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In the heart, stimulation of many receptors, includhg those for angiotensin II ( h g  

II), endothelin- 1 (ET- 1 ), catecholamines and polypeptide growth factors, is associated . 
with the activation of phospholipase C (PLC) and subsequent hydrolysis of 

phosphatidylinositol 4,s-bisphosphate (PtdIns(4,5)P2). The two second messmgers 

produced in this reaction, namely m-1,2-diacylgiycerot @AG) and inositol 1,4,5- 

trisphosphate (Lns(1,4,5)&), are involveci in the regulation of cardiac contractility and 

intraceiiular ca2' concentration. 

Diabetic cardiomyopathy refers to the cardiac abnormaiities secondary to diabetes 

mefitus. It is characterized by decreased cardiac contractility and irnpaired intracelluiar 

ca2+ regulation. Several lines of evidence have shown that abnormalities in the 

phosphoinositide-PLC signahg pathway rnay be associated with the development of 

insulin-dependent cardiomyopathy, such as deaeased phosphatidylinositol (PtdIns) 4- 

kinase and phosphatidyünositol 4-phosp hate (Pt M P )  5 -kinase activities, decreased a 1- 

adrenoceptor (ai-AR) density and altered responsiveness to ai-AR agonist stimulation, 

increased local renh angiotensin system activity and SuSfained elevation of DAG content 

and PKC d v i t y .  However, no idonnation on the fhctional status of cardiac PLC and 

changes of ita isofomis during diabetes is available in the litenaire. 

Phosphatidic acid (PtdOH) has been demonstrateci to stimulate cardiac PLCyl and 

PLCG1 adVities. In addition, decreased sarcolernma (SL) phospholipase D (PLD)-derived 

PtdOH levels and decreased PtdOH-induced positive inotropic efEiects in the diabetic heart 



have aiso been reporte.. Thmefore, it is hypothesized that a decreased stimulation by 

PtdOH might result in a decreased PLC activity during diabetic cardiomyopathy. 

In this study, the effect of PtdOH on the phosphoinositide-PLC pathway were 

acamined in isolated SL and cardiomyocytes from 8-week chronic insulin-dependent 

diabetic rats induced by a single intravenous injection of streptozotocin (STZ. 65 mgkg 

body weight). The beneficial effect of insulin on this pathway was assessed in 6-week 

diabetic rats with 2-week insulin treatment. The activity and relative protein amount of 

PLCyl, one of the prominent cardiac PLC isofonns, were also studied. 

The findings of this study showed that cardiac total SL PLC activity and 

Ins(1,4,5)P, content in isolat ed cardiornyocytes were siBnificantly decreased during 

diabetes, indicating that a depressed PLC activity rnay exist in vivo. The 

hyperresponsiveness of total SL PLC to PtdOH may act to compensate for the decreased 

PLD-derived PtdOH level and sustain insuiin receptor tyrosine kinase activity during 

insulin-dependent diabetes mefitus (IDDM). Changes of SL PLCyl activity and its 

responsiveness to PtdOH were consistent with that of the total PLC, suggesting that 

alterations of this isofom contribute to that of the SL total PLC. Furthemore, decrease in 

PLCyl catalytic activity and the concomitant increase of SL protein content of this 

isozyme indicate that contonnational changes in this isofom rnay occur in the chronic 

diabetic heart. Insulin treatment nomialued the depressed SL PLC activities and the 

hyperresponsiveness of PLC to PtdOe however, it did not W y  correct the abnormal 

Ins(1,4,5)P, metaboiism in the isolated cardiomyocytes and the decreased cytosolic PLCy 1 

protein content. 



This study is the first to report the hctional status of cardiac phosphoinositida 

PLC d v i t i e s  and, fiuthermore, changes in PLCyl and regulation of  phosphoinositide 

pathway by PtdOH during chronic IDDM are shown. It also dernonstrates the beneficial 

effect of insuiin treatment on PLCs and Ins(1,4,5)P3 levels. R d t s  fiom this study suggest 

that the phosphoinositide-PLC pathway may play an important role in the regulation of 

heart function of IDDM subjects. 



1. INTRODUCTION 

The phosphoinositide-PLC pathway is involved in the long-term and short-tenn 

regulation of cellular responses (De Jonge et al., 1995; van Heugten et al., 1996; J.ies et 

al., 1997; Singer et al., 1997; Rhee and Bae, 1997). Agonists such as Ang II, ET-1, 

catecholamines, and polypeptide growth &ors can stimulate PLC activity and cause the 

hydrolysis of PtdIns(4,5)P2 (De Jonge et el., 1995; van Heugten et al., 1996). The two 

hydrolytic products, namely DAG and Ins(l,4,5)P3, have important effkcts on the fùnction 

of cardiomyocytes. DAG bas been shown to  be involved in the regulation of cardiac 

contractility, myofibdk Ca2+ sensitivity (Dosemeci et el. 1988; Venema and Kuo et al., 

1993; ScMer and Mo- 1996; Mahotra and Sanghi, 1997). and transsarwlernrnal 

ca2+ movernent ( S c h e r  and Liu, 1996; Conforti et al., 1995), while Ins(1,4,5)& is 

involved in intrace1lula.r ca2+ regulation (Rhee and Bae, 1997; James et al., 1997; Singer et 

al., 1997; van Hwigten et d,  1996). The phosphoinositide-PLC pathway ais0 plays an 

important role in heart disase, including hypertension, ischemia and reperfiision injury and 

heart failure (De Jonge et ui., 1995; Makita and Yasuda, 1990; Kawaguchi et al., 1993; 

Mezj et al., 1997, Ju et QI., 1998). This pathway is regulated by receptors, G proteins, 

substnite availability and PtdOH (De Jonge et al., 1995; van Heugten et al., 1996; James 

et al., 1997; Singer et al., 1997; Rhee and Bae, 1997; Hemy et ol., 1995). 

Diabetic cardiomyopathy refers to the disease secondary to diabetes, and is 

associated with cardiac dysfiuiction and de fdve  metabolism of glucose and lipid 

(Andreoli et al., 1997; William et al., 1997; Tomlinson et al., 1992). The exact 



mechanisms of the disease are stiil under investigation. Two important aspects of IDDM- 

8SSOCiBted cardiac dysn>naion are diminished wntractility and defdve  ca2' regdation 

(Schaffer and M o d k i ,  1996; Malhotra and Sanghi, 1997). As Ch2+ is closely related to a 

variety of cellular events (SchafEer and 

important determinant of  whole heart 

fidure of the diabetic heart. 

Modari, 1996) and moreover, contractility is an 

fûnction, these defeds would ultirnately result in 

Two f'actors have b a n  demomtrated to account for the decreased contractility 

under diabetic wndition: 1) altered ca2' regdation due to a decreased sarcoplasrnic 

retidar (SR) caN pump actîvity and defdve transsarcolernmd ca2' fluxes (Pierce and 

Russell, 1997); 2) changes in the contractile proteins in the diabetic heart (SchafTer and 

Mozaffari, 1996; Malhotra and Sanghi, 1997), i.e. a myosin isoform shif? from the fiut V1 

to the slower V3 (reviewed by Tomlison et al., 1992), and a loss of ca2' sensitivity due to 

isofonn shift of troponin T (TnT) 6om TnTl to TnT3 and increased phosphorylation of 

troponin 1 (TnI) (Liu et al., 1996; Akeiia et d., 1995; Goodale and Hackei, 1953; Schaffer 

and Modari ,  1996; Malhotra and Sanghi 1997). In vitro and in vivo studies have shown 

that phosphoqdation by PKC deaeases calcium sensitivity of contractile apparatus and 

calcium-stimulateci myofibrilar MgATPase activity (Dosemerici et al. 1988; Venema and 

Kuo et al., 1993). Thus, the sustained e l w o n  of cardiac DAG content (Okumura et al., 

199 1; Inoguchi et al., 1992) and PKC EtCfivity in the diabetic heart (Inoguchi et ai., 1992; 

Maihotra and Sanghi 1997) may contribute to the increased thin filament phosphorylation 

and the decreased contractile force. 

Changes of the phosphoinositide-PLC pathway have also been found at receptor 



and substrate levels during diabet es. 1) Receptor IeveL Seved  investigations have 

suggesteû the involvement of two G protein-couple. receptor signaling pathways in the 

diabetic heart. One is the al-AR pathway, as hindicated by the decreased cd sufice al-AR 

density and altered responsiveness to ai-AR stimulation (Heyiiger et al., 1982; Wald et 

al., 1988; Tanaka et al., 1992; Heijnis and van Zwieten, 1992; Xiang et d., 199 1 ; Jaclcson 

et al., 1986; Downing et d, 1983). The other is the Ang II signaling pathway, as 

supporteci by the findings of an increased AT1 receptor density and mRNA level (Sechi et 

ai., 1994), prevention of the increase of TnI phosphorylation and translocation of PKCE in 

the diabetic heart by AT1 blockade ( ' o t r a  et d., 1997) and improvement of cardiac 

function in the diabetic rats by angiotensin converthg enzyme inhibitor treatment (Given et 

d,  1994). 2)  Substrate level. A decrease in the levels of PtdIns(4,S)Pz has also been 

indicated in the diabetic heart (Liu et al., 1997). 

Taken together, di these hes of evidence suggest that abnormalities in the 

phosphoinositide-PLC pathway may exist in the diabetic heart. The present study was 

therefore performed to ascertain the fiinctiod status and regulation of cardiac PLC and its 

isoforms during IDDM- It is envisaged that the findings will provide M e r  insight into the 

contribution of phosphoinositide-PLC pathway to the development of diabetic 

cardiomyopathy . 



II. REVIEW OF THE L1TER.A- 

1. Phosphoinositide-Phospholipase C Pathway in the Heart 

The receptor-activated phosphoinositide cycle was first described by H d h  and 

H o h  in 1953 in pigeon pancreas slices (Hokin and Hokin, 1953). Howwer, t was much 

later on when the involvement of phosphoinositide metaboiism in the cardiac adrenergic 

system was identifiai and t e n d  as the 'phosphoinositide e f f i '  (Gaut and Huggins, 

1966). Foliowing on fkom rhis snidies conduad by Durell and Garland (1969) revealed 

that a specific 'phosphoinositidase C catalysed the receptor-mediated inositol phospholipid 

hydrolysis. Subsequent studies on the phosphatidylinositol pathway were 8cceIerated by 

thme important fmdings in the &y 198OYs, which were: 1) that the preferred substrate for 

receptor activated PLC is PtdIns(4,5)Pz (Micheil et al., 1981); 2) that the DAG derived 

fkom phospholipid hydrolysis is a potent activator of PKC (Takai et al., 1979); and 3) that 

another product, Ins(1,4,5)&, wuld cause intraceiiular ca2+ release from sarcoplasmic 

retidum (SR) (Streb et al., 1983). It is now hown that the phosphoinositide-PLC 

pathway is a transmembrane signalling pathway and is involved in different cellular 

responses, including metaboiism, contraction, growth, and proliferation. This pathway can 

be activated by rnany cardiac receptor types, including Ang II receptor, ET-1 receptor, ai- 

Al& muscarinic receptor, and recepton with intrinsic or associated tyrosine kinase activity 

(Rhee and Bae, 1997; van Heugten et al., 1996; Rhee and Choi, 1992; De Jonge et d., 

1995). Différent PLC isoforms coupled to the receptors, th& ceUdar localization, 

redistribution and possii'ly différent DAG molecuiar species generated d e r  stimulation 



may account for the distinct final biological effects of these receptors. 

1.1 Iaositol Phospholipids 

Phosphoinositides account for a minor component (approlrimately 8%) of the total 

cardiac SL phospholipid pool. Of the individual constituents, both the PtdIns(4,S)P~ and . 
PtdIns4P rnake up 0.2% of the pool respectively, whereas PtdIns constitutes 

approximately 7% of the total SL phospholipid pool (Lamers et al., 1 W2a). PtdIns is the 

wmmon preairsor for aü the inositol lipids (Hinchliffe and M e ,  1997). Synthesis of 

PtdIns involves the conversion of PtdOH to CDP-diacyIgIycero1 foilowed by incorporation 

of inositol (Choy et al., 1997). The newly synthesised PtdIns is then transferred to the 

plasma membrane by Pt& M e r  protein (PtdIns-TP) (Wolf, 1990). In the plasma 

membrane, PtdIns undergoes sequentiai phosphorylation by PtdIns 4-kinase and PtdInsrlP 

5-kinase to forrn P t W P  and hih~(4,5)P~, respectively (Quist et al., 1989; WoK 

1990). However, t should be noted that interconversion between Pt&, P t d I n e ,  and 

PtdIns(4,5)P2 involves equilibrium readions which ocau through the adon of specific 

kinases and phosphatases (Meldrurn et d., 199 1; & c W e  and Irvine, 1997). 

1.2 Phospholip~se C Family 

1.2.1 Phospholipue C in the hurt 

The PLC family can be subdivided into three distinct classes, namely P, y, and 6. 

To date ten difEerent mammalian isofom have been identined; PLCP 1-4, PLCôl-4, and 

PLCy 1 and 2 (James et d., 1997; Rhee and Bae, 1997; Singer et al., 1997). 

AU three types of PLCs are able to catalyze the hydrolysis of the three inositol 

phospholipids in vitro. Substrate specificity decreases in the order: 



PtdIns(4,5)&WtdIns4P>PtdIns. Under physiological conditions, PtdIns(4,5)& is the 

preferred substrate and the two hydrolytic products @AG and Ins(l,4,S)P3) play an 

important role in PLC signahg pathway (as reviewed by James et ai., 1997; Rhee and 

Bae, 1997; Singer et d., 1997). No information on differences in isozyrne substrate and . 
product specificity is a v a l e  at present. 

The existence of myocardial endogenous PLC activities in both cytosoiic and SL 

fractions has been demonstrated @des and Kranias, 1990; Schwertz and Halverson, 1989; 

Meij and Panagia, 1992; Wolf, 1992). Studies on the guinea pig myocardial PtdIns(4,S)Pt 

PLC showed that 3 4 %  of the total activity is present in the SL, and over 80% is localized 

to the cytosolic fiaction (Edes and M a s ,  1990). In cuntrast, in rat ventricle, 63% of 

PtdIns4P- and PtdIns(4,S)PrPLC activities have been found to be membrane-bound and 

oniy 33% located in the cytosol. The PtdW-specific PLC activity is matily localized to 

the cytosolic M o n  (Schwertz and Halvemn, 1989; Meij and Panagia, 1992). Thus, it 

appears that the distribution of PLC activities is speciesdependent. 

In t e m  of PLC isozymes, PLCyl and PLCG1 are the most abundant in ventncular 

cardiomyocytes (Wolf, 1993). Existence of PLCP f d y  has also been identified (Hasen et 

al., 1995; Ju et ai., 1998). PLC$l has ken found to be barely detectable in adult rat 

cardiac tissue, while PLCP3 is readily detested in neonaial cardiomyocytes and 

developmentally downreguiated in adult atria, ventricle and whole har t  (Hasen et al., 

1995; Ju et d., 1998). 

1.2.2 Structure and fundion dationship 

M d a n  PLCs are moduiar proteins and wnsist of several domains, namely 



Y boxes, pleckstrin homology (PH) domain, EF hand domain, and C2 domain (James et 

al.. 1997). The M o n  of these domains is disaissed below. 

X, Y boxes 

The two highly conserved regions, X (-170 amino acid residues, 60% identicai) 

and Y (260 residues, 40% identical) boxes fonn a triose phosphate isomerase e~lzyme-Like 

o - b a m e 1  motif and carry the cataiytic activity of PLC isozymes. The region between 

the X and Y domains in PLCy M y  is longer (400 residues) comparecl to that of PLCB 

and PLCG isozymes and contains two SH2 and one SH3 domains (WC-homology domains) 

which are also found in a variety of proteins such as GTPase activating protein (GAP), 

phosphatidylinositol3-kinase (FtdIm 3-kinase), tyrosine phosphatase and tyrosine kinases 

(Koch et al., 1991). The SH2 and SH3 domains play an important role in growth factor- 

mediated signahg (Rhee and Bae, 1997; Singer et ai., 1997; James et al., 1997). 

PH domain 

The PH dornain of PU: is typidy located near the amino-terminus (Rhee and 

Bae, 1997; Singer et ai., 1997; James et al., 1997). It dso &sts in G proteh-coupled 

remptor kinase (GRK) and Bruton tyrosine kinase (Musacchio et ai., 1993). 

NMR studies have reveded that the arnino-terminai half of the PH domain is 

involved in the binâiig of the PLCs to PtdIns(4,5)Pz moleniles. Furthemore, the isolated 

PH domain of PLCG 1 also shows highest afkity for Ins(l,4,S)P3 and FtdLns(4,5)?'2 

(Lemmon et ai., 1995; Garcia et ai., 1995; Ferguson et al., 1995). The low f i t y  

interaction of some PH domains and PtdIns has also been obsetyed (Harien et d., 1995; 

Garcia et al., 1995). Such a role of the PH domain in PLCG bct ion may be viewed as the 



effective membrane targeting to guarantee the efficient PtdIns(4,S)Pz hydrolysis. Also this 

domah is involved in product inhibition by Ins(1,4,5)& and in the determination of the 

substrate preference (James et al., 1997; Cifiient et al., 1993, 1994; Paterson et al., 1995). 

The role of PH domains in the f3 and y isozymes has not yet been M y  established (Singer 

et aï., 1 997). 

The carboxy1-terminal haif of the PH domain is able to bind to the G protein py 

complex as shown by studies peiformed with glutahione S-tramferase fusion proteins 

contain PH dornains fiom a variety of protelis induding PLCy 1 (Touhara et al., 1994). 

EF hand domain 

PLCs require ca2+ for enzyme activity. The EF hand domain provides the ca2+ 

binding site. ca2+ binding has been suggested to be important in stabiligng the enzyme- 

substrate complex (Essen et al., 1996). However, the exact role of this module in PLC 

bct ion remains unclear (Singer et al., 1997). 

C2 domain 

The C2 domain is located near the &xy-teminus and has been proposed to 

serve as another possible lipid-binding region of PLCs (James et al., 1997). 

Distinct domah 

PLCB contains additional regdatory dornains near the carboxy-terminus which 

might be involved in membrane association and interaction with Gqa subunit (Wu et al., 

1993; Park et al., 1993; Kim et d., 1996). The sn: homology dornains in PLCy are 

undoubtedly involved in the translocation of PLCy fkom cytosol to the plasma membrane 

and cytoskeietal targets (James et al., 1997; Singer et d., 1997; Rhee and Bae, 1997). 



Clearly, these peailiar regdatory domains are responsible for specinc regdation of 

different fàmilies. 

1.3 Functional Role of Phosphoüpase C-Derived Second Messengers 

Two second messengers are generated when PtdIns(4,S)Pa is used as the substrate, 

namely, DAG and Ins(1,4,5)P3. 

1.3.1 sn-1,2-Diacylgiyceml 

IntraceUular pools of DAG exkt in the plasma membrane, the nucleus as weli as Li 

the endoplasmic reticulum DAGs generated in the plasma membrane are important for cell 

signaiing (Quest et al., 1996). 

Multiple routes account for the generation of DAG. For example, agonist- 

stimulateci DAG formation can be achieved through hydrolysis of phospholipids by the 

action of phospholipases or de novo synthesis (Quest et al., 1996). 

The kinetics of DAG production rnay be either monophasic or biphasic, depending 

on the agonist and cd-type involved. For example, monophasic DAG production, wfüch is 

probably derived nom phosphatidylcholine (PtdCho) hydrolysis (Exton, 1990), has been 

observed fier stimulation of muscarinic rmptors in PC12 ceiis (Altin and Bradshaw, 

1990). On the other hand, biphasic generation of DAG in Swiss 3T3 fibroblasts in 

response to bombesin, as demonstratexi by m o l d a r  species analysis, initidy involves a 

transient haease in polyunsaairated DAG species, especidy 1 8:O/20:3n09, 18:0/20:4n-6, 

and 18:0/20:5n03, as a r e d t  of PLC activation (Pettitt and Wakelam, 1993; Nishizuka, 

1995). However, DAG produced during the more sustained phase is more UceIy derived 

fiom PtdCho hydrolysis, an observation that is supported by the analysis of fatty acid 



composition (reviewed by Nishizuka, 1995) and by the fhduig that this phase is associated 

with an increax! of choline (Pettitt and Wakelam, 1993). Agonists capable of inducing a 

two phase DAG elevation include growth fktors, such as nerve growth factor (NGF) and 

basic fibroblast growth factor @FGF), and cytokines ( A h  and Bradshaw, 1990; 

Cockcroft, 1992). The sustained elevation of DAG species, in particular those denved 

nom PLD-catalyzed FtdCho hydrolysis, is considered to be important in the long-tenn 

regdation of ce11 growth and Merentiation (review by Nishizuka, 1995; Quest et al., 

1996). However, the physiological signincance remains to be established. 

The removal of DAG is also important in the regdation of the cellular response. In 

this regard, DAG can be metaboüzed in several ways: phosphorylation to PtdOH, 

breakdown by DAG lipase, and synthesis of other lipids (Quest et al., 1996). However, it 

should be noted that DAG denved fiom phosphoinositide hydrolysis is preferentiaily used 

in the resynthesis of PtdIns(4,5)Pz (Quest et ol., 1996). 

Bwlogicd Efl- of DAG 

Okumura and co-workers in 1988 demonstrated an increased DAG production in 

homogenate fiom rat hearts following ai-AR stimulation. This second messenger molecule 

is a potent activ8tor of PKC (Nïshdca, 1995). Presently, at least 7 subtypes of PKC have 

been demonstrated in the hart  and they fall into three classes: 1) conventional PKC, 

including PKCq PKCPII and PKCy which can be activated by ca2+ and DAG; 2) novel 

PKC, including PKCG, PKCE and PKCq that can be activatecl by DAG and some 

phospholipids; 3) atypical PKC, P K K  that can be advated by phophatidylinositol 3,4,5- 

trisphosphate (PtdIns(3,4,5)P3) (Steinberg et al., 1995; Puceat and Vassoit, 1996; 



Nïshizuka, 1995). The activation of PKC r d t s  in their subceflular redistribution and the 

phosphorylation of a nwnber of intraceiluIar target proteins @amers et al., 1992a). PKC 

activation mediates many physiological responses including metsbolic changes, secretion, 

contradon, cefl proliferation, differentiation and gene expression (Lamers et al., 1992a; . 
Nishiaika, 1995). Alterations of PKC activity and translocation have also been shown in 

various conditions, such as agonist stimulation, hypertrophy, heart failure and 

ischernia/repemision injury (Steinberg et al., 1995; Rouet-Benzineb et al., 1 996; Puceat 

and Vassort, 1996; Cohen and Downey, 1996). 

Activation of PKC by DAG has been associated with the phosphorylation of a 

number of key regdatory proteins, including Tnl and TnT (Noland and Kuo, 199 1; Noland 

et al., 1996; Jideama et al., 1996), which results in a diminished ca2+ sensitivity of the 

sarMmere (Dosemeci et al., 1988) and a decreased ca2+-stimulated myofibdar 

MgATPase activity (Venema and Kuo, 1993). Myosin light chah 2 is a poor substnite for 

PKC (Noland and Kuo, 1995), although its phosphorylation by PKC has been shown to 

increase ca2*-stimulated actomyosin MgATPase d v i t y  (Noland and Kuo, 1993); it is 

unclear whetha this d play an important role in vivo. 

Besides PKC activation, DAG has aiso been shown to exhibit other effects. For 

example, exff~~ceilular DAG treatrnent of cardiomyocytes inhibits the Ltype ca2' channe1 

independent of PKC (Schruer and Liu, 1996; Conforti et d, 1995). Also, DAG has been 

reported to be involved in the regulation of insulin receptor activity (Arnold and Newton, 

1996a). These workers demoristrated that DAG activates the insulin receptor tyrosine 

kinase by causing a m k e d  increase in the aflhity of the receptor for insulin. Howwer, 



DAG has no &ect on the receptor's cataiytic activity and its a t y  for ATP. A h ,  

activation of the receptor is not as a result of PKC activation by phorbol myristate acetate. 

This sensitization rnay ocair by two mechanisms as proposed by these investigators: 1) 

DAG may alter the structure of the lipid environment of the insulin receptor, thus affèdng . 
receptor hction; 2) DAG rnay interact diredy with the receptor, acting as an ailostenc 

advator by binding to the receptor via a hydrophobic interaction and increase the 

receptor's atlbity for insulin by stabilizing the active confo~m8tion. 

1.3.2 Inositol 1,4,5-trisphosphate 

Ins(1,4,5)Pk the other important product of this pathway, is metabolited in two 

ways: either by dephosphorylation to inositol 1,4-bisphosphate (Ins(1,4)Pz), inositol 4- 

phosphate (InsrlP) and M e r  to inositol or by phosphorylation to inositol 1,3,4,5- 

tetrakisphosphate (Ins(1,3,4,5)P4), followed by the dephosphorylation to inositol 1,3,4- 

tnsphosphate (Ins(1,3,4&), inositol 1,3-bisphosphate (Ins(l,3)P2) or Ins(l, 4)Pz. inositol 

l-phosphate (InslP), ùiositol3-phosphate (Ins3P). and Ins4P (reviewed by van Heugten et 

d., 1996). 

The hart maintains a relativefy stable and hi& level of I&l,4,S)P3 (Woodcock et 

al., 1995, 1997; De Jonge et al., 1994). Existence of the cardiac inositol tetrakisphosphate 

pathway has also been demonstrated. Studies performed in isolated pemised hearts 

demonstrated that norepinephrine causes a concentration-dependent production of 

Ins(l,4,S)P3, Ins(1,3,4,5)P4 and Ins(1,3,4,6)P6 which peaIcs between 2 and 5 minutes 

post ai-AR stimukion (Scholz et al., 1986; Heathers et d, 1988). Further studies in 

myocytes demonstrate a rapid and transient inaease of Ins(1,3,4,5)& after 30 seconds 



stimulation with norepinephrine (Heathers et al., 1988). A h  the formation of the isomers 

Ins(1,4)P2, h(3,4)P2, and Ins(1,3,4)P3 after the addition of ET4 or an ai-adrenergic 

agonist to cultured n e o d  rat vaitricuiar myocytes has been observed (De Jonge et al., 

1994). b e v e r ,  in inntrast, norepineph~e only induces rapid increases of Ins(l,4)P2 and 

Ins(4)P in intact heart tissue, where Ins(1,4,5)P3 kinase product is not detected 

(Woodcock et d, 1995). 

Several lines of evidence have shown that Ins(I,4,5)& rnay bind to its SR 

Ins(1,4,5p3 rexxptor and cause ca2+ release in the hart (reviewed by De Jonge et al., 

1995). Studies by Huisamen et al (1 994) suggest that the cardiac lns( l,4,5)& receptor 

contains both a low affinity and a high affinity site, dong with a putative Ins(1,3,4,5)& 

binding site. A contradictory obse~ation that Ins(1,4,5)P3 receptors are mainly located 

around the intercalateci disks rather than on the SR has also been reported (Kijirna et al., 

1993). Ventrïailar myocytes have a lower concentration of Ins(1,4,5)P3 receptors when 

comparai to SR ryanodine recepton (Moschelta and Marks7 1993). Although it has been 

reported that Ins(1,4,5)P3 can increase intraceiiular ca2+ release in cardiac muscle Posek 

et al., 1986), the study of Zhu and Nosek (199 1) has shown that instead of causing ca2+- 

induced ca2* release fiom SR, Ins(1,4,5)P3 causes ca2' oscillations, which suggests that 

Ins(l,4,5)& rnay not be involved in the beat-to-beat reguiation of ca2+ tmsients under 

physiologid conditions. 

Since the tissue Ins(1,4,5p3 content is relatively hïgh and PLCG1 has a high 

afihity for Ins(l,4, S)P3 (Lemmon et ai., 1 995; Garcia et al., 1 995; Ferguson et al., 1 995). 



it has been proposeci that cardiac PLC6 may be persistaitly inhibited under physiological 

conditions (Woodcock, 1997). 

1.4 Phospboinositide-PLC Pathway in Cardiac Pathologies 

Chronic hemodynamic overioad, either volume or pressure overload, wili r d t  in 

the compensational hypertrophy of the heart. The phosphoinositide cycle may contribute 

to the hypertrophic process in response to a variety of stimuli, including mechanical stress, 

ai-AR agonists, ET-I, Ang II, and a-thrornbin (reviewed by De Jonge et al., 1995; Hefti 

et aï., 1997). A decrease in membranebound PtdIns(4,5)PrPLC activity is observed with 

the development of hypertrophy in SHRSP heart (reviewed by Berk and Corson, 1997; 

Unger et al., 1996; Alexander end Griendling, 1996). In addition, results nom our 

laboratory have demonstratecl that abnormalities in the p hosphoinositide cycle exist in 

moderate and chronic stages of congestive heart fdure (Meij et al., 1997) with selective 

downregulation or upregulation of certain PLC isozymes (Tappia et al., unpublished 

observations). In particular, PLCP I 8ctivity has been shown to be elevated 2 3  fold in the 

le& viable ventridar tissue and 5-fold in the scar tissue (Ju et d., 1998). The changes in 

the phosphoinositide cycle are also related to cellular injury due to ischemia and 

reperfusion (De Jonge et al., 1995). The alterations in phosphoinositide metabolism in 

diabetic cardiomyopathy wiü be disaisseci in detail in the last section. 

2. Regdation of the Phosphoinositide-PLC Pathway 

The following d o n  reviews the regdation of the cardiac phosphoinositide-PLC 

pathway and some other possible regdatory mechanisms as suggested by studies 



conducted on PLC derived fiom tissues and c d s  other than kart. 

2.1 Receptor Level Regulation 

Two classes of receptors have been identified as mediaton of PU: activation. One 

is the G proteincoupleci receptor (GPCR) class, the other comprises receptors with . 
intrinsic tyrosine kinase activity or those are associateci with tyrosine kinase actinty (van 

Heugten et al., 1996; Singer et al., 1997; James et al, 1997). 

2.1.1 G protein-eoupled rcccpton 

GPCRs have seven transmembrane spanning domains. These seven a-heücal 

transmembrane spanning domallis form three extcaceIIuiar and intraceilular loops with an 

extraceiluiar amino terminus and an intraceliular hxy- tenninus  (Benovic et ai., 1987; 

Lefkowitz et al., 1988). Members in this f a d y  include a-& muscarinic receptors and 

Ang II receptors, which have been show to be capable of activating PLC (reviewed by 

van Heugten, 1996; De Jonge, 1995). 

Agonist stimulation of GPCR often r d t s  in rapid rwptor desensitization 

Berguson et al., 1996; Bohm et al., 1997) and fhther lunit of PtdIns(4,5)P2 hydrolysis. 

Three events might contribute to this process: 1) receptor phosphorylation by either 

protein kinase A @KA), PKC, a d o r  G protein-coupled receptor kinases (GRK) leads to 

the binding of the intraceiiular protein, amestin to GPCK thereby preventing G protein- 

receptor in t edon ;  2) interdidon of cd-surface recepton; and 3) downregulation of 

receptor expression. 

al-Adrenergic mceptor 

Three apAR receptor subtypes, namely ai& aie and a m  have been cloned and are 



present in myocardium (Cotecchia et al., 1988; Schwinn et al., 1990; Lomasney et al., 

1991; Rokosh et al., 1994). AU three types are coupled to PLC activation (Schwinn et al-, 

1995). In rat and rabbit hearts, the am-AR is the predominant subtype expressed W o u  et 

al., 1994; Knowiton et PI., 1993). 

Ang II receptor 

Both AT1 and AT2 receptors are expressed in the rat hem. Expression of AT1 

recepton is developmentally regulated (van Heugten et d., 1996). In neunatal 

cardiomyocytes, ATIA as weii as ATIB recepton are expressed, while ATIA is the 

predominant class expressed in duit myocardium (Gasc et al., 1994; Matsubara et al., 

1994). Stimdation of cardiac AT1 receptor causes PtdIns(4,S)P2 hydrolysis by activation 

of PLC (Baker et d., 1988), however, the role of the AT2 receptor is unclear. AT1 

receptors also mediate PLCyl phosphoqdaîion @hrp et al., 1997). 

Endotheh receptor 

ET recepton , ETA and ETB, are cxpressed in the atrial myocytes, stimulation of 

which induces phosphoinositide hydrolysis (Irons, 1993). 

Muscarbic aectylcholine receptor 

Five subtypes of the xnuscarinic receptor have been identifie& and categorized a s  

Ml -5. Ml and M2 subtypes are suggested to mediate phosphoinositide hydrolysis. 

Interestingly, stimulation of M5 has been suggested to mediate tyrosine phosphorylation of 

PLCy, which is indicative of crosstalk between GPCR and receptors with intrinsic tyrosine 

kinase 8Ctivity (De Jonge et cil., 1995). 

2.1.2 Rsecpton with intrinric tyrosine kinase activity or wsoeiated with tyrosine 



kinase activity 

Upon binding of ligands, these receptors catalyse autophosphoryla~on and 

subsequent tyrosine phosphoryiaîion of their target effector proteins such as PLCy. 

Receptors in this M y  hclude those for cytokines, platelet derived growth fiictor 

(PDGF), epiderrnal growth fàctor @GF), fibrobbt growth factor (FGF) (review by van 

Heugten, 1996; De Jonge, 1995; Rhee and Choi, 1992; Rhee and Bae, 1997). 

2.2 G protein 

G proteins (guanine nucleotide regulatory proteins) are heterotrimenc proteins that 

mediate the downstream events of GPCR stimulation. G proteins wnsist of three different 

polypeptide chains, designated a, B, and y. The a subunit contains the GTP/GDP bhding 

site. The $y cornplex serves as a membrane anchor. Presently, 20a, 4j3, and 5y 

polypeptides have been identifid (Simon et ai., 199 1; Caü et al., 1992). According to the 

amino acid homology, the 20 Ga are grouped into 5 classes, Gs, Gi, Gq, G12, and Go 

(reviewed by De Jonge et al., 1995). 

Upon ligand-receptor i n t h o n ,  conformational changes in the GPCR activate the 

heterotrimeric G proteins. GTP is then exchanged for GDP and dissociation of a subunit 

from cornplex ocairs. The a subunit and Py cornplex then exert regulatory actions on 

their specific ceUdar effecton. Hydrolysis of GTP to GDP by an intrinsic a subunit 

GTPase activity inactivates the G protein and is foliowed by the reassociation of the a and 

py subunits (Na, 1995) and temination of extraceliular stimulation. 

The distribution of G protein subunits in the neonatal and adult hart has been 

identifid recently. In neonatal and adult cardis tissue the expression of aq f d y  is 



developmentdiy regulated. The aq/l 1, aq, and az in neonatal tissues are the highest, and 

the adult avia contains a higher amount of these subunits relative to adult ventricles 

(Hasen et d., 1995). These findings are consistent with the observation that high levels of 

the a q  f d y  are associated with the rapid growth phase of the heart (Morgan and Baker, 

1991; Chien et al., 199 1) .  The same expression profiles of these G protein a-subunits are 

found in both the neonatal cardiomyocyte and fibroblast (Hasen et al., 1995). The 

presence of a-subunits of Gh, a new class of G protein, has also been demonstrated in the 

heart @as et al., 1 993). 

The distribution pattern of $1, 82 are similar to those of aq/ll, aq, while P3 

subunit is not detaable in the heart. Examination of the distribution of y subunits reveals 

the presence of y3, y5 and y7 in both neonatal and adult cardiac tissue and arnong them, y3 

is only detectable in the neonad cardiomyocyte. Antisera specinc for y2 failed to detect 

the presence of this protein in both tissue and cdl. These studies also demonstrated that ai i  

the expressed P, y subunits are also subjected to dwelopmental regdation (Hansen et al., 

1995). The detaiied coupling of these subunits and their downstrearn effectors wili be 

discussed below . 

2.3 Substrate Level Regdation 

PtdIns(4,5)P2 accounts for 0.2% of the cd membrane phospholipid pool (Lamers 

et al., 1992a). During agonist stimulation, membrane PtdIns(4,5)& levels fd rapidly and 

this may f5urther limit the rate of FtdIns(4,S)P2 hydrolysis and alters the tirne M e  of DAG 

and hs(1,4,5)P3 production (Tobim et al., 1996). Stuclies conducted in [3~inositol 

prelabelleû dtured neonatal rat ventridar myocytes have demonstrated that 



replenishment of the cardiac Ptdlns(4,5)P2 pool is h t ,  as after stimulation with ET-1 for 

45 min, the PidIns(4,5)P2 level has beui found to remah constant (van Heugten et al., 

1993). 

2.3.1 Ptdhs tramfer protein . 
In order to replenish the membrane PtdIns(4,5)& pool, the preairsors for 

fiduis(4,5)P2, narnely the membrane Ptdh4P and PtdIns, have to be maintained at a 

certain level. The cytosolic protein, PtdIns-TP is aaively involved in the transfer of newly 

synthesized PtdIns fkom SR to the plasma membrane (WoY 1990). Evidence has shown 

that PtdIns-TP may also play an important role in rnaintaining a sustained ceiiuiar 

response, as hdicated by the fàct that celis depleted of cytosol show a r e d u d  levef of 

phosphoinositide hydrolysis in response to GTPyS stimulation (Roberts, 1996). PtdIns-TP 

also enhances PtdIns 4kinase activity (Roberts, 1996). Thus, it is suggested that PtdIns- 

TP may serve as another regulator of the phosphohositidePLC pathway (Tobin et ol., 

1996). 

PtdIns 4-kinase phosphorylstes PtdIns at the fourth position on the inositol ring 

yieldimg PtdIns4P (Quist et al., 1989). The majority of cardia PtdIns Ckinese aaivity has 

been detected in the SL. Enzyme activity ha9 also been found in the intracellular 

membranes including SR and rnitochondria (Quist et al., 1989). Studies have shown that 

the &Ctiviîy of P t d h  4-kinase is bSg2+-dependent and sensitivity to ca2+ appears to be 

related to the species. For example, in rat heart, the PtdIns4P formation is inhibited by 

rnicromolar concentrations of Cab, whereas in canine ventricle, the kinase aaivity is 



insensitive to ca2* ranghg âom 0.1-30 mM ( M a l i  et al., 1992; Kasinathan et al., 

1989). 

Evidence fiom other studies has a h  show that PtdIns Ckinase advity may be 

regulated by Pt&-TP (Roberts, 1996), CAMP, phorbol and DAG (Pike, 1992). . 
2.3.3 PtdIns4P 5- kinase 

Further phosphorylation of PtdIns4P by PtdIns4P 5-kinase gives nse to 

PtdIns(4, S)P2. The subceIIuiar distnhtion and regdation of cardiac PtdIns4P 5 -kinase 

activity by MC and Ca2* is similar to that of PtdIns 4-kinase (Mesaeli et al., 1992; 

Kasinathan et ai., 1989; Quist et cil., 1989). 

Two related subtypes have been identified (type 1 and type II) (Creba et al., 1983). 

Reinvestigation of the type 1 enzyme has revded that it catalyses phosphoqhion of 

Ptdh4P at the D-5 position of the inositol ring. The type II enzyme is acnidy a RdInsP 

4-kinase. It phosphorylates phosphotidylinositol 5-phosphate (PtdLnsSP) at the D-4 

position, but when [3*]FtdIns4~ is used as the substrate, no production of 

[3*]~td~ns(4,5~2 is detected (Rameh et ol., 1997). Mso, in the same study, the existence 

of PtdInsSP is £ht suggested in NWT3 fibroblasts (Rameh et al., 1997). and to be 

involveci in an altemative pathway for Ptdh(4,5p2 synthesis (Rameh et al., 1997; 

Hinchliffe and hine, 1997). 

Regdation of PtdhdP 5-kinase bas been weil reviewed by Loijem et al (1996). It 

has been reportecl that stimulation of the srnail molecular weight G protein RhoA and 

CTPyS treatment r d t s  in an increased kinase activity. Ptduis4P %kinase may also be 

subjezted to regdation by PtdIns-TP, as studies have shown that a cornplex of PtdIns-TP 



and PtdIns4P 5-kinase type 1 exîsts during the sesretion of norepinephrine mijens et al., 

1996). Further, PtdOH has been shown to enhance PtdIns4P 5-kinase activity, which 

rniggests that newly fomed PtdOH may play a role in sustained celiular response by 

enhancing ~dLns(4,5)P2 tumover rate (Moritz et al., 1992). . 
2.4 Effects of ca2+ on PLC Activity 

Aii PLC isozymes require Ca2' for d y t i c  activity (Rhee and Choi, 1992). In 

Mbo studies have shown that agonist-induced PLC activation occurs at physiological ca2+ 

concentrations (Schwertz and Hdverson, 1989). 

Changes in ca2' concentration also seem to &kt the cardiac PLC substnite 

speaficity. For example, Ca2+ concentrations higher than 1 mM shift the substrate 

seiectivity fiom PtdIns(4, S)P2 to Ptdlns4P and PtdIns (Me1 and Panagia, 1 992). 

2.5 Eff- of Membrane Composition on PLC Activity 

Factors which modulate substnite acassibility of PLC appear to be important in 

regulating Ins(1,4,5)P3 and DAG production in stimuiated cdls (James et al., 1997). and 

are discussed below, 

2.5.1 Membrane chemiul-physicai properties 

In vibo, PLC assays show that PtdIns(4,5)P2 hydrolysis stops when less than 30% 

PtdIns(4,5)P2 has been utilized and it is suggested that this rnight be due to the physical 

changes in the lipid vesiailar micelle rather than being due to enzyme inactivation (James 

et cd., 1996). As DAG has been shown to destabilize the membrane and cause structural 

transition @as and Rand, 1984, 1986). it has been suggested that it may have an inhibitory 

effect on PLC activity (James et al., 19%). 



2.5.2 PLC-membrane interaction 

PLC 8Ctivity associated with membrane M o n s  uui generally be removed by high 

salt treaûnent, thus binding of PLCs to membrane is largely through eleostatic interplay 

(Cockcroft and Thomas, 1992). This is also confirmeci by the fkt that a reduction in the 

content of negatively charged phosphatidylserine in li pid vesicl es significandy deaeases 

the binding capacity and activity of PLC6 (Rebecchi et al., 19924 b). 

2.5.3 Fitty aud profie of substrate 

The fany acid composition of the phosphoinositides may aiso afï' the ability of 

PLC to hydrolpe PtdIns(4,5)P2. Incorporation of high concentrations of polyunsahirated 

fàtty acids, particularly of 18:2n-6 and 20:Sn-3 into neonatal rat ventricular myocytes 

decreases both basai and phenylephrine stimulatecl PLC activities, whiie treatment with 

1 8 :O/ 1 8 : 1 n-9 increases the basal PtdIns(4,5)Pz hydrolysis (Lamers et al., l992b). 

2.6 Other Mechanisms 

Myocardial PLC activity is ais  subject to the regdation by oxidative stress. 

Exposure of SL membranes to superoxide disrnutase, hypochlorous acid and H202 in 

concentrations similar to those generated during ischemia/reperfusion injury has been 

shown to supprw PLC activity (Meij et d, 1994). 

2.7 PU= Isoform-Specific Regulation 

2.7.1 PLCf3 

Gqa-PLC pathway 

As rnentioned before, Ang II, ET-1, ai-AR agonists, and acetylcholine induce 

PtdIns(4,5)& turnover through this pathway (De Jonge et a!., 1995). The a subunits (aq, 



al 1, a14, a16) of di four members of the Gq subfardy of heterotrimenc G proteins have 

been proven to be effective and selective regulaton of PLCP isozymes, but not PLCyl or 

PLCG 1 (Kozasa et d,  1993). Sensitivities to Gaq and Ga 1 1 decrease in the order: 

PLCP lzPLCf33>PLCP2. T o g e  with the result that Gu16 is the most effective . 

stimulator for PLCBZ, it has been suggested that the specinc coupling of diierent Gq 

subfamiy with different PLC$ isozymes rnight determine the specinc response to certain 

stimuli in different ceil types (Rhee and Choi, 1992). Interestingly, PLCP can tenninate the 

receptor-mediated activation of G proteins due to its GTPase activating hction on Gqcr 

subunits (Berstein et al., 1992; Biddlecome et al., 1996). 

Structumhction shidies rweal that the carboxy-terminal region is requirad for 

the stimulation of PLCf32 and PLCf.3 1 by Gqa (Rhee and Bae, 1997; Singer et al., 1997). 

Gfly dimer 

PLCS isozymes c m  dso be activateci by -y dimer (Rhee and Bae, 1997; Singer et 

al., 1997). Gfly subunits stimulate PLCf3 isozymes in the order: PLCfl3>PLCjXPPLCB 1 

(Noh et al., 1995; Lee and Rhee, 1995). Prenylation of the y subunit is essential for this 

process (Diarich et al., 1994). Furthermore, studies with PLCP2 indicate that the first half 

of the Y dornain may be also involved (Kuang et al., 1996). It should be noted that no 

specincity of interaction of f3y subunits with their effecton has been reported. 

Regulation of PLCP by protein kinase C and protein kinase A 

PKC bas been shown to be capable of desensitiring GPCR, phosphorylating G 

proteins (Kaîada et a%, 1985) and PLCP (Rhee and Choi, 1992). PKC-mediated 

phosphorykion of PLCfH does not change either the basal or G protein-stimulated 



activity (Rhee and Choi, 1992). PKC has also been reported to phosphorylate a subunits 

of G12, Gz and Gi (Kozasa and G&nan, 1996; Lounsbury er al., 1993; Katada et al., 

1985; Bushfield et al., 1990; Daniel-Issakani et al., 1989). Whether or not PKC 

phosphoryiates any of the Gq's is still 

encoding PKA, G protein subunits and 

PLCp2 activity (Liu and Simon, 1996). 

2.7.2 PLCG 

Gh and RhoGAP 

Gh, a new class of GTP-binding 

not clear. In COS cells transfected with c D N h  

PLCf32, PKA specificaiiy inhibits Gpy stimuiated 

protein, was first identifieci by Im and Graham in 

1990 (Im and Graham, 1990; Lm et ui., 1990). Subsequent studies showed that this 

pertussis toxin-insensitive G protein wntains a 74 kDa a and a -50 kDa subunit and 

mediates the signal fkom al-AR to PLC in rat myocardium (Baek et al., 1993). Gh has 

bem shown to couple to bot .  al&. and alwAR (reviewed by Im et al., 1997), and the 

Gha subunit specifically has been shown to stimulate PLCG1 activity in vitro and during 

al-AR stimulation (Rhee and Bae, 1997; Feng et d, 1996). It is possible that it may also 

couple to PLCG1 in myocardiwn. The GTPase-activating protein for the small GTP- 

binding protein Rho (RhoGAP) also specifically stimulates PLC61, but not PLCy 1 or 

PLC$1 (Howna and Emori, 1995). 

OCber regulatois 

Compared with otha PU: isozymes, PLCGs are readily activated by ca2' in vitro. 

Thus, activation of PLCo isoymes rnay ocair secondariiy to other factors which cm 

increase intraceiiuiar ca2' concentration (Rhee and Bae, 1997). PtdOH has been 



demonstrated to bind to mdiac PLCdl with high a t y  and stimulate the enzyme 

activity, evm in the presaice of EGTA (Henry et d., 1995). 

2.7.3 PLQ 

Protein tyrosine kioasedcpendent activation of PLCy 

Upon polypeptide growth factor binding to its receptor, the intrinsic protein 

tyrosine kinase activity is activated. The translocation of PLCy fiom cytosol to plasma 

membrane and cytoskeleton o«ws (review by Rhee and Bae, 1997). PLCy interacts with 

the activated receptor with its SEI2 domain and undergoes consequent tyrosine 

phosphorylation at tyrosine 771,783, and 1254 (Kim et al., 1990; Wahi et al., 1990). 

It should be noted that translocation itseIf to the particdate M o n  cannot totaiiy 

account for the increased activity (Singer et a%, 1997). As it is speculated that membrane 

penetration is required for PLCs to perfom cataiytic activity (James et al., 1997). the 

translocation of the enzyme rnay fundion to bring the enzyme accessible to its substmte, 

PtdIns(4,5)P2. 

Studies have shown that association of PLCy with receptors is necessary for 

growth factor-mediated activation, given the faa that PLCy-mediated Ins(1,4,5)P3 

production is blocked when mutations are introduced to the PLCy bindhg sites of 

receptors PDGF, EGF and NGF (Noh et al., 1995). 

Tyrosine phosphorylation may also be required for PLCy's cataiytic activity. 

Attenuation of PLCy-mediatecl response can be achieved by the action of protein tyrosine 

phosphatases; inhibition of the phosphatase activity by H2& is also required for the 

tyrosine phosphorylation nuiction of EGF (Bac et al., 1997). The unphosphorylated PLCy 



exhibits some distinct characteristics: it is seleaively inbibited by Triton X-100 and is 

unable to catalyze the hydroly sis of profilin-bound PtdIns(4, S)P2 (Goldschrnidt-Clermont 

et ai., 1991). As profilin is an actin-bin- protein, this irnpiies that tyrosine 

phosphorylation rnay be important for PLCy to exert its receptor-stimulated regulation on 
1 

cytoskeletai activity (Goldschmidt-Clermont et al., 199 1). 

Receptors associated with tyrosine kinase activities, such as the cytokine receptors, 

integrin recepton and some Ig receptors, also phosphorylate and activate PLCy isozymes 

(Rhee and Bae, 1997). 

Activation of GPCR may also regdate PLCy activity. In culhued vascular smooth 

muscle ceus, Ang II causes a manmal increase of PLCyl phosphorylation after 30 sec 

followed by a temporaiiy correlated increase in Ins(1,4,5)& production, which is 75% 

inhibiteci by the tyrosine kinase inhibitor genistein (Mmero et al., 1994). Further 

investigations find that car antagonist, ca2' chelator and v e r e p d  increase the basal 

level of PLCyl phosphorylation and inhibit the rapid dephosphorylation of PLCyI, which 

is suggestive that the h g  II-mediated PLCyl phosphoiylation antedates the increase of 

intraceiiular Ca2+ and is ~fl-independent (Harp et d, 1997). Since the AT1 receptor has 

no intrinsic tyrosine kinase activity and PLCy is typically linked to growth factor receptors 

with intrinsic tyrosine kinase activity or receptors associateci with tyrosine kinase d v i t y  

(Rhee and Bae, 1997). it is suggested that a calcium independent cytosolic tyrosine kinase 

is required to accompli& the AT1 receptor mediated PLCyl tyrosine phosphorylation 

(Marrero et al., 1994). Furthemore, as Ang LI has been shown to activate pp60-SC in 

smooth muscle d s  Qshida et al., 1995) and antiec treatment partially prevents Ang II 



mediated PLCy phosphorylation (Schelling et af., 1997), it is conceivable that mc may be 

involveci in this process. Additional studies by Sadoshima and Iauno suggest that the src 

kinase famüy member Fyn may mediate the Ang II-stimulated activation of  p21" in 

cultureci myocytes (Sadoshima and Izumo, 1996). therefore, it is possible that PLCy might . 
also be involved in the h g  II-initiated downstream events in cardiomyocytes. 

Protein tyrosine kinaseindependent activation of PLCy 

Ph~~~linmitol3,4, S-tr iqdmpate 

A recent study (Bae et al., 1998) has shown that PtdIns(3,4,5)&, the 

phosphorylation product of Ptdlns(4,S)P2 on the D-3 position by the activity of PtdIns 3- 

kinase, stimulates PLCy purifieci f?om Hela celis. Incubation with SH2 domain-containhg 

proteins did not affect basal PLCyl activity, while these SEI2 proteins rnarkedly suppressed 

the PtdIns(3,4,5)P3-induced activation. Thus, it is suggested that the SEI2 dornain may 

play a role in the PtdIns(3,4,5)P3-mediated activation of the enzyme. Transient expression 

of the p l  10 catalytic domain of PtdIns 3-kinase in COS-7 dis causes an increase in 

inositol phosphate production, an &ect which is abolished by preincubation with a specific 

PtdIns 3-kinase inhibitor LY294002. However, the inhibitory effed of LY294002 on 

growth fiictoractivated PU3 activity is tell-type dependent @ae et al., 1998). The exact 

mechanian involved is unclear. 

Arachidonic acid 

PLCy is activateci by severai unsahmted fatSr acids in the presence of tau or tau- 

like proteins. Such unsaturat4 fktty acids inchde arachidonic acid (AA), iinolenic acid, 

oleic acid and palmitoleic acid (Hwang et al., 1996b). Tau-like proteins are associated with 



microtubules and widely expressed in m y  tissues. Studies by reverse transcriptase- 

cwpled polymerase chain reaction and irnrnunobloning show that tau is also expressed in 

the heart (Gu et ai, 1996). Though tau alone cannot significantly activate 

phosphoinositide-PLC, the AA stimulated PtdIns4P or PtdIns(4,S)Pz hydrolysis requires 

the presence of this protein PtdCho speafically inhibits tau and AAdependent activation 

PLCyl. It has been spedated tbat the activation is achieved through an interaction with 

PLCyl's SH3 bhding motifs and the PH domains near the amino-terminus. This is 

suggestive that the generation of AA or other wlsaturated fatty acids by phospholipase A2 

(PLA&rnediated hydrolysis of PtdCho may be involved in the crosstalk between PLCy 

and PL& (Hwang et d,  1996b). 

Phqhafich'c acid 

Ptdhs(4,S)Pz hydrolysis in adult cardiac myocytes is increased following treatment 

with PtdOH (Km et al., 1993). Gel filtration d y s i s  shows that PtdOH can bind to and 

stimulate wdiac PLCy1 enzyme activity (Henry et al., 1995). It has also been observed 

that PtdOH can stimulate both unphosphoqdated (non-EGF stimulated) and tyrosine- 

phosphorylated (EGF-stimulateci) PLCyl acfivities in A431 cells, with the 

unphosphorylated PLCy 1 king more responsive. Interestingiy, although the EGF- 

stimulated PLCyl exhibits higher basai catalytic ELCtivity, addition of PtdOH inaeases the 

advity of both non-EGF and EGF-stimulated P m 1  to the same level suggesting that 

this action is independent of phosphorylation. Further experiments reveai that PtdOH does 

not affect the substrate binding capacity of PLCyl. It is speailated that stimulation of the 

unphosphorylated PLCyl by PtdOH may be through an aliostenc mechanism (Jones and 



both a non-cataiytic binding site and a catalytic binding site may exist in PLCyl (Jones and 

Carpenter, 1993). PtdOH may bind to the non-caîalytic site in an allosteric manner and 

subsequently change the tertiary structure and facilitste the bliding ofPtdIns(4,5)P2 to the 

catalytic site. The exact mechanism involved in stimulation of tyrosine-phosphorylated . 
PLCyl re& unclear (Jones and Carpenter, 1993). 

3. Diabetic Cardiomyopathy 

Diabetes mefitus is one of the leading causes of death in the indusmalizeci world. 

Accordhg to insuiin dependence, the disease can be classified into two types; type I, 

Uwlin-dependent diabetes mefitus (IDDM) and type II, non-insulin dependent diabetes 

mefitus (NIDDM). IDDM is characterized by insufncient secretion of insulin by the P-cells 

of pancreas. U d y  people are afflicted with IDDM before 30-year old, and need insulin 

support for a We-long tirne. Diabetic cardiomyopathy, one of the chronic complications of 

diabetes, was fist descfl'bed by Rubler and coworkers in 1972 (Rubler et al., 1972). It 

refers to cardi0vascu.k changes secondaiy to diabetes rnellitus, and is characterized by 

alterations in hemodynamic parameters, contractile abnonnalities, structurai derangements 

(Olsen, 1979; Pierce et d ,  1988; Tomlinson et ai, 1992). Clinid studies have shown that 

cardiomyopathy may ocw in patients even without evidence of vascuiar diseases 

(Andreoli et al., 1997; William et ol., 1 997; Fein and Scheuer, 1997). 

3.1 Animal Models of Diabetes 

As reviewed by Shafiir (1997). the comrnonly used animal modeis c m  be divided 

into meral categories. 



3.1.1 Diabetes induced by cytotorins s p d f ~ c  for p a n ~ t i c  B-edls 

STZ is the majeor chernical used to induce experirnental diabetes. It is mainiy 

composed of a deoxygluwse and a highiy readive nitrosouna side chah and selectively 

attacks pancreatic P-cells. The diabetogenic action might be due to the foilowïng events: 

fia radical formation, suppression of enzymes of the tricarboxylic acid cycle and ca2+- 

dependent dehydrogeaases, DNA strands breakage and nnally, irreversible cessation of 

insulin production and $-cd necrosis. ûne single high dose of STZ treatment can induce 

IDDM in rodents. 

3.1.2 Animah with diabetes autoimmune in ongin 

Diabetes in diabetes-prone BB rats (a colony isolated fiom Wistar rats at 

BioBreeding Laboratories in ûttawa) rnight be due to autosoma1 recessive transmission. 

The rats present the three typical syrnptoms of IDDM and require insulin support for 

survivd. 

Nonobese diabetic rats (NOD) are also insulindependent and do not becorne 

ketoacidotic. This model is especïaily useful for understanding the influence of 

environmental, nutritional, and homonal factors in the onset of IDDM. 

3.1.3 Transgenic animais 

The most wmmonly used are the rat insuiin promoter (NP-Tag) lines. 

3.1.4 Insulin-mistant diabetic rodents 

Diabetes in these species is recessive and autosomd niutsnt in origin. db/db Mice is 

the comrnonly used model. 

3.2 Abnormalities in Diabetic Cardiomyopathy 



Cardiac dysfiinction has been observed in both diabetic patients and animals 

(Tomlinson et aï., 1992; SchafEer and Mozaffi  19%). The most prevaient defect in 

cardiomyopathy secondary to IDDM is depression of contractility and Unpainnent of 

relaxation process. The possible mechanisrns involved are disaissecl below. 

3.2.1 Alterations in the cal* transport pathways 

Beat-to-beat intraceiidar Ca" regdation is due to the foliowing process: a small 

amount of ca2+ enters the celi via Ltype ca2' channel and induces i.ntrace11ula.r ca2' 

release nom the SR ca2' release channel; the elevated [ca27i initiates aossbndge cycling ; 

intraceiiular ca2+ is then decreased mainly by sequestration to SR by the SR ca2+ pump 

and, to a lesser extent by extrusion by the activities of SL IVa'/ca2' exchanger and SL ca2+ 

pump (Opie, 1 998). 

Although the studies on the changes in [ca2'J in diabetic cardiomyopathy are 

inconclusive (Yu et al., 1997; Hayashi and Noda et d, 1997), impaired ca2' homeostasis 

has been identified and may play a role in the pathogenesis of diabetic cardiomyopathy 

(Pierce and Russell, 1997). 

Abnormnüties in SR ci2' rdease and uptake 

The diabetic hart is characterized by a depressed SR ca2' pump activity and 

reduced density due to the changes in intraceflular iipid metaboüsrn (Pierce and Russell, 

1997; Penpargkul et al. 198 1; Ganguly et al., 1983; Lopaschuk et aï., 1983; Black et al., 

989; Rupp et al., 1994). As a result, decreased SR ca2+ uptake might ocair and lead to a 

slow relaxation rate (diastolic dyshction). This is also confhned by the fhct that 

normaîization of SR Ca2+ pump activity r e d t s  in partial irnprovement of contractility in 



the diabetic heart (Rodrigues and McNeill, 1992). 

Abnormalities in SR ca2+ reIease and storage are indicated by decreased peak 

systolic [ca27i, decreased high-afEnity ryanodine binding sites (Lagadic-Gossrnann et a%, 

1996) and reduced caffeine-induced CC release fiom SR (Yu et al. 1997), and may . 
contribute to the slow tension generation (systolic dyhct ion)  in diabetic heart. 

Abnormaiities in ci2+ influx and efflux 

Deaeases in the sarcolemmal ca2+ pump, ~a'/ca'* exchanger, the N~'/K' ATPase 

and the Na'IH' exchanger have also been reported in the diabetic heart (Makino et al., 

1987; Heyliger et al., 1987; Pierce et d, 1983, 1990), while the fundional status of G 

type ca2+ charnel is controversiai (Pierce and Russeil, 1997). It appears that these changes 

in ca2+ fluxes may have more signifiant effect on systotic and diastolic dysfinction. 

3.2.2 Abnormaiities in the contractile apparatus 

Since depressed contractility cannot be completely normahed by correcthg the 

defects in ca2+ regdation (Rodrigues and McNeill, 1992), it is conceivable that 

abnormalities in contractile apparatus, Le. changes in myosin heavy chain andlor alteration 

in Ca2* sensitivity of troponin may also be involved (Schaner and Modbri,  1996). 

Myosin isoform rhst 

The efficiency of crossbridge cyde is closely related to myosk-ATPase activity, 

therefore, the myosin isozyme shift fiom the fast V1 to the slower V3 isoform may 

partidy contribute to the depressed cardiac contractility seen in STZ-treated diabetic rats 

(Tomlinson et al., 1992; Schaffer and Mozaffari 1996). As the shift can be prevented by 

either thyroxine (Mahotra et ai., 198 1; D- 1982) or veraparnil treatment ( A f d  et 



al., 1989), it is indicative that myosin-ATPese acîivity is under the regdation of thyroid 

status and htrace11ular Ca2+. 

Loss of d c i u m  sexwitivity 

Loss of calcium sensitivity of the myofibd might dso be involveci. TnT and Td, 

two important regulatoxy components of the thin filament, are responsib1e for ca2' 

sensitivity of the myofilaments (Schaffer and Mo- 1996). In the IDDM heart, early 

studies have shown an isofonn shift fiom TnTl to TnT3 (Goodale and Hackel, 1953). 

Later on, it was dernonstrated that this shiA is coincident with a loss of calcium sensitivity 

(Alcella et ai., 1995). An increased TnI phosphoryIation has also been obsewed under in 

Mbo conditions, wMe no changes have been found in either TnI protein content or mRNA 

level (Liu et al., 1996). As phosphoryiation of TnI and TnT by PKC leads to decreased 

contractile force (Noland and Kuo, 1991; Noland et al., 1996; Tideama et al., 1996; 

Dosemeci et al., 1988; Venema and Kuo, 1993), the sustained increase of PKC activity in 

the diabetic har t  (Inoguchi et al., 1992; Mes et al., 1998; Mdhotra et al., 1997) may 

play a role in the depressed contractility. 

3.3 Phosphoinositide-PCC Pathway in Diabetic Cardiomyopathy 

The precise mechanisrn associated with cardiac dysfunction in diabetes is still under 

investigation. However, & n o d t i e s  at receptor level and substrate level have been 

proposed and are cüsaissed below. 

3.3.1 Aiterationr of phosp&oinoriüdc-PU: pathway at receptor levei 

a~Adrenoccptor signaihg pithway 

As mentioned in section 2.1, stimulation of car& a-AR leads to phosphoinositide 



hydrolysis via Gha and Gqa (Schwinn et al., 1995; Knowlton et al., 1993; Baek et al., 

1993; Hwang et al., 19%a; Im et al., 1990; Im and Graham, IWO). The detailed couphg 

of al-AR subtypes to G proteins is well reviewed recently (Im et al., 1997). alA-AR and 

UID-AR have beai s h o w  to couple to PLCD1 Ma Gq and PLCGI via Gh, respectively, . 
whiie aiB-AR has been shown to couple to both PLCP 1 and PLCG 1 (Im et al., 1997; Baek 

et al., 1993; Feng et al., 1996). Therefore, alterations in this signaling pathway wiU mode 

the fiinction of PLCG 1 as weil as PLCfl3 and PLCf3 1 on the heart and consequently play a 

role in the development of cardiornyopathy. 

Reduced numbers of al-AR have been reported in acute and chronic diabetic 

hearts by several investigators (Heyliger et d., 1982; Wald, 1988; Tanaka et al., 1992). 

For example, in the Gweek diabetic heart, a decrease by 45% without any change in the 

dissociation constant was detected by using a hydrophobic  ai^- and al*- antagonist 

[3Hlbunazosin (Tanaka et al., 1992). However, no information on the changes of 

individual al-AR subtype is available in the literatun. 

Except decreased receptor nurnber, hyperresponsiveness of the diabetic heart to 

ai-AR agonist has aiso b e n  observed in acute and chronic diabetes (Heijnis and van 

Zwieten, 1992; Wald et al., 1988; Jackson et al., 1986; Downing et al., 1983). In acute 

diabetes (3 days), the enhancd inotropic response to methoxamine, an ai-AR agonist, 

was asaibed to an increased PLC BCfivity (Wdd et al., 1988). Since STZ-treated diabetic 

rats are associated with hypothyroidism (Tomüson et al., 1992), which has b a n  shown to 

increase (Panagia and Mesa,eii, 1995) or deaease (Jakab et d., 1993) membrane-bound 

PLC activity, M e r  arperiments will be required to identify whether the 



hyperresponsiveness to al-AR is due to the deaease in thyroid hormone. 

Contradictory resuits on al-AU responsiveness to agonists have also been reported 

(Iribeck and Zier, 19%; Tanaka et d., 1992). As the cardiac response to ai-AR 

stimulation is the combined &ect of changes of rbceptor density, receptor subtype, 

fûnctional status of G proteins and PLC isozymes and DAG molecular species, studies at 

these levels rnay help to elucidate the rnechanisms involved. 

Cardiac nnh-angiotensin system 

Ail the components of the renlli-angiotensin system (US) ,  such as renin, 

angiotensinogen, angiotensin converthg enzyme (ACE), angiotensin 1 ( h g  I) and h g  II, 

have been identifid in the heart (Paul et al.., 1995; Baker et al., 1990; Kawaguchi and 

Kitabatake, 1995; Stock. et al., 1999, indicating that the heart is not oniy a target, but 

dso a site of endocrine or paracrine h g  II formation (Muller et al., 1998). 

C&ac eflects of mgiofettslir 1' 

Physiologically, direct stimulation of the cardiac angioteasin receptor induces both 

positive inotropic and chronotropic effeds (Freer et al., 1976; Kobayashi et d .  1978). 

Growth effects of Ang II include induction of eariy gene expressioq stimulation of protein 

synthesis and regulation of ce11 growth and Merentiation (Baker et al., 1990; Miwa et al., 

1984; Dostal et el., 1996). Ang II bas also ben  shown to be involved in structural 

remodeling of the myocardial collagen matrin In isolated adult cardiac fibroblasts, Ang II 

stimuiates coUagen synthesis and inhibits matrix metalloproteinase 1 activity (Brilla et al., 

1994). 

Angiotemir II sigm fing pathwuy 



AT1 is the prbdominant subtype in adult rat myocytes (Sechi et al., 1992), whereas 

AT2 is predominant in the human hart  (Regitz Zagrosek et al., 1996). It is weli 

documerited that stimulation of the AT1 receptor causes phosphatidylinositide hydrolysis 

by activation of PLC (Baker et d., 1988). Since PLCP isozymes are known to be . 
regulated by the Gq class of heterotrimeric G protein (Smrcka et al., 199 1). and the AT1 

receptor belongs to the G protein couplexi receptor family, PLCP is thought to be the most 

kely doWIlSfrearn effector in previous studies (reviewed by Dostal et al., 1997; van 

Bilsen, 1997). However, recent hdings strongly indicate that, besides PLCP, PLCy might 

also be involveci in the Ang II-mdiated downstream events in cardiomyocytes (Sadoshima 

and h o ,  1996). 

ReninagiotemllSIn system in diabetes 

Under diabetic conditions, plasma h g  II levels are comparable with those of the 

control group (Makarious et pl., 1993; Dniry et d., 1984), while no information on 

cardiac renin, angiotensinogen, and Ang II levels during diabetes is available. It has been 

reported that there is a si@cant increase in myocardial AT1 receptor demity and AT1 

receptor mRNA level in 2-week STZinduced diabetic rats. Furthemore, cardiac tissue 

renin or angiotensinogen mRNA levels an not altered by infusion of h g  II in either 

control or diabetic rats, indicating that changes in expression of these genes in the heart is 

atüibuted to the diabetic condition (Sechi et al., 1994). Mormver, sustained elevation of 

PKC activity can increase the activity of tissue levels of ACE in the diabetic rat 

(Valentovic et d., 1987) . In tum, elewated ACE activity can increase tissue levels of Ang 

II and c a s e  a long-lasting wdiac vasoconst&ory &ect (Muiler et al., 1998). Thus, the 



increased stimulation of AT1 receptor may accelerate the development of diabetic 

cardiomyopathy, which is w h e d  by the fàct that ACE inhibition prevents the 

deveiopment of myocardial dysfhction in STZ-induced diabetic cardiomyopathy (Given et 

al., 1994). Furthemore, treatment with a speàfic AT1 blocker, L-158,809 prevents the 

increase in TnI phosphoqiation and translocation of PKCE in the diabetic heart (Mahotra 

et al., 1997). AU these above rnentioned lines of evidence suggest that h g  II signaling 

pathway might be involveci in the pathogenesis of diabetic cardiomyopathy. 

3.3.2 Decrcased substratt levd 

Depressed SL PtcUns 4-kinase and PtdIndP 5-kinase activities has been reportai 

by our labomtory (Liu et al., 1997), indicatLig deaeased SL PtdIns(4,5)P2 levels may exkt 

in the diabetic heart and limit the hydrolytic activity of PtdIns(4,5)P2-PLC. 

3.3.3 Second messeagera in diabetic cardiomyopathy 

Role of sa-l,24aqlgîyceroI 

The DAG content in the myocardium of diabetic rats has also been observed to be 

signifmndy elevated at 2, 4, and 8 weeks &er STZ injedion ( O b u r a  et al., 199 1; 

Inoguchi et al., 1992). Studies performed by Inoguchi and CO-workers (1992) have 

demonstrated that eariy stage pancreatic islet ce1 transplantation in STZ-treated diabetes- 

resistant BB rats reverses the myocardial DAG content to normal level (Inoguchi et al., 

1992). In contrast, 2-week insulin treatment in the 6-week diabetic rats has no effect on 

the DAG content of the myocardium, however, the fatty acid composition of DAG 

revealed a Merent profiie fiom both control and diabetic hearts (Okumura et al., 1991). 

DAG has been shown to sensitize the insulin reazptor by acting as an aüosteric 



adivator andor by alterhg the structure of the lipids mounding the receptor in a PKC- 

independent way (Arnold and Newton, 1996a). This suggests that the elevation of DAG 

content may be associateci with the compensatory stage of didetic cardiomyopathy, 

although the exact mechanism is unlaiown. 

The possible sources of DAG has been reviewed by Quest and CO-workers (1996). 

The increased DAG in diabetic heart may be due to: 1) inaeased phosphoinositide 

hydrolysiq as elevated plasma and cardiac caîecholamine levels (Ganguly et al., 1986) and 

increased of AT1 receptor density (Sechi et al., 1994) have been suggested to occur in 

diabetic Mimals, the consequent stimulation of ai-ARS and AT1 recepton may conmbute 

to the inaeased DAG level; 2) decreased DAG degradation as a consequence of htty acid 

accumulation in the diabetic hart (Farwqui et al., 1989; Paulson et al., 1991); 3) 

increased synthesis from PtdCho-PLC (Baldini et d,  1994). 

Insulin aise has an effect on cellular DAG content. Insulin-s6mitlated increases in 

DAG levels fiom PtdOH have been report4 in BCH-1 ailtured myocytes (Farese et d., 

1984). In addition, insului can activate PLCy QeUerer et d., 1991), suggesting that the 

inaeases in DAO concentration might corne fiom phosphoinositide hydrolysis as  well. 

Furthemore, previous studies in our laboratory have demonstrated a decreased SL PLD 

activity and i n a d  PAP activity in diabetic heart. Insulin treatment completely 

norrnalLed SL PLD adivity whiie PAP W t y  rernained high, indicating that 

dephosphorykion of PLD-derived PtdOH by PAP may aiso contribute the elevated DAG 

lwel (Wfiams et al., 1998). Although insulin has a positive effect on DAG accumulation, 

2-week insulin treatment niiled to change the increased DAG content observed in chronic 



diabetic heart (Okumura et al., 1991). The different DAG htty acid prome (Okurnura et 

al., 1991) exhibiteci by the treated karts may imply that this is due to insulin's effea on 

cellular firtty acid metabolism. The exact mechaniun involvexi is still unknown. 

Roic of Protein Kinase C 

Increases in mernbranous PKC activity in diabetic heart have ben  observed by 

several independent investigators (Tanaka et al., 1992; Inoguchi et al., 1992; Giles et al., 

1998). Protein levels of cardia PKCf3II have been observexi to be preferentially increased 

in spontaneuus diabetes-prone diabetic BB rats as well as STZ-treated Sprague-Dawley 

rats (Inoguchi et d ,  1992), however the hdings on the subcellular redistriaution of 

PKCq PKCE, PKCG are somewhat controversial since these studies have been conducted 

in different diabetic species and tissue preparations. In diabetes-prone BB/Wor diabetic 

rats, particulate PKCa and PKCô in ventricular tissue are increased by 89% and 24%, 

respeaively, whereas no change has been f m d  in both soluble and partiailate PKCE and 

PKCa (Giles et al., 1998). In isolated myocytes f?om STZ-induced diabetic rats, 

translocation of PKCE &om cytosol to membrane has been observed, whereas PKCô did 

not change significantiy. The same study also demotlstrafed that such alterations in PKC 

redistribution are reversed by atha insuiin treatment or AT1 receptor blockade (Dupont) 

(Malhotra et a%, 1997). The increase of rnembranous PKC content could be due to not 

only a redistribution by translocation, but also an increase in synthesis (Inoguchi et al., 

1992; Giles et al., 1998; Malhotra et al., 1997). A8 rnany regdatory proteins, such as Tnl 

and TnT, are the targets of PKC (Noland and Kuo, 199 1, 1993 ; Noland et al., 1996), it is 

cunceivable that PKC rnay be involved in the development of diabetic cardiomyopathy- 



Taken together, evidence has shown that phosphoinositide-PLC pathway may be 

involved in the pathogenesis of diabetic cardiomyopathy; however, possible alterations in 

fùnctional status as weli as protein mass of PLC isofonns under this pathological condition 

remah to be clarified. 



III. MATERIALS AND METHODS 

1. MATEIUALS 

[Y-~*]ATP (specific activity of 10 Cilmmole) and [3H'J-~td~ns(4,5)P2 FGsitoM- 

3~(N)]-(5.45 Ci/mrnole) were purchased fiom hipont Canada Inc./New England Nuclear 

(Mississauga, ON, Canada). Nonlabeiied PtdIns(4,5)P2, triammonium salt was obtained 

fiom Calbiochem-Novabiochem Corporation (La Joua, CA, USA). D-myo-inositol 1,4,5- 

trisphosphate [3m-assay kit was fiom Amersharn International (Amersham. U.K.). Ga- 

phosphatidic acid was îrom Sigma Chernical Company (St. Louis, MO, USA). 

Monoclonal antibody against phospholipase Cyl was purchased f b m  Upstate 

Biotechnology Incorporateci (Lake Placid, NY, USA). Protein G Sepharose 4 fast flow 

was purchased fiom Phannacia Biotech (Baie d'Une, QB, Canada). Dowex 1x98 (formate 

forni, 100-200 me&) and goat ad-mouse IgG were obtained fiom Bio-Rad Labotatories 

(Mississ~tuga, ON, Canada). Polyvinfldene Muoride Western blotting hydrophobic 

membrane and cherniluminescence reagents were fiom Boehringer Mannheim (Laval, QB, 

Canada). 

Medium-199, trypsin (bovine panaeas), penicillin and streptomycin were obtained 

fbm Gibco BRL, Life Technologies Inc., (Grand Island, NY. USA). Collagenase (Type 2) 

fiom CImdium histoclytzcum was purchased îrom Worthingîon Biochernical 

Corporation (hkewoocl, NI, U. S .A). Alamethicin, sodium cholate, laminin, uniabelle- 

adenosine trisphosphate and aii other reagents of anaiyticai grade or of the highest grade 

possible were purchased fiom Sigma Chernical Company (St. Louis, MO, USA). HP-KF 



siiica gel high performance thin layer (200 prn) chromatography plates were purchased 

from Whatman International Ltd. (Clifton, NJ, USA). 

Ehnuh (insulin zinc suspension prolonged, human biosynthetic (rDNA oniy) 

ULTRALENTE) was obtained fiom Eii Lay Canada Inc.(ON., Canada). Kodak X-Omat- 

R X-ray films and Dupont Cronex intaisifying screen were purchased fiom Picker 

International (Highiand Ha., OH, USA). ~ y t o ~ c i n t r r < ~ ~ '  was obtained f?om ICN 

Biomedicals Inc. (Mississauga, ON, Canada). AU other reagents were of andytical grade 

or of the highest grade available. 

2. MlETHODS 

2.1. Insulin-dependent Diabetic Modd 

Male Sprague-Dawley rats weighing approximately 2ûûg were u s e -  in this shidy. 

Diabetes was induced by a single tail vein injection of STZ (65 mg/kg body weight) 

dissolved in citrate-buffered vehicle (0.1 M citrate, pH 4.5) m e n t e n  et al., 1963). Age- 

matched wntrols were injecte- with citrate b s e r  alone. Al1 anirnals were housed in the 

Animal Holding at St. Bonitace Generai IIoJTt Reseach Center and were providecl with 

food and water od libitum during the entire study. 

The disbetic animals were subdivided randomly into two groups 6 weeks after STZ 

injection. One group of anirnals received 3 U Humuiin per day for 2 weeks, while the 

second group was given saüne for the same time penod. At the end of 8th week, hearts 

were processe- for the isolation of cardiomyocytes and SL and cytosol. 

2.2. holition of Samlemmai Membranes and Cytosolic Fractions 

AU isolation procedures were carrieci out at 4OC. Ventridar tissue nom 2 to 3 



pooled hearts (5 mi b&er/g tissue) was fineIy minced by hand in 0.6 M sucrose, 10 m M  

imidazole, pH 7.0, solution. The original solution was aspirateci to remove excess blood 

ceils and the pieces were resuspended in an equal volume of the sucrose-irnidazole buffer. 

The pieces were homogenized with a Polytron PT 3000 homogenizer (Kinematica AG, 

Switzerland) at 13,000 RPM for 6 x 15 seconds. The resuiting homogenate was then 

centrifuged at 12,000 g for 30 min and the pellet was disarded. A 500 pl aliquot was 

cmtrifùged at 100,000 g for 60 min in a Bechnan TGlûû Utracentrifiige to remove any 

membrane hgments. The resuiting supematant was assigneci as the cytosoiic W o n  and 

was fiozen in liquid nitrogen and stored at -70°C until used. The remaining supematant 

was diluted with 20 m M  3-(N-morpholino)-propanedonic acid (MOPS), 140 mM KCl 

(5 ml bufferlg tissue) pH 7.4, and centrifugai at 100,000 g for 60 min. The resulting pellet 

was then resuspended in 140 mM KC1 20 mM MOPS, pH 7.4, and layered over a 309/0 

sucrose solution containhg 0.3 M KCi, 50 mM N@O& and 0.1 M Tns-HCi, pH 8.3. 

M e r  cenaifugation at 1 0 0 7 0  g for 90 min in a Beclanan swinghg bucket rotor (SW- 

28), the band at the sucrose-b&er int- was taken end diluteci with 3 volumes of 140 

rnM KCI, 20 mM MOPS, pH 7.4. The pellet fiom this final centrifugation at 100,000 g for 

30 min was resuspended in 0.25 M sucrose, 10 m .  histidine7 pH 7.4 (225 pl/g tissue). 

This sarwlemrnal enriched M o n  was divided into aliquots, fiozen in liquid nitrogen and 

stored at -70°C until used. 

23. Phosphoinositide SpecifK Phospholipue C Assay 

PLC 8Ctivity was assayed as descriw previously by Meij and Panagia (1992). 

Substrate was prepared by mixing an aliquot of [ 3 ~ - ]  PtdIns(4,5)P2, with an aliquot from 



the stock solution cm chioroform) of the cold substrate. The mixture was evaporated to 

dryness under a stream of N2 and redissolved in 10 % Na-cholate (w/v) (232 mM). The 

substnite solution was kept unda NI gas ovemight at 04OC and was diluted to 160 pM 

substratdl 12 rnM Na-cholate shortly More use. An aliquot was taken to detennine the 

s p d c  activity. 

The PLC assay mixîure wntained 30 mM HEPES-Tris (pH 7.0). 100 m .  NaCl, 2 

mM EGTA 3.13 mM &CI2 ([fh ca2']= 1 mM). 15 pg SL protein, 14 mM Na-cholate 

and 20 pM [ 3 ~ - ] ~ t d ~ n s ( 4 , 5 ~ 2  (400-500 dpmlpi) in a nnal volume of 40 pl in the absence 

or presence of 30 plid PtdOH. The samples were inaibated at 37°C for 2.5 min and the 

reaction was termlliated by the addition of 144 pi ice-cold chioroform: methanol: HCI (1: 

2: 0.2 v/v) to each sample. Free calcium concentrations were detennined with the 

cornputer program developed by Fabiato (1988). Blanks were d e d  out under identical 

conditions except that SL membranes were added after addition of the stopping mk. 

Phases were separated by adding 48 pi of 2 M KCl and 48 pl chloroform (Jackowski et 

al., 1986). After rnixing for 30 sec and 5 min centrifugation at 15,000 g (Hereaiis Sepatech 

Contifbge 28 RS) the upper phase was aspirateci end applied to 400 pl column of Dowex 

1x8 (formate form, 100-200 mesh). The columns were rinsed with 0.75 ml of water, 

foilowed by the selective elution of inositol phosphates (Bemdge et al., 1985) in gradient 

steps consisting of 1 ml of 5 rnM sodium tetraborate in 30 mM sodium foimate (to elute 

Ins), 0.2 M ammonium formate in 0.1 M fonnic acid (Iris 1 P), 0.4 M ammonium formate in 

0.1 M formic acid (Ins(l,4)P2), and fihally 1 M ammonium foxmate Ui 0.1 M formic acid 

(Ins(1,4,5)&). The radioactivity in each elutant was quantitated by liquid scintiiiation 



(Becbnan LS 1701) in 1 O vo~umes o fcy tosc in t~s ' .  

2.4 Assay of PhosphoinositidcPLCy Activity 

Myocyte membrane protein was extractecl as describeci by Ju et al (1998). using 

buffer containhg 1% wlv Na-cholate, 50 mM HEPES (pH 7.2), 200 mM NaCl, 2 mM 

EDTA 1 rnM PMSF, 10 pg/d aprotinin, 10 pg/ml soya bean trypsin inhibitor and 10 

p@ml leupeptin and rotated for 2 hrs at 4OC. nie sample was centrifiiged (280,000 g for 

25 min) and the supernatant recovered ss the solubilized membrane fiaction. This 

membrane extract was incubateci ovemight at 4°C with monoclonal antibody to PLCyl (5 

pg of antibodies to 350 pg membrane extract). The immunowmplex was caphired with 

100 pl (50 @ packed beads) of washed (3 h e s  with 30 mM HEPES, pH 6.8) Protein G 

Sepharose at 4OC by rotation for 2 hrs. The agarose beads were collecteci by pulsing (5 

seconds) at 10,000 g washed once with HEPES buffer and used for the determination of 

PLCyl advity.  For wntrol experirnents, imrnunoprecipitation and subsequent activity 

measurements were conducted fier incubation of the membrane extract with non-immune 

mouse IgG. 

The hydrolysis of ['~]~tdIns(4,5)~~ isoforms was measured by a modified 

procedure (Wahl et al., 1992; Ju et d., 1998). Bnefiy, the reaction was performed in the 

presence of 30 mM HEPES (pH 6.8), 70 mM KCi, 0.8 mM EGTk 0.8 rnM CaCh, and 20 

[ 3 H ' J - P t ~ 4 , 5 ~ 2  dissolved in 14 mM Na-cholate ovemight and an aliquot (10 @) of 

immunoprecipitate suspension. The reaction was carried out at 37OC for 2.5 min in the 

absence or presence of 30 pM PtdOH, and was stopped by the addition of 100 pl of 1% 

w/v BSA followed by 250 pi of 1% wlv TCA Precipitates were removed by 



centrifugation (10,000 g for 5 min) and the supernatant collecteci for quantification of 

inositol phosphates by liquid scintillation. 

2.5 Immunoblotting 

The proteins present in wcolernrnal membranes and in the cytosolic hction were 
a 

separateci by SDS-po1yacryIamide gel electrophoresis (1 OO/o gels). The proteins were then 

transfemed eIectrophoretically ont0 microporous polyvinyiidene difluoride Western 

blotting hydrophobic membranes. Briefly, the membranes were pre-wetted prior to protein 

trader by placing in methanol for a few seconds and then soaked with trader buEer 

(2Wh V/V methmoi, 0.192 M glycine and 25 mM Tris, pH 8.0). The trander was 

perfonned at 100 V for 1 br ushg a mini trans-blot ceIl. Afier blocking with 5% w/v milk 

solution, the polyvinyiidene difiuoride membrane was inatbated with 10 mi Tris-buffered 

Satine-Tween 20 ('I'EBST) containing Spg monoclonal antibody to PLCyl, for 1 hr at room 

temperature with agitation. Atta washing with TBS-T for 1 hr (6 x 10 min washes), the 

polyvinylidene difiuonde membrane was incubated with goat anti-mouse IgG linked to 

horseradish peroxidase; a 1:3000 dilution was used. Mer fiirther washing with TBS-T for 

1 hr (6 x 10 min washes), the PLC isoform was detected by BM cherniluminescence 

acwrding to the manufachiers' instructions. 

2.6 boiation of Cardiomyocyteb and Culture 

The methodology for isolating adult rat cardiomyocytes was similar to that 

described by Piper et d(1988). 8-Wedt sham, diabetic, insuiin-treated diabetic rats, were 

sadced by decapitation and the hearts sccised, the aûia rernoved, and mounted on the 

Lagendorff apparatus. The hemt was initidly perfiised with calcium-fke Krebs solution 



containhg (mM) 110 NaCl, 2.6 KCI, 1.2 KHZp06 1.2 MgSOc 25 NaHC03, and 11 

glucose (pH 7.4). and gsssed with a mixhire of 95% and 5% CG. M e r  10 min of 

perfusion, the perfusate was switched to O. 1% wliagenase solution containing 0.1% BS A 

and 25 p M  CaC12. AAa a 60 min recirCUIBfion period, the heart was removed fkom the 

canula and placed in pre-warmed Krebs solution containing 1% BSA and 25 pM CaClz in 

a sterile Petri dish Cells were liberated d e r  gentle pipetting of the tissue. The ceil 

suspension was collected by centrifùgation at 6.8 g for 2 min, the supernatant was 

removed, the c d s  resuspended in pre-warmed Krebs b a e r  containing 1% BSA and 50 

CaC12 and centrifiiged again at 1.7 g for 2 min, the procedure was repeated, 

resuspending on eech occasion in warm Krebs containhg 1% BSA and 200 pM of CaClz, 

and then 500 pM CaCh and M y  the c d s  were resuspended in wann Krebs containing 

4% BSA and 1 m .  CaCh and centrifirged at 6.8 g for 2 min. The ce11 pellet was then 

resuspended in medium499 (M199) containing 0.5% FCS supplemented with 1% 

penicillin and streptomycin and incubateû a .  37OC in a 5% C a  humidifieci Liaibator for 24 

hrs. 

2.7 Myocyte Stimuiation and Fractionation 

Af€er 24 hrs, ceils were stimulateci with 30 plid PtdOH for 10 min. Following 

termination of the incubation by removal of medium by aspiration and placing Petri dishes 

immediately on ice, d s  wae scraped off the plates in 1 ml 10 m .  HEPES (pH 7.2) 

containing 2 rnM EDTA and 1 W  sucrose and collectecl by centrifbgation at 27.2 g for 1 

min and processecl for the isolation of the cytosol and partidate &actions. Briefly, cells 

were homogenized in 1 ml of the above mentionai baer  using a glas homogenizer, 



followed by centrifiigation at 280,000 g for 25 min. The supernatant was assigned as the 

cytosolic fiaction, and the pellet was resuspended and homogenized in the aforementioned 

buffer and designated as the partidate M o n .  

2.8 Determinati~n of hositol Trisphosphate Content 

Ins(1,4,5)P3 content of the cytosolic hction (2.5 mglml) was measured using the 

Biotrak radioimmunoassay kit. The procedures involved were accordhg to the 

manufacturer's instructions, based on the method described by Chiiven et al (1991). 

Unlabeled Ins(1,4,5)P3 in the sarnples cornpetes with a k e d  amount of ['HI-labeled 

Ins(l,4,5)& for a limited numba of sites on bovine adrenal Ins(l,4,S)P3 binding protein. 

Bound is then sepanited fiom the h e  Ins(l,4,S)P3 by centrifirgation. D-myo-inositol 

1,4,5-trisphosphate was used as standard. 

2.9 Ptdhs CKinue and PtdIns4P 5-Kinue Assay 

PtdIns 4-kinase and P t M P  5-kinase activities were assayed as described (Liu et 

al., 1997). The assay was initiated by preinaibating 30 pg SL protein for 3 0 min at 3 0°C 

in 100 pl ( f i .  volume) of 40 rnM HEPES-Tris, pH 7.4, 5 mM MgC12, 2 rnM EGTA 1 

mM dithiothreitol and 30 pg damethicin. The phosphorylation of endogenous Ptduis and 

Ptdhs4P was started by the addition of [Y-~'LP]-ATP in a final concentration of 1 m M  

(0.16 Cimmol). The reaction was terrninated after 1 min by adding 2 ml of icecold 

methanol: 13 N HCl(1ûû:l v/v), and vortexing for 10 seconds. For polyphosphoinositide 

extraction, 1 ml of 2.5 N HCI and 2 ml of chiorofom were added. The tubes were 

vortexed for 2 min and centritùged at 1,000 g for 10 min The aqueous phase was then 

discarded and the chlorofonn phase was washed with 2 ml of chlorofom: methanol: 0.6 N 



HCI (3: 48: 47 v/v/v). Mer a second vortexing and caitrifiigation step, the finai 

chloroform phase was removed and an aliquot was evaporated to dryness under a nitrogen 

stream. The residue was immediately redïssoved in iOO pi of chlorofom: methanol: water 

(75: 25: 2 v/v/v) and quantitativeiy applied under a light nitrogen Stream to high 

performance silia gel thin layer plates that had previoudy been impregnated 4 t h  1% 

potassium oxalate in methanol: water (2:3 v/v) and activated at 1 10°C for at least one 

hour. The test tubes were then washed once with 30 pi of chloroform: methanol: water 

(75: 25: 2 v/v/v) and this washiag was again applied to the plate. The chrornatogram was 

developed at room temperature in a solvent system containhg chlorofom: acetone: 

methanol: glacial acetic acid: water (40: 15: 13: 12: 8 v/v), as  describecl by Ioiies et al., 

(1 98 1). Mer  the solvent fiont had migrateci for approximately 1-2 cm fiom the top, the 

plates were air dried at room temperature. The 32~-labeied phospholipid spots were 

visualized by ovemight autoradiography using X-Umat-R X-ray films and Dupont Comex 

intensifying screen. P hosphoinositide speciw were identifid in accordance with the 

rnethods of previous workers (Liu et d ,  1997). PtdIns4P and Ptdh1~(4~5)& were smped 

fiom the plates, and the radioactivity associated with each spot w u  determineci by 

scintiifation counthg. Blanks were canfed out under identical conditions except that the 

membrane proteins wae added after teniunatuig . . the reaction. 

For the determination ofPtdIiis4P 5-kinasey exogenous Ptdh4P was added into 

the assay systan, The exogenous PtdIns4P was prepared by ultrasonkation in a water 

sonicator ( ' m u o n  1200 sonicator) for 30 Mn and thereafker added to the assay mixture 

before the preincubation at a nnal concentration of 25 m. 



2.10 Pmttiti Determination 

Membrane and cytosalic proteins were detefmined accordhg to Lowry et al 

(195 1 ), using bovine senun albumin as a standard. 

3. STATISTICS 

AU of the srperiments were carrieci out by triplicate or quadruplicate 

detenninafiom, unless otherwise indicated. R d t s  are presented as means f SEM. 

Statistical amdysis was done using the One-way Analysis of Variance (ANOVA), foliowed 

by the Student-Newman-Keuls Multiple Cornparisons Test if the variation among column 

means was significant according to ANOVA. A value of P < 0.05 was considered to be 

signifiant. 



IV. RESULTS 

1. Samoltmmai 

urdiomyopathy 

PLC has bem 

phosphoinositidcpbosphotipase C activity in diabetic 

Ins(1,4,5)P3 and DAG (Meij and Panagia, 1992). In this study, purified SL membranes 

obtained fiom the ventricles of &am, diabetic and insulin-treated diabetic animais were 

used to assess the -tus of PLC 8ctivity. Table 1 shows the PLC-derived formation of the 

different inositol phosphates in these three experimental groups. It can be seen that, 

Ins(1,4,5)P3, the major product under the assay condition employed, was significantly 

depressed in the diabetic heart as wmpared to sham controls. Since no diifferences in InsP 

and In& were observed between the sham and diabetic groups, a redistribution of inositol 

phosphate formation can be discounteci and therefore the diminished In@ 1,4,5)P3 

formation in diabetes is exclusively due to a depressed PLC activity. Treatment with 

insuiin for 2 weeks completely r w e d  the depressed activity. 

As weil as being regulated at the receptor, G protein and substrate levels, certain 

cardiac PLC isozymes can also be activated by PtdOH, as already stated in the 

LITERATURE REMEW. The effect of PtdOH on SL totd PLC activity was examinecl. As 

shown in Table 2, a signincant inaease in PtdIns(4,5)P2 hydrolysis was observed in aii 

three experimental groups in the presence of 30 jiM PtdOH. Of note, in ternis of absolute 

activities, no differences in the PtdOH stimulated saivity between the groups was 

observed, suggesting that stimulation occurs to the same level irrespective of the basal 



activities. Howevcr, fkom the viewpoht of responsivaiess to PtdOH, it can be seen that 

the diabetic cardiac PLC exhibited a significant hyperresponse (155%) to the stimulation. 

Two-week insuiin treatment nonnalizsd the responsiveness to PtdOH in diabdc group. 

2. Efféct of phosphatidic acid on inositol 1,4,Strisphosphate content in isolated 

crirdiomyocytes 

PtdOH has been shown to inaease Ins(l,4,S)P3 concentration in cardiomyocytes 

(Kun et al.. 1993). Table 3 shows the effect of PtdOH on Ins(1,4,5P3 concentration in 

isolated cardiomyocytes of sham, diabetic and insuiin-treated rats. in non-stimulated 

cardiomyocytes, a signincantly decreased Ins(1,4,5)P3 level in the diabetic group was 

found, which was oniy partiaiiy corrected by insullli treatment. Although the d i s h e d  

levels are in agreement with the total SL PLC measurements in vitro (Table 2). a 

dBerence in the effect of insulin on PLCderived Ins(1,4,5)P3 was observed in 

cardiornyocytes. PtdOH induced a signifiant increase in Ins(l,4,S)l'3 foxmation in all the 

three groups, 175, 220, 303%, respectively. The ?ns(1,4,5)P3 concentration in diabetic 

myocytes after PtdOH stimulation was still lower (Pq0.05) than that in sham and insulin- 

treated groups. Insulin treatment increased the responsiveness of diabetic myocytes to 

PtdOH, consequently, the Ins(1,4,5)P3 concentration after stimulation was -8Wh of the 

sham level. 

3. Cytosolic pbosphoinositide-phospholipase C aetivity in diabetic urdiomyopathy 

The cytosolic PtdIns(4,5)PrPLC activity was also examinai (Figure 1). While no 

significant ciifference between the sham and diabetic groups was observed, of interest was 

the signifiant decrease in PLC activity in the insulin-treated diabetic group as compared to 

sham and diabetic groups. 



Table 1. In vitro formation of Merent inositol phosphate species by 
sarcolemmal phosphoiipase C in diabetic cardiomyopathy 

hositoi phosphate species 

(nrnoVniinlmg protein ) 

Sharn 0.02 f 0.00 1.18 f 0.04 6.69 i 0.09 

Diabetes 0.02 f 0.02 0.58 f 0.04 5.64 f 0.14" 

Insulin-treat ed 0.02 f 0.02 0.80 i 0.05 7.45 f 0 . 4 4 ~  

Sarcolemrnal PLC activity was assayed under standard conditions as describeci in "Matends 
and Methods" in the presence of 20 pM I~H]-P~C~~S(~,~)P~. Values are meansfSEM of 
Uiositol phosphate formation in three experiments. Assays were performed in triplicate. 
Abbreviations: Ins(4)P=inositol Cphosphate, Ins(l ,4)P+nositol 1,4-bisphosp hate, 
riis(l,4,5)P~=inositol 1,4,5-trisphosphate. 
a Signincantly dinerent @<O.OS) vs. correspondhg sham values 

Significantiy different @<O.OS) vs. mrresponding diabetic values 



Table2. Effect of phosphatidic acid on the total sarcolemmai 
phospholipase C activity of diabetic hearts 

Total phosphotipase C activity 

( m o l  W s  fonned/min/mg protein) 

Basal PtdOH (30 1iM) % of Basai 
- - -- - - 

Sharn 7.87 f 0.18 9.69 I 0.29 123 f 4 

Diabetes 6.27 f 0.22" 9.69 i 0.94 155 f 10" 

Insulin-treat ed 8.27 4: 0.70' 10.92 i 0.89 132 I 4' 

Sarcolernmal PLC activity was assayed under standard conditions as described in "Matenais 
and Methods" in the absence or presence of 30 pM PtdOH. Values are meaneEM of  
three experirnents done in tripliate. Abbreviations: PtdOH=phosp hatidic acid; InsPs=totai 
inositol phosphates (inositol Cphosphate, inositol 1 +bisphosphate and inositol I,4,5- 
trisphosphate). 
" Significantly dinerent (p<0.05) vs. corresponding sham vdues 
%gnificantly diffaent (jS0.05) vs. corresponding basal vdues 
' Significantly difrent (pa.05) vs. corresponding diabetic values 



Table 3. Stimulation of Ins(1,4,5)P3 formation by phosphatidic acid in 
isolated cardiomyocytes 

Ins(1,4,5p3 formation 

@moVmg protein) 

Basal PtdOH (30 CiM) % of Basal 

Cytosolic b(1,4,5)P3 was assayed under standard conditions as describeci in "Materials 
and Methods", in the absence or presence of 30 pM PtdOH. Values are means S E M  of 
three experiments done in triplicete. Abbreviations: Ins(l,4,5)P~=Inositol 1,4?5- 
trisphosphate, PtdOH= phosphatidic acid. 
" Significantly Merent (pUI.05) vs. corresponding sham values 

Significantiy different (pa.05) vs corresponding basal vaiues 
' Sigdimtiy different @<O.OS) vs. wrresponding diabetic values 



Figure 1. Cytosolic phospholipase C activity in diabetic cardiomyopathy 

Sham Diabetes 

PLC acfvity was assayed under standard conditions as descnbed in 
'hilateriais and Methods". Values are meanskSEM of three experiments done in 
triplicate. 
* Significantly dinerent @<O. 05) vs. sham values 
' Signifïcantly dif5erent (pc0.05) vs diabetic values 



4. Sircolemmal phosphoinositidc-phospholipasc Cyl activity in diabetic 

cardiomyopathy 

Four PLC isoforms (PLCyl, PLCGI, PLCP3, PLCPl) have been demonstrated in 

the heart (Hasen et al., 1995; Ju et al., 1998; WoK 1993). Ali of them are capable of 

hydrolyring PtdIns(4,5)P2 under in vibo conditions (James et al., 1997). The most 

abundant types are PLCyl and P L a 1  (Wolf, 1993). PLCy 1 has been recently suggested 

to be a downstream effector of the Ang II-mediated signaing pathway in cardiomyocytes 

and abnormalities have been reported in the cardiac RAS in diabetic cardiomyopathy (see 

L m -  REMEW). Therefore, PLQl aaivity was assayed by immunoprecipitating 

this isozyme with a specific monoclonal anti'body. It can be seen that PLCyl activity was 

signifimtly depressed in the diabetic group as compared to sham wntrols, and was 

wmpletely restored following insulin treatment (Table 4). As in the case of the total PLC 

activity, the diabetic cardiac PLCyl exhibitai a hyperresponsiveness to PtdOH stimulation, 

which upon insulin treatment was completely normaüzed. 

5. Protein content of sarcolemmd and cytosolic PLCyl 

The relative protein contents of PLCyl in SL and cytosul were anal@ by 

Western blot. As shown in Figure 2, a sipificant increase in SL PLCyl content in the 

diabetic heart, coincident with a signincant decrease in the cytosoiic PLCyl content was 

observed. Insulin treatment completely normalized the PLCyI mass in the sarcolemma, 

whereas in cytosoi, no signifiant effect of insuiin was observed. In other words, the 

cytosolic PLCyl content in both diabetic and insuiin-treated diabetic groups was similar. 



Table 4. Effect of phosphatidic acid on sarcolemmal phospholipase Cy 1 
activity in diabetic cardiomyopathy 

- - -- - - 

Phosphoiipase Cy 1 adivity 

(pmol InsPs formed/mUirng protein) 

Basal PtdOH (30 pM) % of Basal 

Sham 3.30 f 0.21 5.65 f 0.69 173 f 22 

Diabetes 2.23 f 0.07 " 8.56 f 0.41 '* a 387 f 29" 

Insulin-treat ed 3.35 I: 0.14 7.37 f 0.62 222 f 23" 

Sarcolemrnal PLC activity was assayed under standard conditions as descn'bed in 
"Materials and Methods'' in the absence or presence of 30 ph4 PtdOH. Values are 
rneanskSEM of three to four experiments perfomed in trïpiicate. Abbreviations: PtdOH= 
phosphatidic acid; InsPs=total inositol phosphates. 
" Significantly different (p<O.OS) vs. correspondhg sham values 

Sigdicantly different @<O.OS) vs. cornpondhg basal values 
Significantly different @<O.OS) vs. comsponding diabeîic values 



Figure 2. Western blot analysis of the relative protein content of phosphoiipase 
Cyl in the sarcolemmal and cytosolic fractions isolated fkom hearts of sham, 
diabetic and insulin-treated diabetic rats 

Cytosol 

Sham Diabetes Diabetic 

Values are means f SEM of 4-6 samples 
Lanes 1 and 2 represent sham group, lanes 3 and 4 represent diabetic group, and lanes 5 and 
6 represent insulin-treated diabetic group. 
* Significantly different (pC0.05) us. sharn values 

Significantly different (pc0.05) vs. diabetic values 



6. Sarcolemmai PtdIns dicinase ruid PtdIgs4P 5-khpst activities in diabetic 

urdiomyopathy 

Besides its stimulatory effect on the PtdIns(4,Sfi hydrolysis, we also test PtdOH's 

efféct on phosphoinositide synthesis. 

Both phosphoinositide kinases activities have been reported to be mainly lÔcated in 

the SL (Quist et ol., 1989). In this study, SL PtdIns 4-kinase and P t M P  5-kinase 

adVities were determined in the sarcolernma of sham, diabetic and insulin-treated rats. In 

Table 5, it can be seen that a signifiaint depression (P<0.05) of SL PtdIns Chase activity 

was observed in the diabetic hearts wbich was partially corrected by insulin treatment. 

PtdOH had no e f f i  on kinase activity 

A signifiant reduction of the SL PtdIns4P 5-kinase activity which was completely 

comected by insulin treatment was also observeci. Although PtdOH has been reported to 

stimulate bovine brah Ptdhs4P 5-kinase activity in vibo (Moritz et ai., 1992), no effect of 

PtdOH on the cardiac kinase activity was observed (Table 6). 



Table 5.  Effect of phosphatidic acid on sarcolemmal phosphatidylinositol 
4-kinase activity in diabetic cardiornyopathy 

PtdIns4P formation 

(pmoVmidmg protein) 

Basai PtdOH (30 1iM) % of Basal 

Sarcolemrnal PtdIns 4-kinase activity was assayed under standard conditions as described in 
"Materials and Methods" in the absence or presence of 30 pM PtdOH. Values are 
meansfSEM of three experiments conducted in tripikate. Abbreviations: PtdIns4P= 
phosphatidylinositol4-phosphate; PtdOH=phosphatidic acid. 
" Sipuficandy Mirent  @<O.OS) vs. corresponding sham values 

SiBlllficantiy different @<O.OS) us. comsponding diabetic values 



Table 6.  Effect of phosphatidic acid on sarcolemmal phosphatidylinositol 
4-phosphate 5-hase activity in diabetic cardiomyopathy 

Ptdhs(4, S)P2 formation 

(pmoVminlmg protein) 

Basal RdOH (30 1iM) % of BasaI 
-- - - - - - -  

Sham 224 f 19 191 f 11 8 7 f  11  

Diabet es 164 f IO" 152 f 4 93f 4 

Insulin-treated 211 f lob 186f 4 89i: 6 

Sarcolemrnal PtdIns4P 5-kinase activity was assayed under standard conditions as described 
in "Materials and Methods" in the absence or presence of  30 pM PtdOH. Values are 
meansfSEM of three experhents done in triplicate. Abbreviations: PtdIns(4,S)P~ 
phosphatidyiinositol4,5-bisphosphate; PtdOH=phosphatidic acid. 
a Significantly ciifferait (p<O.OS) vs. corresponding sham values 

Sigdicantly diffent (p<O.OS) vs. corresponding insullli-treated values 



V. DISCUSSION 

Diabetic cardiomyopathy refers to cardiac a b n o d t i e s  secondary to diabetes 

meilitus (Rubler et al., 1972; Andreoii et al., 1997; Wfiam et al., 1997). The mechanisms 

involved are unclear, however, fiom the evidence presented in the REVIEW, it 

seems that an impairment of phosphoinositide metabolism may contribute to the 

development of cardiomyopathy. Since no information is available on the bctional status 

of PLC during insuiin-dependent diabetic cardiomyopathy, the present study was therefore 

undertaken to examine the changes of PLC and its regulation under this condition. 

1. Status of cardiac phospholipwe C d u ~ g  insulindependent diabetcs 

In this study, a significant demesue in the cardiac total SL phosphoinositide-PLC 

activity was found in the STZ-hduced diabetic rats under the in vitro assay conditions 

empioyed, as indicated by the lower production of total inositol phosphates (Table 2). It is 

therefore conceivable that a decreaaed basai PLC activity in vivo in diabetic 

cardiomyopathy rnay also exist. In support of this contention, additional experiments 

conducted on isolated cardiomyocytes showed a reduced basal Ins(1,4, 5)P3 concentration 

in diabetic rats (Table 3). In order to ascertsin the relative contribution to the depressed 

total SL PLC activity by PU: isozymes, the status of one of the major PLC isuzyrnes in 

the heart, PLCyl (Hasen et d, 1995, WoK 1993), was examine& Like the total SL PLC, 

PLCyl 8Cfivity was found to be deaeased in the diabetic har t  and completely normalized 

by 2-week uisulin treatment (Table 4). 

As mentionad previously, the regulation of phosphoinoddePLC activities occurs 



at several levels, including receptor level, G protein level substrate level and membrane 

physico-chernid properties (Jàmes et ai., 1997; Singer et al., 1997; Rhee and Bae, 1997). 

In this regard, a number of possible mechanisms can be put forward to explain the 

depression in PLC activities observeci in this model: 1) Decreased PtdOH level. PtdOH has 

been shown to stimulate the two major cardiac PLC isofonns, PLCyl and PLCG 1, in vitro 

(Henry et al., 1995). Since there is a 60% decrease of SL PLD-derived PtdOH level in the 

diabetic heart (Wiarns et al., 1998), it is possible that the depressed PLC activity in vivo 

be partidly due to the decreased PtdOH stimulation. 2) Increased cellular DAG content, as 

DAG has been show to destabiiize the membrane and cause structural transition @as and 

Rand, 1984, 1986), it has been suggested that it rnay have an inhibitory effect on PLC 

activity (James et al., 1996). 3) A reduction in phosphoinositide turnover in vivo. The 

sequential phosphorylation of PtdIns on the 4th and 5th positions of inositol ring by PtdIns 

4-kinase and PtdIns4P 5-kinase gives rise to the PLC substrate, PtdIns(4,5)& (Quist et 

al., 1989). Local substrate availability determines the hydrolytic activity of PLC (Tobin et 

a l  1996). Although no change of fiee myoinositol levels has been reportai in STZ- 

induced diabetic heart (Cameron et al., 1989), reduced incorporation of radio-labeled 

myoinositol into phosphoinositides bas been observed (Bergh et al., 1988). Besides this, 

SL phosphoinositide kinases activities are signincantly lower in insulin-dependent diabetic 

cardiomyopathy (Liu et al., 1997), which was also confirmeci by the present study. 

Although the membrane levei of PtdIns(4,5)P2 was not detemiined in this study, it is 

possible that a deçreased synthesis of the substrate rnay partidy contribute to a decreased 

basal PLC BCtivity in m. 4) Subsrrate shift fiom PtdIns(4,5)& to PtdIns4P during 



diabetes can resuit in the decreased SL PtdM(4,S)PrPLC activity as PtdIns(4,Sfi was 

used as the substrate under our in vitro assay condition 5) Structural modification on PLC 

enzymes, as hdicated by decreased basal SL PLCyl d v i t y  and increased SL PLCyl 

protein amount (Table 4 and Figure 2). 6) Increased oxidative stress in diabetic 

cardiomyopaîhy (Kaui et al., 1995, 1996; Mak et al., 1996; Meij et al., 1994). 

It should be pointed out that STZ-treated rats are associateci with hypothyroidism 

(Tomlinson et al.. 1992). which has been shown to increase SL PLC activity when assayed 

under physiological ca2+ concentrations (Panagia and Mesaeli, 1995). However, in 

wntradiction to thiq a decrease in membranebound PLC activity has been reported by 

Jakab (1993). Despite this, it is clear that cardiac SL PLC activity is aiso related to the 

thyroid statu. Although in the m e n t  study the depressed SL total PLC activity was 

completely nonnalized by 2-week insulin treatment, M e r  experirnents are needed to 

examine whaher the reduced PLC d v i t y  is due to insulin deficiency or hypothyroidism. 

In contrast to the findïngs of the SL PLC dvities, in vipo measurernents did not 

show s i w c a n t  change of cytosoiic PU: activities in the diabetic hart (Figure 1). These 

diffierential changes are indicative of specinc regdatory mechanisms that may influence the 

enzyme 8ctivity only when it is associated to the membrane. Interestingly, insulin treatment 

for 2 weeks r d t e d  in a signifïcant decrease in cytosolic PLC activity. It is possible that 

this reflects the effect of Lisulin on the regulation of PLC wibstrate s p d c i t y  (Mej and 

Panagia, 1992). Furthermore, the uncorrected decrease of cytosoiic PLCyl protein content 

(lower than sham values) in insulin-treated &ab& group also indicaîes that changes of 

this isoform may contribute to the decreased cytosolic PtdIns(4,5)PrPLC activity in vitro. 



Taken togaha, it is  clear that PLC is closely related to the cardiomyopathy due to 

2. Effect of phosphatidic acid on phospboinositide-phosphoIipme C pathway during 

insulin-dependent diabctu 

In cardiac tissue, Panagia et al (1991) have characterized the PtdCho4erived 

formation of PtdOH by the action of PLD in SL membrane system. PtdOH has been 

shown to exhibit s e v d  important effects on the heart (reviewed by Dhda et al., 1997). 

such as elevating [cû2Ti as a consequeme of increasing bot.  transsarcolernma CC influx 

and ca2' relesse nom the intracelluias SR stores, increasing cardiac contractility wu et al., 

1996b), induchg phosphoiylation of a 14 kD ceU surîace protein and enhancing protein 

and RNA synthesis (Xu et al., l996a). 

2.1 ECCeet of PtdOH on sarcokmmd phoapholipase C 

As show by this study, although the basal total SL PLC activity was lower in the 

diabetic heart, no Merence between the three groups was observed after PtdOH 

treatment (Table 2), indi+ in& responsiveness of diabetic heart to PtdOH. This 

rnay serve as a compensatory mechanism involved in stimulating the decreased basal PLC 

activity towards normal in Mvo. The hyperrespons~veness of diabetic PLC to PtdOH was 

normalized d'ter 2-week insulin treatment. 

PtdOH ale0 stimuIated SL PLCyl activity (Table 4), which is in agreement with 

stucfies conducted on rabbit cardiac PLCyl (Henry et al., 1995). The increased SL PLCy 1 

respoasiveness to PtdOH wida diabetic condition may also act to compensate for the 

deaeased PtdOH l d .  Two Won may account for this hype~esponsiveness: 1) 

Inaeased SL protein content as shown by the Western blot (Figure 2); 2) It is s p d a t e d  



that PtdOH rnay interad with PLCy1 and lower the binding constant for PtdIns(4,5)Pz, 

thus increasing its a t y  for the cataiytic site (Jones and 

wdomtionai changes in PLCyl may enhance the eff- 

CO ndition. 

Also, as the responsiveness of SL PLCyl to PtdOH 

much higher than that of the total SL PLC (155% increase 

Carpmter, 1 993). Therefore, 

of PtdOH under the diabetic 

(387% increase in activity) is 

in activity), it is possible that 

differential changes of other PU: isofomis (PLC61, PLCf3l and PLCp3) may ocait 

during Uisuün-dependent diabetes. 

2.2 Effeet of phos phatidic acid on phosphoinositide kinases 

PtdOH had no eEect on either of the cardiac phosphoinositide kinases (Table 5 and 

6). indicating that PtdOH does not affect phosphoinositide synthesis in the normal or 

diabetic heart. It should be pointed out that this e f f i  appears to be tissue specific as 

PtdOH is able to stimulate the brain PtdIns4P 5-kinase (Moritz et ai., 1992). 

2.3 Effeet of phosphatidic acid on inositol l,4,Strisphosphatc formation in isolated 

cardiomyocytes 

In order to confirm the b c t i o d  status of SL PLC in vivo, the effkct of PtdOH on 

isolated cardiomyocytes was examinai. Preincubation with RdOH resuited in an increase 

of Ins(l,4,5)& content in the three experimental groups, which is in agreement with the 

studies conducted in isolated normal cardiomyocytes (Km et ai., 1993). The net increase 

of Ins(l,4,S)P3 (2.30 pmoVmg protein) in the diabaic group after PtdOH SGmulation was 

lower as compared to that of the other two groups (4.5-6 pmoUmg protein) (Table 3). As 

cellular hs(1,4,5P3 levels reflect the balance of generaîion and removal, two possibilities 

rnay contribute to the decreased Ins(1,4,5)P3 formation obsened in the diabetic heart: 1) 



Increaaed rernoval by either activation of Ins(1,4,5)P3 phosphatase ancilor increase of 

Ins(1,4,5)P3 kinase acîivity. 2) Decreased generation due to depressed PLC activity, 

substrate shift fiom PtdIns(4,5)P2 to PtdIns4P or PtdIns and decreased SL PtdIns(4,S)P2 

levels. PtdOH was seen to have no &ect on the cerdiac phosphoinositide kinase activities. 

Therefore, it is possible that decreased PtdIns(4,5)P2 availability in vivo rnay partially 

explain why PtdOH was not able to ùicrease Ins(l,4,5)P3 content to n o d  levels in the 

diabetic myocytes even though in Mbo studies showed that no differences were observed 

in stimulated SL PLC activities following PtdOH treatment in the diabetic heart. 

3. The signircance of ait& phosphoinositidcphosph01ipue C pathway in insuiin- 

dependent dhbetcs 

3.1 Importance of two second messagers during diabetic urdiomyopathy 

The increased DAG levels detected in the diabetic heart may be attributable to 

several rasons: 1) Reduced degradation due to a decreased DAG lipase aaivity due to an 

inhibition by an accumulation of htraceiiuiar lipids (Paulson et al., 1991; Farooqui et al., 

1989). 2) Increased PAP activity in diabetic hart  could cause an increased conversion of 

PLD hydrolytic product, PtdOH, to DAG, which may also contribute to the observed 

coincidental decrease in SL PtdOH level (WÏams et al., 1998). 3) Increased synhis  

fiom PtdCho-PLC ELCtivity (Baldini et al., 1994). 

Since DAG can sensitize the insulin receptor tyrosine kinase (Arnold and Newton, 

1996a), t is plausible that the increased responsiveness of SL PLC to PtdOH stimulation 

and consequently increased DAG level may act as a compensatory mechanism in the 

diabaic heart. Furthemore, as PtdOH has also been s h o w  to inhibit insulin receptor 



tyrosine kinase actjvity (Arnold and Newton, 1996b), deaeased PtdOH in diabetes rnay 

work in concert with increased DAG to maintain the celiular response to decreased 

cirçulating insuiin levels. On the other side, activation of PKC by DAG comelates with the 

phosphoryîation Td and TnT (Noland and Kuo, 1991; Noland et aï., 1996; Jidearna et al., 

1996), which results in &minished calcium sensitivity of the sarcomere (Dosemeci et al., 

1988) and decreased calcium-stimuhted myofibrillar MgATPase activity (Venerna and 

Kuo, 1993). Thus the rnistained elevation of PKC activity in diabetic heart may contribute 

to the depressed systolic function obsaved in cardiomyopathy. Insulin treatrnent does not 

lower the increase in DAG content in chronic diabetes (Okumura et al., 1991), but has 

been shown to prevent the inaeased TnI phophorylation (Malhotra et al., 1997). In 

addition, analysis of DAG species in these three experimentai groups has shown difFerent 

fatty acid composition profiles (Okumura et al., 1991). Therefore more definitive 

approaches such as the identification of the targets of Merent DAG molecular sptcies are 

needed to understand the signaling hct ion  of DAG species derived fkom different sources 

and DAG's effect on the developrnent of diabetic cardiomyopathy. 

Inositd 1, 4 , s - f r r f r r q m t e  

The data obtained in the present study shows a sigdcant decrease in Ins(1,4,5)P3 

lewels in isolated diabetic cardiomyocytes which may be due to increased rernoval by 

phosphorylation/dephosphory1ation processes d o r  reduced gaieration as a result of 

decreased PtdIns(4,5)Pa activity. 

Since the effect of hypothyroidism on the status of the phosphoinositide-PLC 

pathway of the heart is controversial (Jakab et al., 1993; Panagia and Mesaeli, 1995), the 



possibility that correction of the thyroid status in STZ-treated rats wouid norrnalize the 

decrease in PLC catalytic rate warrants M e r  investigation. However, as 2-week insulin 

treatment of 6-week diabetic rats couid normaiize the plasma thyroxine level (Williams et 

al., 1998), but not the Ins(l,fS)& content of diabetic cardiornyocytes (this study), it is 

conceivable that altered Ins(1,4,5)P, metabolism may be associateci with the development 

of diabetic cardiomyopathy. 

No evidence has shown that Ins(1,4,5)P3 is involved in the cardiac beat-to-beat 

ca2+ regdation, and more studies are needed to clarify its fûnction in heaith and hart  

diseases. Since the tissue Ins(ï,4,S)P3 content is relatively high and PLCG1 has a high 

&ty for Ins(1 ,4,5)P3 (Lemmon et al., 1995; Garcia et al., 1995; Ferguson et al., 1995), 

it has been proposed that wdiac PLCG1 may be persistently inhibited under physiological 

conditions (Woodcock 1997). Therefore, it is reasonable to assume that there is a 

decreased inhibition on PLCG1 by Ins(1,4,5)P3 in the diabetic heart, which may have some 

pathologicai relwance. 

3.2 Importance of PtdIns(4,5)P1 during diabetic cardiomyopathy 

PtdIns(4,Sfi is not only the substrate for PLCs, but aiso the prewsor for the 

putative second messenger PtdIns(3,4,5)P3, and its exact role in the heart is still unknown. 

However, data on non-myocardial c d s  may suggest some fhctions. Besides lllniting the 

substrate availability for PLCq a deaeased PtdIns(4,5)P2 level in the diabetic hart itself 

may have some profound Sect es it is able to provide a membrane dockhg site for 

proteins containhg PH domaias (reviewed by Lee and Rhee, 1995; James et al., 1997). 

and is thought to play a key role in reguiating cellular processes including actin assembly, 



intraceUular traficking of vaicles, ARF-PLD activity and secretzuy mechanisrns (reviewed 

by Lee and Rhee, 1995; James et (J., 1997). Specinc experiments in the hea. are requûad 

to elucidate its effect on the development of cardiomyopathy. 

3.3 Import.n~e of PLCyl in the devdopment of diabetic cardiomyopathy 

Aithough the d e p r d  SL PLCyl activity, its hyperresponsiveness to RdOH 

stimulation and its increased SL protein amount in the diabetic heart were completely 

corrected by insulin treatment, it should be noted that insulin had no effkct on the observed 

decrease in cytosolic PLCyl protein content. 

PLCy 1 has been shown to be closely related to c d  differentiation (Bertagnolo et 

al., 1997). maintenance of responsiveness of neurons (Grimes et al., 1996). and embryonic 

growth and development (Ji et al., 1997). Although the exact role of cardiac PLCy 1 is still 

unclear, fiindon of P K y l  may not be substituted by other PLC isozymes, as 

translocation of PLCyl to cytoskeleton ocairs following stimulation of receptors with or 

associated with tyrosine kinase activity (Singer et d., 1997; James et al., 1997), which has 

not been reported for PLC$s and PLC61. 

Evidence has shown that advation of the AT1 receptor, a G proteinaupled 

receptor without intruisic tyrosine kinase activity, induces ca2+-independent PLCyl 

phosphoryiation and subsequent Ins(1,4,5)P3 production in smooth muscle cells (Marrero 

et al., 1994). Anti-rc treatment partially prevents h g  II-stimulated PLCyl 

phosphorylation (Schehg et al., 1997). On the other hand, studies conducted in cultureci 

myocytes suggests that Fyn, a member of the src kinase M y ,  may mediate the Ang II- 

induced activation of p21m (Sadoshima et d, 1996). It is reasonable to deduce that 



PLCy 1 may also be activateci by src kinase during Ang II stimulation in cardiomyocytes. 

Under diabetic conditions, plasma Ang II levels are comparable with those of the 

wntrol group (Makarious et al., 1993; Drury et al., 1984), but no information on cardiac 

renin, angiotensinogen, and Ang II levels during diabetes is available. Increased AT1 

receptor density associated with an increase in AT1 receptor mRNA levels independent of 

changes in the circulating RAS has been observeci in the diabetic heart (Sechi et al., 1994), 

which may account for an increased AT1 receptor stimulation, as proved by prevention of 

both the translocation of PKCE fkom cytosol to membrane and the increase of TnI 

phosphorytation by AT1 blockade (Mdhotra et al., 1997) and beneficial effkct of ACE 

inhibitor on cardiac hcî ion  of the diabetic hart (Given et al., 1994). It is possible that 

the increased h g  II stimulation might cause redistribution of PLCyl firom cytosol to SL 

to compensate for the decreased basal activity wder diabetic condition. However, fiirther 

investigation on the response of PLCyl in vivo secondas, to inhibition of cardiac RAS 

d u ~ g  diabetes is required to establish the effect of An. II stimulation on cardiac PLCyl. 

As PLCyl activation also ocairs foliowing activation of receptors with inthsic or 

as~ociated with tyrosine kinase ELCtivity, identification of changes in these pathways in the 

diabetic hem would also help to M e r  understand the exact role that PLCyl wiil play 

during the development and pathogenesis of diabetic wdiornyopathy (review by Rhee and 

Bae, 1997). 



VI. CONCLUSION 

1. The significantly depressed SL total PLC activity in vitro and decreased basal 

hs(1,4,5Y3 content in the isulated cardiomyocytes indicate that a decreased basai PLC 

activity may exist in the diabetic hart in viw. 

2. Hyperresponsiveness of the SL PLC to PtdOH stimulation rnay act as a compensatory 

mechanism to maintain DAG Ievels and sensitize the insuiin receptor to a reduced 

cirailating insuiin concentration during IDDM. 

3. Depressed SL PLCyl activity and hyperresponsiveness of this isoform to PtdOH in the 

diabetic heart c o h  that changes in these parameters associated with this isufom 

contribute to the observed alteration of total SL PLC. The decreased activity and 

coincidental increase of SL PLCyï protein content also implies that an abnotmal SL 

PLCyl moleaile may exist during diabetes. 

4. Two-week insulin treatment not only nonnalized the depressed SL PLC activity and 

hyperresponsiveness to PtdOH stimuiation, but also norrnalized the increased SL PLCyl 

protein content o b w e d  in the diabetic heart. However, it did not fùliy correct the 

abnomalities in Ins(1 ,4,5)P3 metabolisrn and the decreased cytosolic PLCy 1 protein 

amount, indicating that either some irreversible changes have ocairrd secondary to insulin 

deficiency or longer treatment is rquired for recovery. 
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