PHOSPHATE 

(Carter and Karl, 1982) 
 

 

Reagents  

 Solution A Mixing of 2N HCl and 0.1 M Na2MoO4 in the volume ratio of 

4:3 

 Solution B 0.042% (w/v) malachite green dye and 1% (w/v) polyvinyl 

alcohol. 

 Solution C 7.8% (v/v) H2SO4 solution. 

 

Standard solution 

 0.5 mM of KH2PO4 stored at 4°C 

 

Procedure 

1. 50 μl of sample and standard Pi was added into 0.35 ml of solution A and 

0.15 ml of solution B. Immediately mixed and allowed to stand for exactly 2 

minutes for color development. 

2. Added 1 ml of solution C and mixed thoroughly. 

3. Allowed to stand for 60 minutes at room temperature to complete color 

development. 

4. The optical density was measured at 625 nm by spectrophotometer. 

5. Pi concentration of sample was calculated using intercept and slope factors 

of standard curve. 

 

Reference: 

Carter SG and Karl DW. Inorganic phosphate assay with malachite green: an 

improvement and evaluation. J Biochem Biophys Methods. 1982; 7(1): 7-13. 
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APPENDIX I 

DETERMINATION OF SARCOPLASMIC RETICULUM Ca2+ 

UPTAKE 

(Pagani and Solaro, 1987: with modification) 
 

 

Incubation solution      Final concentration 

 Potassium chloride 100 mM 

 Imidazole   20 mM 

 Magnesium chloride     5 mM 

 Sodium azide     5 mM 

 Potassium oxalate     5 mM 

 EGTA     5 mM 

 Ruthenium red     5 μM 

 

Procedure 

 The assay was run at various Ca2+ concentrations ranging from pCa (-log of 

molar calcium free) 8.0 to 4.875, pH 7.0. The ratio of CaCl2 and 45CaCl2 in the 

reaction was equal to 1000: 1. Three minutes of reaction was run at 37°C pursuing the 

following steps; 

1. 50 μl of left ventricular homogenate (~0.5 mg) was added to the incubation 

solutions with various concentrations of CaCl2 to make a volume of 0.475 

ml. 

2. Mixed and preconditioned at 37°C for 3 minutes in a temperature controlled 

shaking water bath with 60-oscillations/min shaking. 

3. The reaction would start by adding 25 μl of 100 mM ATP to a final volume 

of 0.5 ml. Mixed and left at 37°C for another 3 minutes. 
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4. Uptake reaction was stopped by putting the reaction tube on ice-cold for 1 

minute followed by filtration through 0.45 μm Millipore filter (Millex HA). 

5. 100 μl of both filtrated and non-filtrated solution were dissolved in 1.5 ml 

scintillation fluid with triton X-100 and determined for the radioactivity 

(Appendix F). 

 

Reference: 

Pagani ED and Solaro RJ. Method for measuring function properties of sarcoplasmic 

reticulum and myofibrils in small samples of myocardium. In: Schwartz A, 

editor. Methods in pharmacology, Vol. 5 New York: Plenum Publishing Corp, 

1984; 44-61. 
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APPENDIX J 

CARDIAC SARCOPLASMIC RETICULAR  

MEMBRANE PREPRATION 

(Jones et. al., 1979: with modification) 
 

 

Reagent 

 Reagent A   10 mM NaHCO3, pH6.8 

 Reagent B KCl (powder) 

 Reagent C 0.25 M sucrose buffer (containing 0.3 M KCl, 0.05 M sodium 

pyrophosphate, and 0.1 M Tris), pH 7.2. 

 Reagent D 0.8 M sucrose buffer (containing 0.3 M KCl, 0.05 M sodium 

pyrophosphate, and 0.1 M Tris), pH 7.2 

 Reagent E   sample solution containing 400 mM sucrose, 5 mM HEPES, 

and 5 mM Tris, pH 7.2. 

 

Procedure 

1. Left ventricle was chopped into small pieces and homogenized with Ystral 

Macrohomogenizer speed 3 (one minute twice) in 8 ml of ice-cold reagent 

A.  

2. The homogenate was centrifuged at 8,000 g, 4°C for 10 minutes to 

precipitate large debris and the supernatant was further centrifuged at 10,000 

g, 4°C for 20 minutes. 

3. KCl was added into the supernatant to reach a concentration of 0.6 M KCl 

and then put on ice for 15 minutes. 

4. Membrane vesicle was then precipitated from the high salt supernatant by 

centrifugation at 45,000 g, 4 °C for 45 minutes.  



Ariyaporn  Thawornkaiwong                                                                                              Appendix / 122 

5. The pellet was re-suspended in 7 ml of reagent C using Taflon-glass 

homogenizer. 

6. The suspension was poured on top of 15 ml reagent D in the ultracentrifugal 

tube and then centrifuged at 100,000 g, 4 °C for 1 hr. 

7. The pellet was re-suspended in 2 ml of reagent E with glass homogenizer, 

immediately dipped in liquid nitrogen, and kept at –80 °C until use. 

8. The amount of proteins on the SR-enriched membrane vesicles was 

determined using Bradford’s protein assay (appendix B). 

 

Reference: 

Jones LR, Besch HR, Jr., Fleming JW, McConnaughey MM, Watanabe AM. 

Separation of vesicles of cardiac sarcolemma from vesicles of cardiac 

sarcoplasmic reticulum.  Comparative biochemical analysis of component 

activities.  J Biol Chem 1979; 254(2): 530-539. 
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APPENDIX K 

SARCOPLASMIC RETICULUM Ca2+-ATPase ACTIVITY ASSAY 

(Chu et al, 1988: with modification) 
 

 

Incubation solution        Final concentration 

 MOPS        21  mM 

 NaN3        4.9 mM 

 EGTA                 0.06 mM 

 KCl                  100 mM 

 MgCl2                   3.0 mM 

 NADH        0.2 mM 

 Phospho(enol)pyruvate                 1.0 mM 

 Pyruvate kinase                  8.4 u/ml 

 Lactate dehydrogenase                   12 u/ml 

 

Procedure 

         The reaction was run in various Ca2+ concentrations ranging from pCa (-log of 

molar calcium free) 8.0 to 5.0, pH 7.0, and observed at 37°C pursuing the following 

steps; 

1. 5 μg of SR-enriched membrane vesicles was added to the incubation 

solution in various concentrations of CaCl2 to make a volume of 0.980 ml. 

2. Mixed and preconditioned the reaction mixture at 37°C for 2 minutes. 

3. The reaction was started by adding 20 μl of 50 mM ATP. Mixed and 

continuously measured with spectrophotometer at 37°C for 6 minutes. 

4. The SERCA activity was calculated from the kinetic change at 349 nm 

during 250 to 350 sec after starting. 
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5. Another set of reaction was performed with addition of thapsigargin, 

SERCA inhibitor, 1.0 μM in 0.1 μl of DMSO to determine the non-specific 

activity. 

 

Calculation: 

         SERCA activity (μmole/mg protein/min) =  [ΔOD/min] x dilution factor 

   [6.22] x mg protein 

 

Reference: 

Chu A, Dixon MC, Saito A, Seiler S, Fleischer S.  Isolation of sarcoplasmic reticulum 

fraction referable to longitudinal tubules and junctional terminal cisternae from 

rabbit skeletal muscle.  Methods Enzymol. 1988; 157: 36-46. 
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APPENDIX L 

HILL EQUATION 
 

 

        Hill equation describes a cooperative behavior for the non-linear regression 

enzyme activity or force development. 

ν = Vmax . Sn / (S0.5
n + Sn) 

where; ν is the initial velocity, Vmax is the maximum velocity, S is the concentration 

of varied substrate, S0.5  is the substrate concentration where ν = 0.5 Vmax, and n is the 

Hill coefficient.  As shown in the figure below, the substrate is Ca2+. 

 

 

 

 

 

 

 

 

 

 

Relative activity     =        [Ca2+]n 

                                         K +  [Ca2+]n 

         K = (EC50)n = pCa50 (at n = 1) = The Ca2+ concentration at half maximum 

ATPase activity representing the sensitivity of the active protein (s) to Ca2+ activation. 

         n = Hill coefficient = the tangent of the upstroke slope which represents the 

cooperative function of the functional units. 
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Reference: 

Segel IH.  Multisite and allosteric enzyme.  In: Segel IH editor.  Biochemical 

calculations (2nd ed.) John Wiley & Sons 1976; 303-316. 
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Table I-Table XVII 
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Table I  Maximum and pCa50 of myofilament ATPase activity from sham (SHAM), 

ovariectomized (OVX), diabetic (DM), diabetic-ovariectomized (DM-

OVX) rats, and DM-OVX rats with estrogen (E2) and/or insulin (INS).  

SHAM OVX DM DM-OVX 
No. 

+ Oil + Oil + Oil + Oil + E2 + INS 
+ E2 

+ INS 
Maximum ATPase Activity (nmole Pi/ mg protein/ min) 

1 149.0 133.8 102.8 133.2 142.1 172.6 169.2 
2 193.6 147.9 113.1 152.6 114.9 141.3 186.3 
3 176.7 145.7 135.9 135.3 124.8 163.6 169.8 
4 197.7 108.7 125.5 102.0 143.6 129.6 184.2 
5 181.8 132.7 123.5 87.7 101.8 128.3 184.4 
6 161.6 136.5 122.3 127.2 127.9 149.2 183.2 
7 - 155.1 - 134.5 107.5 159.7 188.2 
8 - - - - 119.9 138.8 189.2 
9 - - - - - - 188.4 
10 - - - - - - 203.1 

MEAN 176.8 137.2* 120.5* 124.7* 122.8* 147.9* 184.6 
SE 7.6 5.7 4.6 8.4 5.3 5.7 3.1 
n 6 7 6 7 8 8 10 

pCa50 
1 5.97 6.12 5.86 6.02 5.99 6.01 5.87 
2 5.95 6.04 5.92 6.09 5.94 6.11 5.96 
3 5.98 5.98 5.94 5.89 5.99 6.07 5.97 
4 5.89 5.99 5.96 6.03 5.94 6.05 5.99 
5 5.89 6.09 5.92 5.97 5.92 5.93 5.95 
6 5.96 6.12 5.99 6.07 6.01 6.03 5.96 
7 - 6.11 - 5.98 6.02 6.07 5.85 
8 - - - - 5.96 6.16 5.97 
9 - - - - - - 5.86 
10 - - - - - - 5.97 

MEAN 5.94 6.06* 5.93 6.01* 5.97 6.05* 5.94 
SE 0.02 0.02 0.02 0.02 0.01 0.02 0.02 
n 6 7 6 7 8 8 10 

        Results are means ± SE from each group. n = number of rats. *P < 0.05, 

significant difference form SHAM using Student Newman-Keuls test after ANOVA 
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Table II  Maximum density (Bmax) and dissociation constant (Kd) of the cardiac β1-

adrenergic receptor (β1AR) in left ventricular membrane preparations from 

SHAM, OVX, DM, DM-OVX rats and DM-OVX rats with estrogen and/or 

insulin supplementation.  

SHAM OVX DM DM-OVX 
No. 

+ Oil + Oil + Oil + Oil + E2 + INS 
+ E2 

+ INS 
Bmax (fmole/ mg protein) 

1 199.3 256.3 243.6 227.6 201.6 220.3 217.4 
2 192.2 251.6 238.0 238.1 226.0 229.1 184.9 
3 216.5 247.6 177.2 232.1 229.4 296.0 191.7 
4 227.9 245.9 241.5 250.3 229.7 257.7 201.3 
5 210.7 292.9 229.4 252.5 223.1 264.7 244.7 
6 220.8 244.2 186.3 256.3 192.8 263.8 176.4 
7 200.7 233.1 211.5 228.0 190.3 255.0 216.8 
8 205.1 287.6 200.1 274.5 224.3 279.2 153.9 

MEAN 209.1 257.1* 215.9 244.9* 214.6 258.2* 198.4 
SE 4.3 7.6 9.2 5.8 5.9 8.7 9.9 
n 8 8 8 8 8 8 8 

Kd (nM) 
1 3.6 3.9 3.2 2.3 3.2 3.3 3.1 
2 4.2 4.9 3.1 3.9 3.9 3.0 2.5 
3 2.4 3.0 3.3 2.5 3.9 3.2 2.5 
4 3.6 3.5 3.5 3.3 2.9 4.1 4.1 
5 3.5 3.6 3.2 4.0 4.0 3.4 4.7 
6 4.6 4.5 2.2 3.5 2.0 2.4 3.1 
7 2.3 3.8 3.0 3.5 2.6 4.0 4.3 
8 2.9 3.0 3.3 3.1 2.4 2.6 2.9 

MEAN 3.4 3.8 3.8 3.3 3.1 3.2 3.4 
SE 0.3 0.2 0.8 0.2 0.3 0.2 0.3 
n 8 8 8 8 8 8 8 

 

        Results are means ± SE from each group. n = number of rats. *P < 0.05, 

significant difference form SHAM using Student Newman-Keuls test after ANOVA 
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Table III  Relative intensity of β1-AR and HSP72 proteins to calsequestrin (CSQ) of 

left ventricular homogenates from SHAM, OVX, DM, DM-OVX rats and 

DM-OVX rats with estrogen and/or insulin supplementation.  

Protein Expression (Relative Intensity) 
SHAM OVX DM DM-OVX No. 
+ Oil + Oil + Oil + Oil + E2 + INS 

+ E2 

+ INS 
β1-adrenergic receptor 

1 199.3 256.3 243.6 227.6 201.6 220.3 217.4 
2 192.2 251.6 238.0 238.1 226.0 229.1 184.9 
3 216.5 247.6 177.2 232.1 229.4 296.0 191.7 
4 227.9 245.9 241.5 250.3 229.7 257.7 201.3 
5 210.7 292.2 229.4 252.5 223.1 264.7 244.7 
6 220.8 244.2 186.3 256.3 192.8 263.8 176.4 
7 200.7 231.3 211.5 228.0 190.3 255.0 216.8 
8 205.1 287.6 200.1 274.5 224.3 279.2 153.9 

MEAN 209.1 257.1* 215.9 244.9* 214.6 258.2* 198.4 
SE 4.3 7.6 9.2 5.8 5.9 8.7 9.9 
n 8 8 8 8 8 8 8 

HSP72/CSQ 
1 1.33 0.92 1.18 1.08 1.15 1.12 1.41 
2 1.36 .98 1.03 1.07 0.99 0.89 1.34 
3 1.46 1.05 1.09 1.12 0.95 1.10 1.38 
4 1.38 0.99 0.95 0.99 0.95 0.84 1.31 
5 1.30 1.06 0.78 0.93 0.78 0.89 1.28 
6 1.25 0.95 1.06 0.87 0.86 1.03 1.38 
7 1.24 0.92 1.14 1.14 1.12 1.10 1.21 
8 1.40 0.94 1.09 1.09 1.13 1.15 1.44 

MEAN 1.34 0.98* 1.01* 1.04* 0.99* 1.02* 1.34 
SE 0.03 0.02 0.05 0.03 0.05 0.04 0.03 
n 8 8 8 8 8 8 8 

 

        Results are means ± SE from each group. n = number of rats. *P < 0.05, 

significant difference form SHAM using Student Newman-Keuls test after ANOVA
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Table IV  Body weight (BW), heart weight (HW), uterine weight (UW), % heart 

weight/ body weight (% HW/BW), and plasma T3 level 

GROUPS BW (g)       HW (g)      UW (g) % HW/BW Plasma T3 

(ng/ml) 

SHAM  270 ± 4 0.87 ± 0.01  0.42 ± 0.02  0.32 ± 0.01  65.7 ± 2.6   

OVX  345 ± 6 * 0.98 ± 0.01* 0.09 ± 0.01* 0.28 ± 0.01* 62.4 ± 2.8  

OVX + E2 266 ± 5 # 0.87 ± 0.01 # 0.43 ± 0.04# 0.33 ± 0.01# 64.4 ± 1.6 # 

DM  226 ± 5 *# 0.81 ± 0.01*# 0.31 ± 0.03*# 0.36 ± 0.01*# 45.2 ± 2.8*#

DM + INS 274 ± 6 # 0.91 ± 0.02 # 0.41 ± 0.01# 0.32 ± 0.01# 65.1 ± 1.5# 

DM-OVX 235 ± 4 *# 0.88 ± 0.01 # 0.09 ± 0.01* 0.38 ± 0.01*# 48.1 ± 1.3*#

DM-OVX  

+ E2 230 ± 5 *# 0.81 ± 0.02*# 0.39 ± 0.02# 0.36 ± 0.01*# 46.1 ± 1.2*#

+ INS 352 ± 4 * 1.01 ± 0.01* 0.09± 0.03* 0.29 ± 0.01* 62.9 ± 1.3 

+ E2 + INS 269 ± 3 # 0.89 ± 0.01 # 0.40 ± 0.01# 0.33 ± 0.01# 65.6 ± 1.7# 

         

        Values are means ± SE of 8 rats each group.  SHAM, sham-operated; OVX, 

ovariectomized; DM, diabetic; DM-OVX, diabetic-ovariectomized; E2, estrogen; INS, 

insulin; T3, triiodothyronine.  P < 0.05, significant difference from SHAM (*) and 

OVX (#) groups  
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Table V  Maximum myofilament ATPase activity from SHAM, OVX rats with and 

without estrogen supplementation, DM rats with and without insulin 

supplementation.   

Maximum ATPase Activity 

(nmole Pi/ mg protein/ min) 

SHAM OVX DM DM-OVX 
 

No 

+ Oil + Oil + E2 + Oil + INS + Oil + E2 +INS 
+ E2 

+ INS

1 173.7 137.0 187.9 108.3 185.2 128.7 127.1 133.5 180.6 

2 175.5 123.9 172.3 128.2 175.6 127.2 120.0 133.4 172.3 

3 170.0 123.2 193.1 136.2 196.1 137.7 121.0 126.8 185.9 

4 204.9 128.5 185.2 113.9 182.5 126.6 126.0 142.4 195.1 

5 193.1 139.5 195.1 138.6 188.3 138.5 134.6 134.3 198.4 

6 194.9 129.6 198.4 134.8 187.9 134.8 128.5 135.8 196.1 

7 180.1 130.3 173.7 127.1 187.1 119.6 126.4 140.7 187.4 

8 181.4 132.4 187.3 138.0 186.0 127.7 123.8 127.1 187.3 

9 193.1 126.2 188.3 137.6 185.0 129.9 128.6 146.8 181.1 

10 173.7 134.7 175.6 120.2 188.0 138.9 127.0 139.7 182.3 

11 178.7 134.6 - 131.2 - 126.5 - 123.9 184.0 

12 194.2 123.4 - 128.5 - 125.5 - 134.5 - 

13 - 129.1 - 129.1 - 130.5 - - - 

14 - 131.0 - 128.1 - 129.3 - - - 

15 - 131.4 - 125.3 - 131.7 - - - 

16 - 126.3 - 128.5 - 128.3 - - - 

17 - 125.7 - - - 129.6 - - - 

MEAN 184.4 130.9* 185.7 128.6* 186.2 130.5* 126.3* 134.6* 186.4 

SE 3.2 1.6 2.9 3.1 1.6 1.6 1.3 1.7 2.3 

N 12 17 10 16 10 17 10 14 11 

 

        Results are means ± SE from each group. n = number of rats. *P < 0.05, 

significant difference form SHAM using Student Newman-Keuls test after ANOVA 
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Table VI  Relative amount of α-MHC to total MHC expression of left ventricular 

papillary muscle from SHAM, OVX rats with and without estrogen 

supplementation, DM rats with and without insulin supplementation.  

% α-MHC 

SHAM OVX DM DM-OVX  

No 
+ Oil + Oil + E2 + Oil + INS + Oil + E2 +INS 

+ E2 

+ INS 

1 61.5 52.6 65.5 35.6 63.3 33.2 31.7 50.5 73.4 

2 61.2 48.4 71.1 33.1 70.3 37.6 32.2 47.8 71.1 

3 67.2 49.3 76.1 41.0 70.8 41.1 36.2 51.8 81.4 

4 77.1 47.0 63.3 28.7 64.6 31.5 35.6 52.7 78.7 

5 76.2 59.0 78.7 37.9 70.5 29.5 35.4 56.9 64.0 

6 75.5 45.5 64.0 34.6 65.6 45.2 31.9 52.0 78.0 

7 69.4 50.5 66.3 32.4 67.0 31.7 35.5 56.7 71.6 

8 70.1 55.4 72.5 28.0 67.1 35.1 38.8 48.3 72.5 

9 76.1 53.2 70.5 33.1 64.3 39.5 42.2 58.6 70.4 

10 66.3 50.4 70.3 36.0 67.5 40.4 31.0 52.9 74.9 

11 69.3 53.1 - 33.4 - 32.6 - 50.1 71.5 

12 68.8 51.5 - 34.6 - 33.5 - 47.8 - 

13 - 51.1 - 35.7 - 34.2 - 56.4 - 

14 - 48.6 - 34.5 - 47.9 - 56.4 - 

15 - 46.9 - 34.1 - 48.3 - - - 

16 - 51.0 - 33.9 - 48.4 - - - 

17 - 51.4 - - - 45.3 - - - 

MEAN 69.9 51.3* 69.8 35.8*#
 67.1 48.9*# 35.1*# 52.8* 73.4 

SE 1.6 1.2 1.6 1.3 0.9 0.8 1.1 1.0 1.4 

N 12 17 10 16 10 17 10 14 11 

 

        Results are means ± SE from each group. n = number of rats.  P < 0.05, 

significant difference from SHAM (*), and OVX (#) groups, respectively, using 

Student Newman-Keuls test after ANOVA. 
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Table VII  Body weight (BW), heart weight (HW), uterine weight (UW), % heart 

weight/ body weight (% HW/BW), and plasma T3 level 

GROUPS BW (g)       HW (g)      UW (g) % HW/BW Plasma T3 

(ng/ml) 

SHAM  270 ± 4  0.87 ± 0.01  0.42 ± 0.02  0.32 ± 0.01  65.7 ± 2.6  

OVX  345 ± 6*  0.98 ± 0.01  0.09 ± 0.01* 0.28 ± 0.01  62.4 ± 2.8

OVX + T3  326 ± 6 *#†  1.31 ± 0.07*#†  0.10 ± 0.03* 0.40 ± 0.02 *# 393.1 ± 3.5 *,#

OVX + PTU  292 ± 5 *#†  0.88 ± 0.02   0.09 ± 0.02* 0.30 ± 0.02  20.3 ± 1.8 *#†

DM  226 ± 5 *#†  0.81 ± 0.01#  0.31 ± 0.03*# 0.36 ± 0.01 *# 45.2 ± 2.8 *# 

DM + T3  200 ± 9 *# †  0.92 ± 0.03   0.31 ± 0.03*# 0.46 ± 0.02 *#† 60.3 ± 1.6† 

DM + PTU  228 ± 7*#  0.82 ± 0.01*#†  0.31 ± 0.02*# 0.37 ± 0.02 *# 17.1 ± 0.9*#†

DMOVX  235 ± 4 *#  0.88 ± 0.01  0.09 ± 0.01* 0.38 ± 0.01 *# 48.1 ± 1.3*# 

DM-OVX    + 

T3 

 249 ± 7*#†  1.01 ± 0.03 #†  0.09 ± 0.01* 0.41 ± 0.02 *# 62.5 ± 0.8 † 

DM-OVX    + 

PTU  

 275 ± 8*#†  0.98 ± 0.02 †  0.09 ± 0.01* 0.36 ± 0.01 *# 16.3 ± 0.7*#† 

         

        Values are means ± SE of 8 rats each group.  SHAM, sham-operated; OVX, 

ovariectomized; DM, diabetic; DM-OVX, diabetic-ovariectomized; E2, estrogen; INS, 

insulin; T3, triiodothyronine; PTU, propyl-2 thiouracil.  P < 0.05, significant 

difference from SHAM (*), OVX (#), and DM (†) groups, respectively.  
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Table VIII  Maximum myofilament ATPase activity from SHAM and, OVX, DM, 

and DM-OVX rats with triiodothyronine (T3) or propylthiouracil (PTU) 

treatment.  

Maximum ATPase Activity 

(nmole Pi/ mg protein/ min) 

SHAM OVX DM DM-OVX 
No 

+ Oil + T3 + PTU + T3 + PTU + T3 + PTU 

1 173.7 180.5 97.7 189.2 91.0 195.1 102.3 

2 175.5 188.0 103.2 190.9 92.6 187.6 96.5 

3 170.0 172.7 96.7 198.2 96.0 188.7 96.9 

4 204.9 182.5 98.0 184.3 94.0 185.9 96.9 

5 193.1 180.5 95.6 199.6 96.0 189.6 92.3 

6 194.9 171.3 102.1 193.0 87.0 192.5 96.7 

7 180.1 196.7 93.5 199.7 95.0 198.6 103.9 

8 181.4 190.1 106.3 193.7 96.7 199.5 98.5 

9 193.1 192.7 94.3 183.5 96.0 203.5 101.5 

10 173.7 193.2 95.7 189.2 104.3 186.3 101.2 

11 178.7 187.0 95.8 174.3 106.2 186.3 92.3 

12 194.2 187.1 92.5 201.5 99.5 189.2 95.1 

MEAN 184.4 180.1 97.6* 191.4 96.2* 191.9 97.8* 

SE 3.2 2.1 1.2 2.3 1.5 1.7 1.1 

n 12 12 12 12 12 12 12 

 

        Results are means ± SE from each group. n = number of rats. *P < 0.05, 

significance difference form SHAM using Student Newman-Keuls test after ANOVA 
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Table IX  Relative amount of α-MHC to total MHC expression of left ventricular 

papillary muscle from SHAM, and OVX, DM, and DM-OVX rats with 

triiodothyronine or propylthiouracil treatment 

% α-MHC 

SHAM OVX DM DM-OVX No 

+ Oil + T3 + PTU + T3 + PTU + T3 + PTU 

1 61.5 61.1 0.0 76.1 0.0 78.7 9.8 

2 61.2 75.5 00 69.0 9.5 68.3 8.9 

3 67.2 68.3 0.0 76.4 8.3 67.8 0.0 

4 77.1 71.1 4.2 71.7 6.0 69.6 0.0 

5 76.2 72.7 7.2 79.7 0.0 60.9 0.0 

6 75.5 64.6 8.3 69.6 0.0 78.6 6.5 

7 69.4 66.3 7.0 65.1 0.0 73.6 8.6 

8 70.1 70.5 0.0 59.0 3.5 73.1 0.0 

9 76.1 79.6 4.2 57.7 8.5 72.3 9.8 

10 66.3 68.4 9.6 60.0 5.9 57.2 6.9 

11 69.3 76.9 10.7 66.7 7.9 67.8 6.5 

12 68.8 71.9 0.0 72.9 8.0 68.5 0.0 

MEAN 69.9 68.3 4.3* 68.7 4.8* 69.7 4.8* 

SE 1.6 2.9 1.2 2.1 1.1 1.8 1.3 

n 12 12 12 12 12 12 12 

 

        Results are means ± SE from each group. n = number of rats.  *P < 0.05, 

significant difference from SHAM using Student Newman-Keuls test after ANOVA. 
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Table X  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    228 ± 9 *# 0.81 ± 0.01*# 0.31 ± 0.01 *# 0.36 ± 0.02*# 

DM-OVX   246 ± 9 *# 0.92 ± 0.03# 0.09 ± 0.00 * 0.37 ± 0.02*# 

DM-OVX + E2   233 ± 5 *# 0.86 ± 0.02*# 0.37 ± 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 + E2 + INS   263 ± 4 # 0.90 ± 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 ± SE of 8 rats each group.  SHAM, sham-operated; OVX, 

ovariectomized; DM, diabetic; DM-OVX, diabetic-ovariectomized; E2, estrogen; INS, 

insulin.  P < 0.05, significant difference from SHAM (*) and OVX (#) groups.  
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Table XI  Maximum of SR Ca2+-uptake activity of left ventricular homogenate from 

SHAM, OVX, DM rats with and without insulin supplementation, DM-

OVX rats with estrogen and/or insulin supplementation.   

Maximum SR Ca2+-Uptake Activity 

(nmole/ mg protein/ min) 

SHAM OVX DM DM-OVX No 

+ Oil + Oil + Oil + INS + Oil + E2 + INS 
+ E2 

+ INS 

1 130.4 102.4 84.7 143.7 100.9 99.0 95.8 121.0 

2 140.1 87.4 96.9 131.8 107.5 88.2 106.8 132.6 

3 133.7 95.0 100.2 129.3 108.7 99.0 98.1 137.6 

4 141.6 90.0 99.8 121.5 98.2 102.6 98.5 133.0 

5 136.9 89.9 102.6 130.7 74.5 102.7 98.6 136.9 

6 136.1 91.8 91.6 130.9 88.8 103.0 101.5 136.6 

7 133.0 98.8 71.5 127.0 82.0 97.4 103.1 131.9 

8 140.6 103.2 77.4 135.3 80.8 90.1 100.7 127.2 

9 134.1 97.9 92.4 142.3 92.2 101.0 100.6 123.5 

10 142.4 95.2 99.1 138.0 87.7 85.5 103.5 121.4 

11 136.1 98.0 93.4 139.7 92.5 93.5 96.7 133.5 

12 134.4 86.0 95.0 138.5 92.5 92.5 94.5 135.0 

MEAN 136.6 94.6* 92.0* 134.0 92.2* 96.2* 99.8* 130.8 

SE 1.09 1.63 2.77 1.92 3.01 1.75 1.02 1.75 

n 12 12 12 12 12 12 12 12 

 

         Results are means ± SE from each group. n = number of rats.  *P < 0.05, 

significant difference from SHAM using Student Newman-Keuls test after ANOVA. 
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Table XII EC50 of SR Ca2+-uptake activity of let ventricular homogenate from 

SHAM, OVX, DM rats with and without insulin supplementation, DM-

OVX rats with estrogen and/or insulin supplementation.   

EC50 (μM) 

SHAM OVX DM DM-OVX  

No 
+ Oil + Oil + Oil + INS + Oil + E2 + INS 

+ E2 

+INS 

1 6.17 6.38 6.28 6.18 6.30 6.35 6.29 6.24 

2 6.20 6.30 6.28 6.24 6.32 6.31 6.35 6.19 

3 6.17 6.33 6.34 6.21 6.26 6.31 6.34 6.18 

4 6.11 6.32 6.36 6.23 6.30 6.27 6.40 6.25 

5 6.24 6.30 6.32 6.21 6.30 6.28 6.37 6.20 

6 6.22 6.36 6.24 6.18 6.31 6.32 6.32 6.19 

7 6.22 6.34 6.33 6.20 6.28 6.38 6.32 6.26 

8 6.20 6.31 6.29 6.21 6.32 6.35 6.37 6.17 

9 6.21 6.31 6.35 6.19 6.31 6.34 6.43 6.19 

10 6.24 6.30 6.40 6.24 6.30 6.31 6.29 6.23 

11 6.22 6.30 6.25 6.22 6.30 6.31 6.26 6.24 

12 6.24 6.33 6.31 6.24 6.29 6.30 6.30 6.19 

MEAN 6.20 6.32* 6.31* 6.21 6.30* 6.32* 6.33* 6.21 

SE 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

n 12 12 12 12 12 12 12 12 

 

        Results are means ± SE from each group. n = number of rats.  *P < 0.05, 

significant difference from SHAM using Student Newman-Keuls test after ANOVA. 
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Table XIII  Maximum SERCA activity in SR membrane vesicles form SHAM, OVX, 

DM rat with and without insulin supplementation, DM-OVX rats with 

estrogen and/or insulin supplementation.   

Maximum SERCA Activity 
(nmole Pi/ mg protein/ min) 

SHAM OVX DM DM-OVX 
 

No 
+ Oil + Oil + Oil + INS + Oil + E2 + INS 

+ E2 

+ INS 

1 1.31 0.51 0.72 1.15 0.84 0.78 0.90 1.09 

2 1.03 0.57 0.72 1.12 0.79 0.78 0.82 1.10 

3 1.11 0.80 1.00 1.05 0.89 0.80 0.77 1.10 

4 1.08 0.91 0.89 1.06 0.74 0.89 0.72 1.14 

5 1.10 0.80 0.74 1.08 0.77 0.86 0.72 1.09 

6 1.09 0.82 0.91 1.09 0.81 0.92 0.80 1.13 

7 1.17 0.83 0.80 1.11 0.86 0.78 0.84 1.10 

8 1.09 0.89 0.88 1.18 0.86 0.80 0.79 1.08 

9 1.14 0.94 0.63 1.10 0.89 0.80 0.97 1.14 

10 1.23 0.92 0.87 1.13 0.79 0.89 0.88 1.14 

11 1.17 0.98 0.63 1.15 0.78 0.87 0.82 1.07 

12 1.09 0.89 0.89 1.16 0.77 0.85 0.84 1.29 

MEAN 1.13 0.82* 0.81* 1.11 0.82* 0.84* 0.82* 1.12 

SE 0.02 0.04 0.03 0.01 0.01 0.01 0.02 0.02 

n 12 12 12 12 12 12 12 12 

 

        Results are means ± SE from each group. n = number of rats.  *P < 0.05, 

significant difference from SHAM using Student Newman-Keuls test after ANOVA. 
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Table XIV  EC50 of SERCA activity in SR membrane vesicles from SHAM, OVX, 

DM rats with and without insulin supplementation, DM-OVX rats with 

estrogen and/or insulin supplementation.   

EC50 (μM) 

SHAM OVX DM DM-OVX 

 

No 

+ Oil + Oil + Oil + INS + Oil + E2 + INS    + E2 

   + INS 

1 5.73 6.29 6.34 5.89 6.32 6.22 6.26   5.92 

2 5.70 6.01 6.35 5.98 6.10 6.38 6.21   5.85 

3 5.88 6.32 6.11 5.87 6.12 5.92 6.10   5.79 

4 5.85 6.04 6.15 5.97 6.23 6.21 6.18   5.84 

5 5.88 6.12 6.18 5.95 6.22 6.09 5.99   5.82 

6 5.97 6.13 6.34 5.96 6.18 6.25 6.24   5.96 

7 5.94 6.04 6.31 5.54 6.44 6.41 6.07   5.70 

8 5.70 6.30 6.01 5.80 6.07 5.97 6.17   5.91 

9 5.89 6.30 6.38 5.85 6.02 6.04 6.38   5.74 

10 6.02 6.31 6.19 5.89 6.10 6.26 6.28   6.07 

11 5.91 6.13 6.23 5.67 6.12 6.28 6.21   5.77 

12 5.82 6.24 6.06 5.87 6.21 6.29 6.24   6.00 

MEAN 5.86   6.19*   6.22* 5.85   6.18*   6.18*   6.19*   5.86 

SE   0.03   0.03   0.04   0.04   0.03   0.04   0.03  0.03 

N   12   12   12   12   12   12   12   12 

 

         Results are means ± SE from each group. n = number of rats. *P < 0.05 = 

significant difference form SHAM using Student Newman-Keuls test after ANOVA. 
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Table XV  Relative intensity of SERCA2a and phospholamban proteins to CSQ of 

left ventricular homogenates from SHAM, OVX, DM rats with and 

without insulin supplementation, DM-OVX rats with estrogen and/or 

insulin supplementation.   

Protein Expression (Relative Intensity) 

SHAM OVX DM DM-OVX No 

+ Oil + Oil + Oil + INS + Oil + E2 + INS + E2 
+ INS 

SERCA/CSQ 
1 1.15 0.96 0.92 1.15 0.86 0.86 0.92 1.24 
2 1.03 0.85 0.92 1.00 0.79 0.81 0.82 1.09 
3 0.97 0.88 0.93 1.11 0.79 0.89 0.82 1.03 
4 1.28 0.79 0.86 1.32 0.94 0.74 0.91 1.19 
5 1.02 0.95 0.79 1.08 1.00 0.63 0.91 1.11 
6 1.23 0.86 0.75 1.19 0.78 0.87 0.87 1.15 

MEAN 1.11 0.84* 0.85* 1.12 0.84* 0.83* 0.83* 1.13 
SE 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
n 6 6 6 6 6 6 6 6 

Phospholamban/CSQ 
1 1.13 1.08 1.33 1.06 1.73 1.59 1.14 0.97 
2 1.08 1.17 1.66 1.00 1.64 1.80 0.92 0.89 
3 0.99 1.00 1.67 1.11 1.63 1.48 0.99 0.82 
4 1.09 0.94 1.59 1.07 1.43 1.33 1.07 1.19 
5 1.02 0.99 1.73 0.95 1.68 1.57 1.00 1.11 
6 0.98 1.05 1.46 1.10 1.45 1.65 1.14 1.15 

MEAN 1.04 1.01 1.56* 1.04 1.60* 1.60* 1.02 1.04 
SE 0.02 0.03 0.04 0.02 0.04 0.05 0.03 0.04 
n 6 6 6 6 6 6 6 6 

 

        Results are means ± SE from each group. n = number of rats. *P < 0.05 = 

significant difference form SHAM using Student Newman-Keuls test after ANOVA. 
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Table XVI Relative intensities of the phosphor-Ser16 and the phosphor-The17 

phospholamban to actin of left ventricular homogenates from SHAM, 

OVX, DM rats with and without insulin supplementation, DM-OVX 

rats with estrogen and/or insulin supplementation.   

Protein Expression (Relative Intensity) 

SHAM OVX DM DM-OVX No 

+ Oil + Oil + Oil + INS + Oil + E2 + INS + E2 
+ INS 

Phospho-Ser16 phospholamban/Actin 
1 1.17 1.13 0.85 1.10 1.08 0.84 1.26 1.28 
2 1.21 1.33 0.74 1.08 0.74 0.94 1.08 1.12 
3 1.14 1.03 0.99 1.07 0.83 0.85 1.02 1.20 
4 1.18 1.18 0.92 1.29 0.86 0.66 1.30 1.06 
5 1.29 1.13 0.85 1.11 0.74 0.97 1.23 1.25 
6 1.20 1.08 0.96 1.08 0.86 0.84 1.06 1.18 

MEAN 1.18 1.15 0.84* 1.14 0.83* 0.81* 1.14 1.16 
SE 0.03 0.03 0.04 0.03 0.04 0.04 0.05 0.03 
n 6 6 6 6 6 6 6 6 

 Phospho-Thr17 phospholamban/Actin 

1 1.11 0.77 0.66 1.04 0.70 0.75 0.77 1.17 
2 1.06 0.80 0.66 0.95 0.75 0.62 0.61 1.05 
3 1.21 0.96 0.90 1.13 0.91 1.03 0.95 0.99 
4 1.03 0.82 0.86 1.06 0.93 0.75 0.70 0.97 
5 1.14 0.56 0.76 1.16 0.67 0.82 0.81 1.08 
6 1.21 0.78 0.85 1.10 0.72 0.75 0.74 1.28 

MEAN 1.15 0.78* 0.78* 1.14 0.77* 0.80* 0.78* 1.14 
SE 0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.05 
n 6 6 6 6 6 6 6 6 

          

        Results are means ± SE from each group. n = number of rats. *P < 0.05 = 

significant difference form SHAM using Student Newman-Keuls test after ANOVA. 
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Table XVII The proportion of the monomer phospholamban of left ventricular 

homogenates prepared from SHAM, OVX, DM rats with and without 

insulin supplementation, DM-OVX rats with estrogen and/or insulin 

supplementation.   

% monomer of phospholamban Protein Expression 

(Relative Intensity) 

SHAM OVX DM DM-OVX No 

+ Oil + Oil + Oil + INS + Oil + E2 + INS 
+ E2      

+ INS 

1 9.00 18.35 26.97 14.43 28.78 28.17 19.50 9.18 

2 8.90 17.16 22.84 9.99 28.13 28.28 17.64 8.84 

3 9.43 22.13 27.81 9.12 23.66 22.79 13.54 9.96 

4 11.00 14.98 28.00 10.85 23.99 24.48 24.70 9.89 

5 7.60 16.90 24.07 10.98 28.91 33.00 20.71 9.28 

6 9.39 27.97 35.16 12.81 24.02 25.63 19.73 12.25 

MEAN 10.85 19.8* 26.68*# 11.20 27.48*# 27.49*# 20.01* 11.09 

SE 0.93 1.32 1.44 0.54 1.05 1.03 1.35 0.85 

n 6 6 6 6 6 6 6 6 
  

      Results are means ± SE from each group. n = number of rats.  P < 0.05, 

significant difference from SHAM (*) and OVX (#) groups, respectively, using 

Student Newman-Keuls test after ANOVA. 
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