Proceedings of the Australian Physiological Society (2685%5-53f1 http://wwvaups.og.au/Proceedings/36/45-53fP
©A.J. Davidof 2005

Convergence of glucose- and fatty acid-induced abnormal myocar dial
excitation-contraction coupling and insulin signalling

Amy J. Davidoff

Department of Pharmacolog@ollege d Osteopathic Medicine,
University of Nev England,
Biddeford, ME USA

Summary disease or ypertension, with impaired diastolic function
o . . developing first®> Several metabolic complications are

1. Myocardial insulin resistance and abnormafTa common to both type 1 and type 2 diabetBer example,
regulation are hallmarks of yipertrophic and diabetic hypeglycemia and eleted triglycerides (and freeatty
hearts, but depration of enegetic substrates does not te”acids) are accompanied by insulin deficiernc impaired
the whole storyls there a link between the aetiology ofinsyin responsieness.  While the time course of
these dysfunctions? o _ developing ventricular dysfunction may be different, the

2. Diabetic cardiomyopathis defined as phenotypic consequences of both types of diabetes are similar
changes in the heart muscle cell independent of associafgghcardial insulin resistance associated with abnormal
coronary vascular disease. The cellular consequencesQp+ regulation in the ipertrophic heart is the subject of a
diabetes on >eitation-contraction (E-C) coupling and companion paper (Ritchie & Delbridje Thegoal of this
insulin  signalling are presented inarous models of yeyigy is to consider the consequences of diabetes on the
diabetes in order to set the stage for exploring thesart with an emphasis on piding insight into hev the
pathogenesis of heart disease. _ heart progresses to failure in a number of diseases.

3. Excess glucose or fatty acids can lead to  prownlee has put forth a unifying hypothesis for the
augmented flux through the hexosamine biosynthesig,elopment of diabetic complicatiodsHe outlines ha
pathvay (HBP). The formation of UDP-hexosamines hagypeglycemia induces vascular disease through the
been shown to bevolved in abnormal E-C coupling andnqyction of reactie axygen species @S), which in turn
myocardial insulin resistance. _ inhibit  glyceraldehyde-3-phosphate gelogenase

4. There is grwing evidence that O-linked (GAPDH) via upregulation of  poly(ADP-ribose)
glycosylation (dwnstream of HBP) may regulate thepolymerase (PARP), thus increasing flux through four
function of cytosolic and nuclear proteins in a dy”am'ﬁathmays (i.e. polyl, heosamine, protein kinase C (PKC)
manney smilar to phosphorylation and perhapsalving 544 advance glycated endproductSEs)). Eactof these
rgciprocal or synergistic modification of serine/threoninsath\,\ays has been implicated in the pathogenesis of micro-
sites. o _ and macreascular diseases. ROS generation and

5. This review focuses on the question of whethegypsequent fcts on ion channels and cardiac function are
there is a ro!e for the hesam|_ne b!osyntheS|s pathway ang.qnsidered by other vestigators in this issue (Hobland
dynamic O-linked glycosylation in the delopment of Rjichie & Delbridgé). Thefollowing discussion will focus
myocardial insulin resistance and abnormal E-C COUP"”Erimarily on the hexosamine biosynthesis patpvwand
The emerging concept th@-linked glycosylation is a cytosolic/nuclearO-linked glycosylation as mediators of

regulatory post-translational modification of impaired myocardial excitation-contraction (E-C) coupling
cytosolic/nuclear proteins that interacts Withand insulin respongness.

phosphorylation in heart is explored.

Diabetic car diomyopath
I ntroduction yopatny

. ] ) ) Diabetic cardiomyopathhas been well characterized
. D|abet_es mgllltus is f[h.e avid’s fastest gINg  in terms of whole heart and cellular dysfunction, including
disease with high morbidity and mortality rateschanges in genexpression after prolonged type 1 diabetes.
predominantly due to heart disease. The epidemic rise il particular changes affecting energy substrate utilization
particular of type 2 diabetes is alarming, especiallyng c3+ regulation clearly contribute to the effects of long-
considering the increased incidence of insulin resistanggm diabete&1° The existence of cardiomyopgthas also

and diabetes in young adults and childrénType 2 peen shown in some models of type 2 diaBéfdsbut not
diabetes accounts forver 90% of all diabetic cases i, a1 animal modelds16 Work by mary investigators has

globally! and is a progresss, multifactorial disease which ~gnfirmed that there are changes at theel leof the
typically involves cemorbidities such as dyslipidemia, c4rgiomyogte which are not solely attributable to impaired
obesity hypertension and insulin resistaricé. significant  ¢oronary blood fia o interstitial fibrosis, including altered
number of  diabetic  patients xkbit diabetic fnctional actity of ion channels and pumps, and changes
cardpmyopaty, a @mcql presentation distinguished by, gene expression ofgelatory and modulatory proteins of
ventricular dysfunction independent of coronamseular g.c coupling. The cellular defects associated with E-C
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coupling manifest as prolonged action potentialsywetb studies to date indicate multiple sites of impaired insulin
cytosolic C&* fluxes, and shved myocyte shortening and signalling in \arious animal models, the findings clearly
lengthening”®>.  Some of the molecular changessupport the existence of myocardial insulin resistance, as
contrituting to these functional abnormalities include (irseen clinically?* Insulin-stimulated glucose uptake, protein
rat) depressed outward*Kurrents (particularly},), and synthesis and glycogen synthesis/éhdeen shan to be
depressed expression and function of sarco(endo)plasrdi&pressed in the diabetic rat heart and cultured
reticulum C&*-ATPase (SERCA) and N&C&* exchanger cardiomyocytes®>36We haverecently shown that mygtes
(NCX).221 Depressed phosphorylation of phospholambaisolated from type 1 diabetic rats are insulin resistant (as
(PLB) and B-adrenegic receptor (AR) signalling also measured by insulin-stimulated glucose upjakithin days
contritute to slowed cytosolic G clearing?>23 Altered after STZ-induction of the disea3k.
myofilament C& sensitivity’* and slover crossbridge Insulin stimulates metabolic, mitogenic, and anti-
cycling?® also play a role in impaired contractile functionapoptotic pathways, beginning with autophosphorylation of
The cardiomyopath is progressie, as llustrated by tyrosine sites on thp suklunit of the insulin receptor (IR),
sequential changes in mRNfor SERCA, PLB and which promotes receptor kinase activity aratilitates
ryanodine receptors in type 1 diabetic aninfélBroteins interactions between the receptor and its substrates (for
modulating E-C coupling are also affected by diabetes (ergviev see Zierath & Vdllberg-Henriksso#). Figure 1
elevated PKC activityand isoform distributiofY). illustrates one aspect of the IR signalling cascade which

Although the cellular consequences of long-ternmvolves tyrosine phosphorylation of insulin receptor
diabetes are well described for heart muscle, little isvkno substrate (IRS) and subsequent \atitn of
about the pathogenesis of diabetic cardiomygpa&bllular  phosphatidylinositol (Pl)3-kinase (PI3K). [@astream
changes such as prolonged action potential duration agftectors of PI3K may include phosphoinositide-dependent
impaired myogte mechanics appear to occur as early askinase (PDK) and atypical PKC isoforms (e.g. RKC
few days after induction of type 1 diabetes withultimately leading to translocation of GLUT4-containing
streptozotocin (STZY228 We have found that a diabetic- vesicles to the sacrolemnié&.Akt (also knavn as PKB)
like cardiomyopath is recapitulated by culturing normal recruitment to these egicles may also be violved in
adult rat ‘entricular myocytes in a high glucoseinsulin-stimulated glucose uptaf&3®
medium?-30 After one day of culture in high glucose, the One potential mechanism underlying insulin
most prominent effects are wled cytosolic C& removal  resistance is phosphorylation of serine/threonine residues
and prolonged myagte relengthening, which are not due toon IRS molecules in both skeletal muscle and heart (for
acute effects of glucose (<12 hours) or increasadviev see Gualet al?9), leading to a reduction in IRS
osmolarity?® These results are consistent with the earlinteractions with PI3K. Heever, insulin-stimulated
onset of diastolic dysfunction in whole heartse \Wave phosphorylation of PI3K is significantly eled in
recently shown that depressed SERCA functiomt ot cardiomyogtes from short-term alloxan-induced (type 1)
NCX) is a contributing factor to impaired relaxation indiabetic animals, although glycogen synthaseviagtiis
glucose-mediated cardiomyge dysfunction. Furthermore, impaired?! Hearts taken from rats 6 weeks post-STZ
high glucose produces alterations iytosolic reyulatory injection (type 1 diabetes model) shoa rumber of
enzymes (e.g. diminished basal PKA and increased PkKalterations including eleted phosphorylation of IR and
activity) without changes in expression of the 2Ca IRS-2 (but not IRS-1), higher \els of p85 subnit and
regulating proteins SERCA, PLB or NC%3? PI3K activity associated with IRS-2, and \efed

In contrast to type 1 diabetic animals, which ar@hosphorylation of ThB08 (but not Ser-473) on Akt. The
hypeglycemic and insulinopenic, rats with systemic insulifatter may be the basis for impaired Akt wityi (i.e.
resistance (induced by sucrose feeding), present witbduced phosphorylation of glycogen synthase kinase,
euglycemia and yperinsulinemia, and yet the sameGSK) and depressed glycogen synthesis in the diabetic
abnormal cardiac G4 regulation is obsemd®. Myocyte heart3® There is also evidence that increased glycosylation
relaxation is slowed, and SERCA function is impairedyf proteins can lead to sletal muscle insulin resistance
without changes in protein content. When whole bodypdependent of its &fcts on Akt and GSK isoforrfis(see
insulin resistance is either pemted or reersed, myogte discussion below).
mechanical function is norm&. Furthermore, we he It is well established that elated glucose can induce
preliminary evidence that elated fatty acidsin vitro can skeletal muscle insulin resistantebut the effects on
produce similar mechanical dysfunctions as those of higlardiac muscle are poorly describede \Wave recently
glucose or diabetes (unpublished). As discussedvbblith  showvn that adult entricular myocytes exposed to high
high glucose andafty acid also produce blunted insulin-extracellular glucose are insulin resistant, as measured by
stimulated glucose uptake. impaired glucose uptake, and xhébit contractile
dysfunction similar to that seen in diabetesn the same
high glucose model, Ren and colleagues showed that
myocytes become resistant to both the puesitinotropic
effects of insulin-lile gowth factor (IGF-1) and its
stimulation of Akt phosphorylatiotf. Whether there is a
link between myocardial insulin resistance and abnormal E-

Myocardial insulin resistancein type 1 and type 2
diabetes

Myocardial insulin resistance ddops in animal
models of both type 1 and type 2 diabétedlthough
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Figure 1: A simplified representation of insulin receptor signalling pathys, and potential inhibitory serine/threonine
sites associated with diabeteSerine/theonine phosphorylation by PKC or glycosylation (not shown) of IRS1/2 in heart
muscle may impair insulin signallingolid line indicates stimulatory activitgnd dashed line indicates inhibitory activity
Insulin stimulated glucose uptalbs he focus of this discussion, although other known pathwayearesented.

C ooupling remains to be substantiated. In support of thidexosamine biosynthesis pathway
concept, Shimoni and colleagues/daecently shown that

in a cardiomyogte-specific insulin receptor knowit The hexosamine biosynthesis pagtyW(HBP) leads to
mouse (i.e. without systemic insulin resistance), the actiéie formation of UDN-acetylglucosamine (UDP-Glak¢,
potentials are prolong&t(for review see Abet). Figure 2). There is considerable evidence from adipose

Elevated plasma lesls of free fatty acids he keen tissue and skeletal muscle to support tlypdthesis that
explored as By factors in generating insulin resistance in glevated e<traceIIL_JIar glucose leads to excess flux through
variety of tissues (for ndew see Gualet al®), with the HBP (for reiew see Whalen & Haff). The HBP
saturated fatty acids having a more pronounced abili§Aned prominence in the field of diabetes when Marsttall
compared with unsaturatedtfy acids, in both adipose and@l-*> found that by inhibiting the rate limiting enzyme
skeletal muscld®4” There is growing \edence that dtty gIutamme:fructose-G-phosphatg am|dotransferaseb_\'['()3F_
acid-induced insulin resistance is not duelasively to a the/ could reverse glucose-induced cellular insulin
shift in enegetics (i.e. inhibiting glycolysis and glucose'®sistance. Ihas been shown by a number ofestigators
oxidation), hit rather to changes in the kinetics andhat glucosamine (which is taken up by celia glucose
interactions among signalling molecules of the IR. Lipidransporters) induces insulin resistance (distal t&\IGF
perfusion of isolated rat hearts can block insulin-stimulatdcClain and colleagues demonstrated thasrexpression
glucose uptad and glycogen synthesis, in association wittf?f GFAT leads to siletal muscle and adipocyte insulin
reduced activities of IRS, PI3K, Akt and GSKThe resistance (for rewesee Cooksg& McClair®). o
saturated fatty acid palmitate can reduce insulin-stimulated ~ 1he HBP is also implicated in lipid-induced insulin
Akt phosphorylation and aetty, correlated with decreased _reS|stance. Impalrm_ent of msulln-snmulated glugose @ptak
glucose uptake, in both perfusecbrking rat heart and N skeletal muscle is characteristic of type 2 diabetes and

cultured mouse cardiac cefsRecently PKCO has been €an be induced by _proLonged exposure toabéel levels of
implicated in lipid-induced skeletal muscle insulinPlasma freeditty acids;* with an associated accumulation

resistanc&® of end products of the HBP Hawkins and coIIeaggé%
demonstrated that thisfe€t can be reproduced by ediing
muscle leels of UDP-GIcNAc. A recent study using
cultured human myotubes demonstrated that saturatid f
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Figure 2: Hexosamine biosynthesis pathway and glycosylation patfsy Hexosamine biosynthesis pathway is con-
trolled, in part, by the rate limited enzymeA3FER and Golgi bodyN- and O-linked glycosylation occsgron rascent po-
teins.O-linked glycosylation can also occur on cytosolic and nucleargims. Cytosolic/nuclead-linked glycosylation is
catalyzed by a single enzyn@GT, whereas deglycosylation is driven by a single enzyd&lcNAcaseReagents used to
inhibit enzymes arindicated by dashed lines. It should be noted that alloxAG &d STZ ae non-specific inhibitors.

acids (palmitate and stearate) weat the HBP by colleagues ha worked over the past 20 years to \dop
upregulating GRAT expression (rather than simply reagents (e.g. antibodies) and elucidate the process of this
inhibiting enzymes wolved in glucose oxidation), whereasubiquitous form of glycosylationTwo reviens by Hart and
di- and mono-unsaturated fatty acidsvévaneak or no colleague-5’describe dynamic glycosylation modification
effect, respeotiely.>® of mary modulators, highlight he signal transduction is
We haveshown that glucosamine mimics the aalse altered by this process, and discuss strategies for
effects of glucose on cardiomyge E-C coupling? and investigating glycosylation-mediated gelation. The
that myogte insulin resistance accompanies thes®llowing is a brief introduction to this pathway.
changes! We dso hae peliminary data showing that O-linked B-N-acetylglucosamine  Q-GIcNAgc;
fatty acids (e.g. oleate) induce cardiomyocyte mechanicatonouncedOh glidk nacK) is enzymatically attached to the
dysfunction and impair insulin-stimulated glucose uptakhydroxyl side chain of either a serine or threonine residue.
(unpublished data). These observations led us to considieis a post-translational modification similar @linked
whether there is a direct link between myocardial insuliphosphorylation, in that there is a dynamic modification of
resistance and abnormal E-C coupling found in the diabetleese residues that is enzymatically controlled, both in
heart. Alternatiely, these tw pathologies could delop in  terms of glycosylation and diycosylation. Unlile kinases
parallel as outlined by Bwnlee! It is notevorthy that the and phosphatases (of which there areymaoforms), there
diabetic heart andyipertrophic/ailing heart share mgof  is a single enzyme identified thatwas the glycosylation
the same characteristics of E-C coupling, and that tlsing UDP-Glchc, known as O-GIcNAc transferase

hypertrophic heart is known to be insulin resistattt. (OGT), and a single enzyme that catalyses the
_ _ ) deglycosylation, known asP-D-N-acetylglucosaminidase
Cytosolic/nuclear O-linked glycosylation (O-GIcNAcase; pronounce®h glick na case. A simplified

cheme is presented in Figure 2, which depicts the
exosamine biosynthesis pathway branchingf aff
fructose-6-phosphate, anddverms of glycosylation.The
bottom left of Figure 2 illustrates the well characteriked
and O-linked glycosylation which occurs in the ER and

The process of post-translational modification o
proteins throughN- and O-linked glycosylation has been
extensively studied. What is relately unexplored (in terms
of heart disease) is the proces®©sdinked glycosylation by
a sngle sugar moiety N-acetylglucosamine). Harand
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Golgi bodies, whereas the bottom right illustrates thazaserin€® While the role of this current in
cytosolic/nuclea©-linked glycosylation. cardiomyogtes is not well understood, the authors suggest
O-GIcNAc modification of proteins has been found irthat it may be imolved in cellular responses to stress as
most tissues studied to date, and occurs rapioily a described in other cell typ&€8This is supported by a recent
timescale similar to that of phosphorylationThe study shwing that O-GIcNAcation directly influences
modification of serine/threonine may be on a single residimtracellular C&* homeostasi§’
or multiple sites of a protein.t may compete with Studies conducted by Dillmann and colleagues
phosphorylation or work syngistically. The process is suggest that nuclea®-linked glycosylation of the Spl
extremely labile. While there are no specific inhibitors ofranscription factor may conttilte to reduced expression of
OGT (although alloxan is used as a nonspecific inhibitofBgERCA2a in neonatal cardiomyocytes cultured in high
an inhibitor of O-GIcNAcase,O-(2-acetamido-2-deoxp-  glucose®® The same study also demonstratedvaiéesl
glycopyranosylidene) amind-pherylcarbamate (more levels of UDRGIcNAC in hearts of STZ-induced diabetic
affectionately knwn as PUGNAc), is \ailable adult mice, supporting the idea that increased glucose flux
commercially The list of proteins on which this type ofthrough the HBP occurs in type 1 diabetds. further
modification occurs is gwing rapidly and it includes support of this concept, when an adéngs epressingO-
transcription factors, enzymes, chaperones, hormofdcNAcase (enzyme that rewes the sugar moiety) as
receptors, transporters, angtaskeletal proteins. OGT introduced into hearts of type 1 diabetic mice, it
itself is modified by bothO-GIcNAc and O-phosphaté!  significantly reduced the myocardial content3BGIcNAC,
The transcription factor c-Myc is axample of synegistic and improed the diabetic phenotype of prolonged?Ca
regulation betwee®-GIcNAc andO-phosphaté/ whereas transients and myocyte mechanics, and whole heart
the following are examples of the competti rature ventricular dysfunctiorf® Although total PLB content as
between these modifications. reduced, there &s a significant increase in SERCA2a
Some of the cytosolic proteins found to K& protein levels and phosphorylated PLB, thus wyiding
GIcNAcylated include ky requlatory molecules and cellular mechanisms for impred myocardial relaxation.
enzymes iwolved in insulin signalling and glucose High glucose, fatty acids, angiotensin Il (Angll) and
metabolisn?! IRS-1 and IRS-2 are glycosylated iretal PKC are among a number of factors which modulate both
muscle treated with elated levels of glucosaming® and a cardiac E-C coupling and insulin signalling (foviesvs see
similar finding has been reported for human coronary artelbjalhotraet al?” and Faresé®), and hae keen shown to be
endotheliun?® These endothelial cells alsoxhibited regulated by O-GIcNAc modification (either directly or
glycosylated PI3K (p85 subunit) in response to glucose ordirectly). For example, PKC activity is increased in
glucosamine treatment, and an attenuation of insulidiabetic hearts, which is associated with changes in
stimulated phosphorylation of IR, IRS-1 and IRS-2, andxpression or translocation of specific PKC isoforms,
their interactions with PI3K. There was also reducedlthough there is still some contepsy/uncertainty as to
insulin-stimulated Akt phosphorylation and subsequenthich isoforms are ast@ted. Whilethe targets of specific
impairment of eNOS adfity. Du and colleagueé® had cardiac PKC isoforms are not well characterized, PKC is
similarly shown that endothelial NO synthase (eNOSnown to phosphorylate a number of proteins which are
activity was inhibited by high glucose or glucosamingalirectly involved in cardiac E-C coupling (e.g. troponin |,
through O-GIcNAc modification of eNOS near one of theL-type C&* channel, SERCA, PLB and; for reviews see
Akt sites. Furthermore, elated levels of O-GIcNAc in  Malhotra et al?’” and MarX%. There is compelling
3T3-L1 adipogtes cause insulin resistance througlevidence that glucose- andatfy acid-induced insulin
defectize Akt activation.5? O-GIcNAc modification may be resistance wolves altered PKC aeity, in part, by
dynamic, as outlined ale, or it may be a chronic inhibiting IR/IRS1 dependent tyrosine phosphorylation (see
modification. Br example, pancreati-cell death and Figure 1), perhaps by serine/threonine phosphorylation of
impaired insulin secretion are associated with augmenté®l or its substrate¥, or O-GlcNAcylation®® High
O-GIcNAc accumulatiorf? As discussed belg the concentrations of glucoseén(vitro) can actvate PKC in
diabetic heart also appears tovdadevated UDP-GIcMc  vascular smooth muscle célls and in entricular

andO-GIcNAc levels 5364 myocytes’? and has been st to attenuate insulin-

) ) ) ) stimulated glucose uptakn the former’® We haverecently
Cardiac E-C coupling and cytosolic/nuclear O-linked shavn that myocytes cultured in high glucose or isolated
glycosylation from diabetic animals are insulin resistant, and this can be

prevented or reersed (respeotely) by inhibiting PKC3!
High glucose can cause isolated cardiomyocytes to
produce and release Angll, which then acts as an autocrine

Very little is known rgarding the effects 0O-linked
glycosylation in heart. As mentioned abpwe found that

glucosamine induces abnormal mytecmechanics as seen’. ) 7074
in our high glucose model and in cells from diabetié‘Ignal to increase PKC avity. Angll has also been

animals?® Marchase and colleagues demonstrated thgrgplipated in the attenuation. of 9utwa_rd+ ICurrents_ in
glucose-induced changes in capacitatC2* currents in ventricular myocytes from diabetic animals, leading to

neonatal cardiomygtes were attributable to modificationspromnge‘j action potg ntiaTé.WhiIe_ there_ are conﬂicting
through the HBP snce the effects were blocked with data as to whether high glucose is cardioprateati pro-

apoptotic, in the context of the HBFigh glucose
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attenuates Angll-induced ypertroply in neonatal rat
ventricular myocytes, which is bloekl by azaserine (a non-
selectve inhibitor of GRT) and mimicked by 4.
glucosaminé® Corversely high glucose has also been
shavn to induce apoptosis through increased synthesis Bf
Angll, which appears to wolve O-linked glycosylation of a
transcription &ctor for Angll (i.e. p53, as described by
Fiordalisoet al.’4).

There is a host of other regulators of myocardial E-6.
coupling which may be influenced byO-GIcNAc
modification. Br example, a decrease in eNOS wityi
relating to O-GIcNAcylation as shown in endothelial
cells8 could potentially modulate the complicated balanc@.
of adrenergic and cholinergicg@ation in the heart (for
review see Massion & Ballignd®). Diabetesand high 8.
glucose impair inotropic responses ta-adrenergic
agonists, which is dependent on the B8Rt would be
intriguing if these effects were influenced by changes i
eNOS actrity. There is gidence that flux through the HBP
enhances the aetiy of specific PKC isoforms (e.g. PHQT
and PK®) which were not accompanied by membran&0
translocatior’.” Whether PKC activity can be modified by
O-GIcNAcylation (as it is byO-phosphorylation) has not
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modified byO-GIcNAc also remains to be established.

Conclusions 12

To date, there is insufficient evidence to demonstrate
a drect link between the aetiologies of abnormal
myocardial E-C coupling and that of impaired insulin

signalling; havever, these processes seem to b 3.

inextricable. Studying the pathogenesis of these
dysfunctions in a variety of models (e.gliabetes and
hypertension) may lead to the identification of wagence
of the cellular responses taaess glucose and fatty acids.
The hexosamine biosynthesis pathway and post-
translational modification by ytosolic/nuclear O-linked
glycosylation may provide theelf dements to elucidating
the connection.
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