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Abstract

Although enhanced cGMP signaling can prevent hypertrophy, mechanisms underlying this
cardioprotective effect are not well understood. In this study, we assessed the potential involvement of
alterations in myocardial energy substrate metabolism, a parameter known to be determinant in the
development of hypertrophy. We used mice overexpressing a constitutively active soluble guanylate

*/%) and ex vivo heart perfusion at physiological workload

+/0

cyclase in a cardiomyocyte-specific manner (GC
with *C-labeled substrates. Compared to controls, hearts from GC”° mice displayed a 38+9% lower
contribution of exogenous fatty acids to acetyl-CoA formation, while that of carbohydrates remained
unchanged despite a two-fold increase in glycolysis. The lower contribution of exogenous fatty acids to
energy production was not associated with changes in energy demand or supply (contractile function,
oxygen consumption, tissue acetyl-CoA or CoA levels, citric acid cycle flux rate) or the regulation of -
oxidation (acetyl-CoA carboxylase activity, tissue malonyl-CoA levels). However, GC™° hearts showed a
two-fold increase in the incorporation of exogenous oleate into triglycerides. Furthermore, a
concomitant increase in triglyceride hydrolysis is consistent with our findings of a greater abundance of
hormone sensitive lipase (HSL) protein (46£6%) and mRNA (22+4%) as well as a 37+13% decrease in its
phosphorylation level at Ser-565. The latter covalent modification inhibits HSL and is regulated by AMP-
activated protein kinase (AMPK), whose phosphorylation at its activating site Thr-172 was also reduced
by 37£13%. These changes in exogenous fatty acid trafficking in GC™° hearts appear to be functionally
relevant, as demonstrated by their resistance to fasting-induced myocardial triglyceride accumulation.
This raises the possibility that enhanced cGMP signaling in cardiomyocytes may protect the heart from
fatty acid-induced toxic effects, either as part of its anti-hypertrophic effect or as an additional
cardioprotective mechanism.



Résumé

Une plus grande utilisation des glucides au dépend des acides gras (AG) pour la production d’énergie a
été documentée dans le coeur hypertrophique, mais il n’est toujours pas clair si ces changements
métaboliques sont adaptatifs ou maladaptatifs. Etant donné que la voie du cGMP a des propriétés anti-
hypertrophiques, nous avons émis I'hypothése que des changements dans la sélection de substrats
énergétiques peuvent étre a l'origine de I'effet cardioprotecteur de cette voie. Des coeurs de souris qui
surexpriment la guanylate cyclase spécifiquement dans les cardiomyocytes (Tg) ont été perfusés ex vivo
au travail avec des substrats marqués au carbone-13. L’activité des voies métaboliques impliquées dans
la production d’énergie tel que le cycle de Krebs a été corrélée a des parametres fonctionnels et
physiologiques. Comparativement aux souris témoins, les coceurs Tg maintiennent mieux leur intégrité
membranaire, tel qu’indiqué par la baisse de la quantité de lactate déshydrogénase relaché par le coeur,
tout en maintenant leur travail cardiaque. Au niveau métabolique, les coceurs Tg ne montrent pas de
différence dans la contribution des glucides a la formation de I'acétyl-CoA malgré un flux glycolytique
augmenté de 127+21% (p<0.01), alors que l'utilisation des acides gras (AG) est diminuée de 40+4%
(p<0.05). Selon les résultats obtenus, cette diminution n’est pas attribuable a des changements: (i) des
niveaux tissulaires du malonyl-CoA et de I'acétyl-CoA ou (ii) de I'activité du cycle de Krebs, suggérant
qgue le statut énergétique du cceur n’est pas altéré, ou (iii) de I'expression des génes métaboliques.

/% compensent pour la baisse de la contribution des AG

Plutot, il semblerait que les cceurs de souris GC
par une utilisation accrue des acides gras endogenes provenant des triglycérides. En effet, la quantité
totale de lipase hormone-sensible est augmentée de 46+6% et son ARNm de 22+4%. De plus, sa
phosphorylation inhibitrice au site Ser-565 est diminuée de 37£13%. Cependant, cette augmentation de
la lipolyse n’est pas accompagnée par une diminution des triglycérides et la synthése de ceux-ci a partir
d’acides gras exogenes est doublée par rapport aux cceurs contrdles. Ces changements dans I'utilisation

*% naccumulent

des acides gras apparaissent aussi in vivo. En effet, apres un jelne de 24h, les souris GC
pas de triglycérides, contrairement aux contréles. Il est donc possible que I'activation chronique de la
voie de signalisation du ¢cGMP est cardioprotectrice par le biais d’'un mécanisme qui diminue la

lipotoxicité associée avec les acides gras libres.
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Chapter I - Introduction

Heart disease is the number one cause of mortality in the world, responsible for one in every three
deaths and affecting women and men equally, irrespectively of geographic location or economic status.
Surprisingly, despite numerous advances in therapies and surgical procedures, the rate of mortality and
morbidity has not decreased considerably. Heart disease comprises multiple disorders that can either be
inherited, such as familial hypertrophic cardiomyopathies, dilated cardiomyopathies and other genetic
disorders, or, more commonly acquired, such as hypertensive cardiomyopathy, valvular disease,
myocarditis and coronary heart disease (5-7).

Given the prevalence of heart disease, it is of utmost importance to better understand the mechanisms
responsible for these disorders and what may protect against it. Therefore, this Master’s project was
aimed at characterizing the metabolic outcomes of a cardioprotective anti-hypertrophic pathway,
namely the cyclic guanosine monophosphate (cGMP) signaling pathway. These findings will be
presented in chapter Il, and discussed in chapter Ill. However, at first, an overview of notions related to
this project is mandatory. We will start by introducing the concepts of myocardial remodeling and
hypertrophy, then go on to review the major molecular pathways involved in the pathogenesis of
hypertrophy. We will then discuss anti-hypertrophic pathways and more specifically, the nitric oxide
(NO)/cGMP pathway, and how all of this relates to myocardial energy metabolism, a determining factor
in the development of heart disease and progression to heart failure (8;9).

Cardiac hypertrophy and its progression to failure

Faced with an increased workload, the heart undergoes a stage of remodeling that requires a
rearrangement of the normal structure of the heart. Although tissue remodeling does not necessarily
define a pathological condition, myocardial remodeling is most often found in diseased conditions (6)
and is generally triggered by increased mechanical stretch due to hypertension (10) or other causes
including ischemia, hormonal and vasoactive peptide stimulation and myocardial scarring (11;12).
However, most cases arise from a complex association of all the above underlined causes. Other types of
non-pathological remodeling also occur, such as gestational and developmental hypertrophy. For
practical purposes, such cases of so-called “physiologic hypertrophy” will not be considered further in
the present discussion. It is noteworthy that in contrast to developmental growth of the heart, which
occurs through hyperplasia of cardiac muscle cells, growth of the heart after birth occurs primarily
through hypertrophy—an increase in the size of cardiac muscle cells. Normal growth of the heart
postnatally or in conditioned athletes—so called ‘physiological’ hypertrophy— enhances cardiac output
to meet increased metabolic demands and is molecularly distinct from pathological hypertrophy in
response to stress signals and injury.



Multiple alterations are implied by the term remodeling, both at the anatomical and cellular level. The
most obvious anatomical differences are the increase in ventricular mass and volume and the change of
shape of the ventricle, all of which are components of what is known as ventricular hypertrophy (13;14).

One can distinguish several forms of pathological hypertrophy. Firstly, hypertrophy can be either: (i)
symmetric, originating from a general process in which there is no infarct, and (ii) asymmetric, triggered
by a myocardial infarct and associated with infarct expansion. In asymmetric hypertrophy, remodeling is
the result of volume-overload hypertrophy of non-infarcted segments. These are faced with an
increased workload due to the loss of tissue in the ischemic area. Additionally, there is chamber volume
enlargement, lengthening of ventricular perimeters, eventually leading to decreased stroke volume and
impaired diastolic filling (15). Symmetric hypertrophy can be further be divided into concentric or
dilated hypertrophy. Concentric hypertrophy involves the whole ventricle, and is characterized by a thick
ventricular wall and septum, a normal internal volume and wall stress, and a high mass-to-volume ratio
(16). Dilated hypertrophy presents itself as a gradual increase in left ventricular end-diastolic and end-
systolic volumes, wall thinning, and a change in chamber geometry to a more spherical, less elongated
shape. This process is usually associated with a continuous decline in ejection fraction (17). In all cases of
hypertrophy, there is a significant increase in cardiomyocyte cell size with no change in number,
whereas interstitial cells may undergo significant hyperplasia, leading to fibrosis.

Pathological remodeling and hypertrophy is also associated with myocyte loss, myocardial damage, and
multinucleation (18;19). At the cellular level, hypertrophied cardiomyocytes show evidence of increased
DNA damage and repair (20), increased protein synthesis (21;22) and a reemergence of a fetal molecular
phenotype (23-25). Indeed, in response to an increase in workload, hypertrophied hearts express genes
usually associated with the developing heart.
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Figure 1. Changes in gene expression in the hypertrophic and failing heart. ANF, Atrial natriuretic
factor. MHC, myosin heavy chain. SERCA3, sarcoplasmic reticulum calcium ATPase. (Adapted from

(2))



This fetal gene program includes a switching of structural proteins from the ‘adult’ to ‘fetal’ isoforms
(i.e. a-myosin heavy chain (MHC) to B-MHC) (26;27), return of ventricular expression of the atrial
natriuretic factor (ANF) gene (28), and induction of growth factors such as transforming growth factor B
(TGF-B) (29) (Figure 1). Other hallmark changes in phenotype include a switch from fatty acids to
carbohydrates as energy substrates (30), and re-expression of proto-oncogenes (such as c-fos) (31). This
dynamic adaptation is initially seen as beneficial and required to sustain cardiac output in the face of
stress. However, a prolonged hypertrophic response to stimuli is maladaptive and associated with a
significant increase in the risk of progression to heart failure (32-34).

Systolic heart failure, a complex clinical syndrome characterized by impaired cardiac output and
circulatory congestion, is the primary cause of human morbidity and mortality, affecting an estimated 5
million Americans with a 5-year mortality rate of about 50%. Over the past decade, there have been
major advances in the identification of genes and signaling pathways underlying these cardiac
abnormalities, many of which are triggered by the mishandling of ions by cardiac muscle cells.

While some stress signals result in cardiac hypertrophy, which can progress to left ventricular dilatation
and heart failure in which the heart is unable to pump sufficient blood to meet the metabolic demands
of the body, others can cause cardiac dilatation and failure without an intermediate hypertrophic stage.
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Figure 2. Hypertrophic signaling pathways that influence the growth of the adult heart.
Neurohormonal signals or biomechanical stress can cause pathological cardiac hypertrophy,
characterized by fetal gene activation and remodeling. Multiple interacting signaling pathways have
been shown to connect stress signals with cardiac gene expression through a set of signal-
dependent transcription factors. (Adapted from (4))
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The balance between cell survival and apoptotic pathways appears to be a major determinant of the
transition from hypertrophy to ventricular dilatation.

Molecular pathways leading to cardiomyocyte hypertrophy

Numerous cardiomyocyte autonomous and endocrine/paracrine pathways have been implicated in the
heart’s molecular response to increased wall stress and the development of hypertrophy (Figure 2). We
will first overview some of the most relevant pro-hypertrophic pathways, then continue with a
description of anti-growth signaling pathways including the cGMP pathway, a major theme of this
Master’s project.

Calcineurin- Nuclear Factor of Activated T-cells (NFAT) signaling

Calcineurin is a serine-threonine phosphatase expressed in a variety of tissues. It consists of two
subunits, A and B and is activated by calmodulin in response to elevations in cytoplasmic calcium.
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Figure 3: The pro-hypertrophic Ca’*—calcineurin-NFAT signaling pathway and its regulation. NO,
nitric oxide; PKG I, cGMP-dependent protein kinase type |; HO-1, heme oxygenase-1; CO, carbon
monoxide; CsA, cyclosporine A; Cabin-1, calcineurin-binding protein-1 (also known as calcineurin-
inhibitory protein, Cain), AKAP79, A-kinase-anchoring protein-79; CHP, calcineurin B homology
protein; MCIP, modulatory calcineurin-interacting proteins; GSK3, glycogen synthase kinase-3; INK, c-
Jun N-terminal kinases; p38, p38 mitogen-activated protein kinase; —: stimulation; — : inhibition.
Adapted from (3).
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Calcineurin dephosphorylates factors of the NFAT family, unmasking their nuclear localization signals
and promoting their translocation to the nucleus where they enhance transcription of immune response
genes (35) (Figure 3).

Recently, it has been shown that constitutive activation of calcineurin in transgenic mouse hearts is
sufficient to induce massive cardiac enlargement (36). Constitutive translocation of NFAT to the nucleus
by mutating its phosphorylation site produces a similar result, suggesting that NFAT is the main
mediator of the hypertrophic effects of calcineurin.

Several endogenous inhibitors of calcineurin, such as AKAP79, cabin/cain, myocyte-enriched calcineurin-
interacting proteins (MCIP), have been discovered and are subject to intense study due to their potential
therapeutic effects. Overexpression of any of these inhibitors blunts the increase in calcineurin activity
seen in hypertrophy, as well as the hypertrophic response to stimuli (37-40). Interestingly, induction of
ventricular expression of ANF was not impaired in calcineurin-null mice (41), suggesting that the
pathways leading to cardiac hypertrophy and to initiation of the fetal gene program are, at least in part,
dissociated. The multiple studies undertaken over the years to elucidate the role of the NFAT-calcineurin
pathway provide strong evidence for its involvement in the development of hypertrophy. Moreover, it
has emerged that this signaling pathway is intimately intertwined with other important hypertrophic
pathways, such as those controlled by the phosphoinositide-3-kinase (PI3K)/Akt/ glycogen synthase
kinase 3 (GSK-3) pathway and by mitogen-activated protein kinases (MAPK) (40).

PI3K/Akt/GSK-3-dependent signaling

PI3K belongs to a family of protein and lipid kinases, responsible for cell growth, survival and
proliferation. They are activated by a variety of receptor tyrosine kinases, such as insulin-like growth
factor receptor 1 as well as G-protein coupled receptors (GPCR) (42). It is activated by pressure-overload
hypertrophy and its constitutive activation results in significant organ enlargement (43;44). Evidence
suggests that the hypertrophic response due to PI3K activation is solely due to cell enlargement rather
than cell proliferation, which is consistent with the definition of true hypertrophy. Downstream of PI3K
is the serine/threonine kinase Akt, also known as protein kinase B. Akt is activated by binding to
phosphoinositides phosphorylated by PI3K, and is translocated to the membrane. Again, Akt has been
demonstrated to control cell-size and its chronic activation is sufficient to induce cardiac hypertrophy
without affecting systolic function (45-48). Akt acts through two main downstream targets: GSK-3 and
mTor (Figure 4).
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Figure 4: The pro-hypertrophic PI3K/Akt pathway and its regulation. PI3K, phosphoinositide-3-
kinases; PDK 1, phosphoinositide-dependent kinase 1; GSK3, glycogen synthase kinase 3; mTor,
mammalian target of rapamycin; NFAT, nuclear factor of activated T-cells —: stimulation; — :
inhibition. (Adapted from (3))

The first important target of Akt is GSK-3. Conversely to calcineurin, GSK-3 phosphorylates a variety of
NFAT proteins and inhibits their translocation to the nucleus (49). When Akt phosphorylates GSK-3, it
renders it inactive thereby enabling NFAT activation through other pathways, such as seen by
calcineurin. Evidence suggests that inactivation of GSK-3 is a crucial step for the development of
hypertrophy (50). However, it seems that Akt phosphorylation is necessary but not sufficient to
completely inactivate GSK-3 (45;51). Many of the transcriptional factors inhibited by GSK-3 have been
implicated, directly or indirectly, in the development of cardiac hypertrophy. These include, GATA4, c-
Jun, c-myc and eukaryotic initiation factor 2B (52-55). Not surprisingly, constitutively active GSK-3 blunts
the hypertrophic response to pressure-overload and adrenergic stimulation (56). Again, overexpression
of GSK-3 simultaneously with calcineurin lead to inhibition of the development of hypertrophy but does
not affect the initiation of the fetal gene program (56), suggesting a dissociation between the two
phenomena. In addition, GSK-3 activation upregulates ANF expression while suppressing cardiac growth,
suggesting that the effects of this kinase might be mediated in part by ANF (44;57).

Another well-defined downstream target of Akt is mammalian target of rapamycin (mTor). This large
serine/threonine kinase is implicated in the regulation of protein translation and is inhibited by a
complex formed of rapamycin and fructose 1,2-bisphosphate kinase. Inhibition of mTor results in
impaired protein synthesis via inhibition of ribosome assembly and protein translation (58). Not
surprisingly, rapamycin is also capable of attenuating cardiac hypertrophy secondary to constitutive
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activation of Akt (45), adrenergic stimulation (59), angiotensin Il stimulation (60) or pressure-overload
(61). Again, inhibition of mTor does not affect the expression of fetal genes (59).

Taken together, it is evident that activation of the PI3K/Akt promotes hypertrophy through two distinct
pathways, namely activation of pro-hypertrophic signaling through mTor and inhibition of anti-
hypertrophic signaling through GSK-3. Furthermore, it appears that there is significant crosstalk
between PI3K/Akt/GSK-3 and other hypertrophic pathways, most importantly with calcineurin/NFAT
and GPCRs (62). With the former having been discussed previously, we will now review the mechanisms
by which GPCRs promote pathological growth.

GPCR signaling

It has long been known that norepinephrine (63), angiotensin Il (64) and endothelin (65) all result in
cellular hypertrophy, characteristic changes in cardiac gene expression, and activation of specific kinase
signaling pathways. Interestingly, all these molecules transmit their signal to the cytosol in a similar
fashion, through GPCRs. GPCRs play an important role in the regulation of cardiac function and
adaptation to changes in hemodynamic burden (66). Also known as heptahelical receptors, they form a
large protein family of transmembrane receptors whose cellular signaling actions are mediated by G
proteins. Upon activation of the receptor by its ligand, the heterotrimeric G protein subunits from either
one of the three principle classes: G4/Gi1, Gs, or G, dissociate and initiate signal transduction pathways.
Not surprisingly, receptors for many hypertrophic ligands signal through the same type of G protein,
namely Go/Gys, including the aforementioned norepinephrine, angiotensin Il and endothelin (Figure 5).
When receptors associated with G/Gi; are overexpressed in cardiomyocytes, it is sufficient to mediate
cardiac hypertrophy (67). Similarly, overexpression of the G protein by itself promotes organ growth and
leads to a cardiomyopathy with depressed contractile functions (68). Conversely, G1; null mice with a
heart-specific conditional knockout of Gq4resulted in an almost complete lack of all features of pressure-
overload hypertrophy including activation of the fetal gene program (69). However, overexpression of a
dominant-negative mutant of G, attenuated the hypertrophic response while preserving cardiac
contractility (70), thereby shedding doubt on whether organ growth is adaptive. Finally, indirect
evidence for an important role of G,/Gi; ligands stems from clinical observations in which patients
suffering from cardiomyopathy and treated with either angiotensin Il receptor blockers and angiotensin
converting enzyme inhibitors showed signs of beneficial effects, such as inhibition of cardiac remodeling
that exceeded their antihypertensive properties (71).

Another highly expressed receptor in cardiac tissue is the Bl-adrenergic receptor. This GPCR is coupled
to G,, which in turn activates adenylyl cyclase (AC) (Figure 5). AC produces cAMP, an important second
messenger and mediator of multiple inotropic, chronotropic and lusitropic effects on the heart (72). In
contrast to the G,/G;; coupled receptors, overexpression of the Bl-adrenergic receptor, while initially
providing beneficial effects on the contractile function, rapidly degenerates into cardiomyocyte
hypertrophy, fibrosis and deterioration of cardiac performance (73). A similar phenotype was achieved
through heart specific overexpression of the G, protein, but surprisingly, this result was not dependant
on AC activation (74). This is supported by the observation that overexpression of an AC isoform has no
adverse effects on cardiac function and might even be beneficial in preventing cardiomyopathic changes
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in multiple models of hypertrophy (75;76). Peculiarly, protein kinase A, a major effector downstream of
AC and a target of cAMP, has been shown to promote the development of hypertrophy, dilated
cardiomyopathy and fibrosis (77), explaining the hypertrophic effects of G, signaling but contradicting
the beneficial effect of AC. Another target of G, signaling, the pro-hypertrophic Ras/Raf signaling
pathway, also supports a role for this type of GPCR in hypertrophy (1). Given the critical role of B-
adrenergic receptors in the development of the pathology, B-blocker administration (which antagonizes
B-adrenergic receptors) is now a very common therapy in patients with heart disease and has been
shown to: 1) improve survival in heart failure, and 2) induce a regression of fetal gene expression, as
evidenced by increased a-MHC and sarcoplasmic reticulum Ca**-ATPase (SERCA) 2a transcription (78).
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As previously stated, most GPCRs, both those coupled to G; or to G,/G;, will activate one or more MAPK
pathways, which will be discussed below.

MAPK Pathways

MAPK pathways provide an important link between external stimuli and the nucleus via phosphorylation
and regulation of multiple transcription factors. Generally, these are separated into three distinct
subfamilies: extracellular responsive kinases (ERKs), c-Jun N-terminal kinases (JNKs) and p38 MAPK
(Figure 6). Contrarily to the ERKs, which only respond to anabolic stimuli and GPCRs, JNKs and p38
MAPKs can be also activated by pathological stress, one of them being ischemia (79). Interestingly,
inhibition of the MAPK phosphatase 1, which blocks all three major branches of the pathway, prevents
the development of pressure-overload hypertrophy (80;81), thus demonstrating the importance of
these pathways in hypertrophic signaling.
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Figure 6. Mitogen activated protein kinase (MAPK) signaling cascades. GPCR, G-protein coupled
receptor. MAPKKK, MAPK kinase kinase. MAPKK, MPAK kinase. ERK, extracellular responsive kinase.
JNK, c-Jun N-terminal kinases. (From www.cellsignal.com)
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ERK signaling in hypertrophy

Significant controversy surrounds the involvement of the ERK pathway in hypertrophy and whether it
constitutes a pro- or anti-hypertrophic pathway. Indeed, while one study reports that inhibition of the
pathway, either directly by anti-sense ERK 1/2 oligonucleotides, or upstream by inhibition of the
MAP/ERK kinase (MEK) 1/2 (82), attenuates the hypertrophic response to agonist stimulation in cultured
cells, others fail to document the same effect (83). Moreover, ERK1/2 activation is not observed in
transgenic hearts overexpressing G, (84), but transgenic overexpression of MEK1, a MAPK kinase that
activates ERK1/2, but not JNKs or p38 MAPKs, results in considerable cardiac hypertrophy (85).
Surprisingly, it was also found that ERK 1/2 activation was necessary for ANF-induced cardioprotection
(86). Thus, the exact role of this pathway is still unclear and further research is needed.

JNK signaling in hypertrophy

JNKs are activated through phosphorylation by either MAPK kinase kinase (MKK) 4 or MKK7, which in
turn are regulated by MEK kinase (MEKK) 1 phosphorylation. In cardiomyocytes, mechanical stretching
or agonist stimulation by endothelin-1, phenylephrine, or angiotensin Il results in rapid phosphorylation
of JNK (87-89). Furthermore, evidence for an important role of JNK signaling in cardiac hypertrophy
stems from studies in mice with a targeted disruption of the MEKK1 gene, which results in selective
attenuation of JNK activity. Indeed, this model is resistant to Gg-induced hypertrophy (90) but not to
aortic banding-induced hypertrophy. On the contrary, inhibition of JNK seemed to accelerate the
development of heart failure (91). Thus, it is apparent that JNK inhibition is not a suitable therapeutic
approach (or strategy).

p38 signaling in hypertrophy

There are multiple isoforms of p38 that are present in different amounts in the heart. Similar to the
other MAPK branches, p38 is activated in neurohumoral and pressure-overload hypertrophy (92).
Furthermore, it was shown that activation of the upstream kinases of p38, MKK3 and MKK®, is sufficient
to induce cardiomyocyte hypertrophy and ANF-induction in vitro. In addition, TAK1, which is upstream
of MKK3/6, is upregulated and activated in vivo after aortic banding and its constitutive activation
results in cardiac hypertrophy and subsequently failure in transgenic mice, further implicating this
branch of MAPK signaling in pathological growth of the myocardium (93). Interestingly, p38
phosphorylates several transcription factors involved in hypertrophic gene expression, including
myocyte enhancer factor 2 (94) and NFAT3 (95).

Antihypertrophic pathways

After having reviewed the causes and consequences of myocardial remodeling, we will now look at the
possible anti-hypertrophic pathways and therapeutic potential of each one. As outlined above, multiple
endogenous and exogenous can inhibit hypertrophy by disrupting hypertrophic pathways, either by
pharmacological means or molecular interactions. However, as common in biological systems, there are
several counter-regulatory signaling pathways that oppose the actions of pro-hypertrophic pathways.
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The Nitric Oxide (NO) signaling pathway

Nitric oxide is a free radical gas with a very short half-life lasting only seconds and is readily diffusible. It
acts as a second messenger, an autocrine and a paracrine factor, to mediate many physiological
processes such as vascular tone, proliferation, apoptosis, neurotransmission, platelet aggregation, and
immune reactions. However, at high concentrations, NO becomes cytotoxic and is thought to play a role
in the pathology of several inflammatory diseases such as arthritis, myocarditis, colitis, nephritis, and
other conditions such as cancer, diabetes, and neurodegenerative diseases (96). NO is synthesized from
L-arginine by the catalytic reaction of different isoforms of NO synthases, including the neuronal type 1
isoform (nNQOS), the inducible type 2 isoform (iNOS), and the endothelial, type 3 isoform (eNOS), all
three of which are expressed in the cardiomyocyte (97). nNOS and eNOS are constitutively expressed
and produce low amounts of NO when activated by Ca®". iNOS, by contrast, is expressed only in
response to appropriate stimuli (e.g. cytokines) and can produce large amounts of NO independently of
Ca’*. The distribution of the several isoforms in the cells allows for a highly compartmentalized signaling
and sometimes opposing effects. Indeed, (i) nNOS is localized to the sarcoplasmic reticulum in close
proximity to the Ca’*-release channel SERCA, thereby promoting enhanced contractility, (ii) eNOS is
localized in caveolae at the cell membrane near L-type Ca** channels (LTCC) through which it can reduce
contractility and (iii) iNOS is localized in the cytosol (97). Furthermore, given that NO is readily diffusible,
production of this molecule in other cell types in close proximity to the cardiomyocyte, such as
endothelial cells, sympathetic varicosities and postganglionic parasympathetic fibers will also affect cell
function (98).

NO can act in two specific manners. While most of its action is mediated by activating a soluble
guanylate cyclase (sGC) to produce cGMP, its free radical nature also allows it to have direct effects on
multiple enzymes, such as the complex 3 of the mitochondrial respiration chain. Furthermore, NO can
react with the superoxide free radical producing peroxynitrite, a very strong oxidant with the capability
to bind proteins and DNA and cause irreversible damage (99).

While its implication in the fine-tuning of cardiac function has long been known, more recent
observations found that it also exerts potent anti-hypertrophic effects. Indeed, it has been shown that
both nNOS and eNOS deficient mice spontaneously develop cardiac hypertrophy and a double knockout
produces an even more severe phenotype (100). A study in spontaneously hypertensive rats (SHR)
provided the first evidence that NO can directly promote anti-hypertrophic effects in the heart (101). As
shown in this study, chronic treatment with the NO precursor L-arginine attenuates cardiac hypertrophy
in SHR. Importantly, L-arginine administration suppressed cardiac hypertrophy without changes in blood
pressure, suggesting a direct cardiac effect, rather than a peripheral vasculature effect. The direct anti-
hypertrophic properties of NO were later confirmed in cultured cardiac myocytes, where NO donors and
endogenously formed NO were shown to blunt the hypertrophic response to growth factor stimulation
(57) and then in vivo, where overexpression of eNOS blunted the hypertrophy induced by isoproterenol
infusion (102).
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The natriuretic peptide signaling pathway

Natriuretic peptides are a family of structurally similar endogenous peptides with complex and distinct
functional roles in maintaining normal homeostasis and responding to pathological circumstances. The
first identified member of this family, atrial natriuretic peptide (ANP), is mainly synthesized and secreted
in the cardiac atria under normal conditions. However, the ventricular myocardium will also produce
ANP during fetal development, hypertrophy, or heart failure. Brain natriuretic peptide (BNP) was first
isolated from the porcine brain. Surprisingly, it turns out that despite its name, it is preferentially
synthesized and secreted by ventricular cardiac myocytes and, like ANP, exhibits increased expression
during hypertrophy and heart failure. In contrast, C-type natriuretic peptide (CNP) is mainly produced by
vascular endothelial cells and neurons, whereas urodilatin, the latest natriuretic peptide to have been
discovered (103), is synthesized and secreted by renal cells (104).

Actions of natriuretic peptides are mediated through binding to 3 distinct natriuretic peptide receptors
(NPRs) that are located on the cell surface and bind endogenous ligands with varying specificities and
affinities. Two of the receptors, NPR-A and NPR-B, have an extracellular ligand binding domain linked to
an intracellular catalytic domain with guanylate cyclase activity. Consequently, binding to NPR-A and
NPR-B activates the guanylate cyclase and increases intracellular cGMP (103). The third natriuretic
peptide receptor, NPR-C, has no catalytic domain or guanylate cyclase activity, and contributes to the
clearance of natriuretic peptides from the circulation trough endocytosis. NPR-A receptors exhibit high
affinity for ANP and BNP but have relatively low affinity for CNP. In contrast, NPR-B receptors bind with
high affinity to CNP, but not ANP or BNP. The NPR-C receptor binds ANP, BNP, and CNP with
approximately equal affinity (104). Differences in the tissue distributions of NPR subtypes and the
potential for disease-related alterations further complicate the biology of endogenous natriuretic
peptides (103).

Early work examining the functional biology of ANP and BNP supported the notion that endogenous
natriuretic peptides had no direct effects on the myocardium, although their anti-growth properties
were demonstrated in other tissues such as in the kidneys, neurons, thymus and vasculature (104).
However, evidence later emerged that (i) cardiac mass and ventricular expression of ANP were both
associated (in an inverse fashion) with a naturally occurring allele of natriuretic peptide precursor A (the
gene coding for ANP) (105), (ii) heart-specific inactivation of natriuretic peptide receptor A leads to
cardiac hypertrophy (106), and finally, (iii) ANP prevented the hypertrophy in cultured cells (57).

Similarly to NO, natriuretic peptides also cause increases in intracellular cGMP and it was shown that
both signaling pathways derive their anti-hypertrophic effects from the activation of downstream cGMP
mediated signaling processes.

The cGMP signaling pathway

cGMP, discovered not long after cAMP, is present in almost all cells and is known as a second messenger
that regulates many cell signaling events, such as the activation of protein kinases, ion channels, and
phosphodiesterases (PDEs) (107). It is synthesized from intracellular GTP by either cytoplasmic soluble
guanylate cyclases, which are activated by NO, or by membrane receptors with intrinsic guanylate
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cyclase activity, which are activated by natriuretic factors/peptides (ANF and BNF). One major target of
cGMP is the cGMP-dependent protein kinase (PKG). When activated, PKG acts as a serine/threonine
kinase phosphorylating many substrates, including the inositol-1,4,5-triphosphate (IPs) receptor,
phospholamban, the phosphatase inhibitor G substrate, and subunits of myosin light chain phosphatase.
Another target for cGMP is the cyclic nucleotide-gated channels, which regulate the influx of Na* and
Ca’* into cells, and are opened by cGMP binding. Finally, cGMP also plays a role in the activation of
cGMP-regulated phosphodiesterase (PDE). PDEs are crucial for the hydrolysis and modulation of the
intracellular concentrations of cyclic nucleotides. There are multiple families of PDEs that differ in their
specificity for cGMP and/or cAMP hydrolysis, as well as tissue specific expression. PDE5, PDE6 and PDE9
are specific for cGMP. Details about the anti-hypertrophic effects of cGMP as well as mechanisms will
be discussed briefly in chapter 2 and further in chapter 3.

Cardiac energy metabolism

Given the importance of energy metabolism in the context of this Masters project, the following
sections will provide a literature review on the heart's metabolic pathways and regulation based on
several references (108-130).

In order to continuously support its crucial contractile activity, the heart has constant high-energy
demands. Simultaneously, it also has to maintain its specialized cellular processes, including ion
transport, sarcomeric function, and intracellular Ca** homeostasis. Not surprisingly, several kilograms of
ATP are synthesized and hydrolyzed every day. The healthy heart's energy requirements are met by the
oxidation of exogenous substrates, predominantly carbohydrates, such as glucose, lactate and pyruvate,
and free fatty acids, mainly oleate and palmitate. The heart is also considered as a metabolic omnivore.
Ketone bodies and amino acids can also be utilized as an energy substrate, but the latter is not a major
contributor under normal conditions. The heart is also able to quickly switch from one substrate to
another in response to multiple stimuli, including substrate availability, oxygen supply, hormone levels
and workload. The regulation of substrate switching can be either acute or chronic in response to short-
term or long-term changes in energy demand. Since 1895, many studies have shown that metabolic
regulation is inextricably linked with cardiac function and that metabolic alterations can be a cause and a
consequence of heart failure, hence our particular interest in energy metabolism in the context of the
hypertrophic cardiomyopathy.

Cardiac energy substrate utilization pathways and its acute regulation

General overview

Under normal conditions of substrate and oxygen availability, fatty acids (FAs) are the preferred
substrate in the adult myocardium, supplying 60 to 80% of total ATP. They are oxidized to acetyl-CoA in
the mitochondrial matrix and to a lesser extent in peroxysomes, by the process of FA B-oxidation,
whereas pyruvate derived from glucose, glycogen, lactate, exogenous pyruvate and certain amino acids,
is oxidized to acetyl-CoA by the pyruvate dehydrogenase (PDH) complex, localized within the inner
mitochondrial membrane. This acetyl-CoA derived from both pathways, fuels the citric acid cycle (CAC).
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formation of ATP. From Human Physiology: The Mechanisms of Body Function, Vander 8" Ed.

Reduced flavin adenine dinucleotide (FADH,) and reduced nicotinamide adenine dinucleotide (NADH)
are generated by glycolysis. The oxidation of lactate and pyruvate, FA B-oxidation, as well as the CAC,
provide electrons to the electron transport chain, resulting in ATP synthesis in the presence of molecular
oxygen. This process is referred to as oxidative phosphorylation. Almost all of ATP formation (>90%) in
the heart comes from oxidative phosphorylation in the mitochondria, with the remainder derived from
glycolysis and guanosine triphosphate (GTP) formation in the CAC. Approximately 60-70% of ATP
hydrolysis fuels contractile function, and the remaining 30-40% is primarily used for the ion pumps.
Numerous studies suggest that glycolytically generated ATP is preferentially used by ion channels such
as SERCA and that glycolytic enzymes form complexes with these channels on the sarcoplasmic
membrane (131).

Carbohydrate metabolism

In the heart, glucose is derived either from the bloodstream or from intracellular stores of glycogen.
Oxidation of glucose can be divided into two major pathways: anaerobic glycolysis (Figure 8), resulting in
the production of lactate and aerobic oxidation resulting in the production of acetyl-CoA for oxidation in
the CAC. Intracellular pyruvate constitutes the branch point molecule where glucose commits to either
pathway. These reactions as well as their regulation will be discussed below.
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Glycolysis

Glycolysis can be seen as consisting of two separate phases. The first is the chemical priming phase
requiring energy, and the second is considered the energy-yielding phase. In the first phase, two ATPs
are used to convert glucose to fructose-1,6-bisphosphate, which is degraded in the second phase to
pyruvate, with the production of four ATP and two NADH. Overall, the net production of the anaerobic
breakdown of glucose is two molecules of pyruvate as well as two ATPs and two NADH that are either
shuttled into the mitochondria for ATP synthesis via oxidative phosphorylation or used for the
conversion of pyruvate to lactate in the cytosol. Glycolysis is regulated at several levels, but has two
major control points, namely glucose uptake and the phosphofructokinase-1 (PFK-1) reaction.

Glucose transport into cardiomyocytes is regulated by the transmembrane glucose gradient and the
content of glucose transporters in the sarcolemma. The glucose transporter that is predominantly
expressed at the surface of adult cardiomyocytes is the insulin-sensitive GLUT-4 isoform, also expressed
in adipose tissues and skeletal muscles. The GLUT-1 transporter, which is presumably independent of
insulin action and predominant in the fetal myocardium, is also present in adult cardiomyocytes,
although it is about five times less abundant than GLUT-4. The normal heart also expresses low amounts
of GLUT-3, which has a K, below the normal plasma glucose concentration and therefore thought to
contribute only marginally to glucose uptake in the heart.

The second regulatory step is PFK-1. This enzyme catalyzes the first irreversible glycolytic step and major
rate-determining reaction. PFK-1 utilizes ATP to produce fructose-1,6-bisphosphate. Citrate is an
important negative allosteric regulator of PFK-1 and links changes in mitochondrial oxidative metabolism
to glycolysis. This enzyme is also inhibited by high levels ATP. On the other hand, positive regulators of
PFK-1 include ADP, AMP, and P,. The most important allosteric activator of PKF-1 is fructose-2,6-
bisphosphate (F2,6BP). Its synthesis is catalyzed by the bifunctional enzyme phosphofructokinase-
2/fructose-2,6-bisphosphatase (PFK-2) from fructose-6-phosphate. The production of F2,6BP itself is
highly regulated. PFK-2 is allosterically inhibited by citrate, which results in decreased F2,6BP levels, this
latter phenomenon constituting a second mechanism by which citrate can inhibit PFK-1 activity. A
number of hormones that activate glycolysis, including insulin, epinephrine, and norepinephrine exert
phosphorylation control on PFK-2.

Another regulatory step is the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reaction, which
catalyzes the conversion of glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate and produces a
NADH (Figure 8). This is a major regulatory step since the accumulation of NADH within the cytoplasm of
cells inhibits the GAPDH reaction. Furthermore, oxidative stress leads to translocation of GAPDH to the
nucleus where it can undergo poly-ADP-ribosylation, which in turn can inhibit the enzyme. This
mechanism has been shown to be present in hyperglycemia and following activation of NOS.
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The final reaction of glycolysis leads to the production of pyruvate. This pyruvate molecule becomes a
substrate for further metabolic pathways presented in the next section.
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The pyruvate branch point

Pyruvate is either generated from glycolysis, taken up from the extracellular milieu through
monocarboxylic acid transporter-1 (MCT-1) or result from the deamination of certain amino acids. Its
three main fates are: 1) conversion to lactate, 2) decarboxylation to acetyl-CoA, and 3) carboxylation to
oxaloacetate or malate, (132-135).

The reduction of pyruvate to lactate with the associated oxidation of cytosolic NADH into NAD" involves
an abundant cytosolic enzyme, lactate dehydrogenase (LDH), which catalyzes the reversible near-
equilibrium redox reaction. LDH-H (also referred to as LDH-1) is the most abundant LDH isoenzyme in
the heart. Release of lactate into the blood stream is facilitated by the MCT-1. Interestingly, the healthy
nonischemic heart is also a consumer of lactate (136).

Under aerobic conditions, most of the pyruvate is transported to the mitochondria where it can be
decarboxylated and oxidized into acetyl-CoA by PDH, a multienzyme complex located in the
mitochondrial matrix. Its activity in the heart is tightly controlled by work, substrate availability and
hormones. The maximal rate of pyruvate oxidation at any given time is dependent on the degree of
phosphorylation of PDH, determined by the activity of two enzymes of the complex, a specific PDH
kinase (PDK) and a PDH phosphatase. Phosphorylation of PDH by PDK inactivates the enzyme. PDK is
inhibited by pyruvate and by decreases in the acetyl-CoA-to-free CoA and NADH-to-NAD" ratios, i.e.
changes in the energy status of the cell. There are four isoforms of PDK of which PDK4 is the
predominant form in heart. The PDH complex also contains a PDH phosphatase that dephosphorylates
and activates PDH.

The acetyl-CoA formed from pyruvate decarboxylation generates three additional NADH and one FADH,
in the CAC. It is noteworthy that the heart has a tight concerted regulation between carbohydrate and
FA metabolism. The “glucose-FA cycle” was first described by Philip Randle and colleagues in the 1960s.
This interrelationship states that the primary physiological regulator of flux through PDH and the rate of
glucose oxidation in the heart is the rate of FA oxidation. In fact, high rates of FA oxidation inhibit PDH
activity via an increase in mitochondrial acetyl-CoA-to-free CoA and NADH-to-NAD", which activates PDH
kinase. Conversely, inhibition of FA oxidation increases glucose and lactate uptake and oxidation by (i)
decreasing citrate levels and thereby, inhibition of PFK, and (ii) lowering acetyl-CoA and/or NADH levels
in the mitochondrial matrix, thereby relieving the inhibition of PDH.

In addition to lactate formation and oxidation by PDH, pyruvate enters the CAC via carboxylation to
either malate or oxaloacetate. This anaplerotic reaction acts to maintain the pool size of CAC
intermediates as the latter can be depleted via efflux of citrate (and to a lower extent, of succinate, a-
ketoglutarate and fumarate) from the mitochondria, a process that has been referred to as
“cataplerosis” (137). Both anaplerosis and cataplerosis have been shown to be modulated by substrate
abundance, workload and oxygen availability (138;139). Although pyruvate carboxylation accounts for
only ~2—6% of the CAC flux under normoxic conditions, the integrity of this pathway is believed to be
important for contractile function. However, a recent case-report shows that pyruvate carboxylase
deficiency is lethal although no cardiac involvement was documented (140) but another study showed
that deficiency in propionyl-CoA carboxylase is associated with a cardiomyopathy (141). Other
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anaplerotic pathways include the formation of succinyl-CoA from propionyl-CoA generated from odd-
chain FAs such as heptanoate. Pyruvate can also contribute to anaplerosis by transamination with
glutamate to form alanine and a-ketoglutarate.

Fatty acid metabolism

Another crucial pathway for energy production is FA metabolism. Free FAs are highly hydrophobic and
are never truly free in vivo but rather are associated with proteins or bound to coenzyme A or carnitine.
They are transported in the plasma either in the non-esterified form attached to albumin, or as
triglycerides in chylomicrons or very-low-density lipoproteins. FAs are released from these chylomicrons
and lipoproteins via hydrolysis by a lipoprotein lipase bound to the outside of capillary endothelial cells
and cardiomyocytes.

The uptake of long chain FAs are facilitated by a FA translocase (FAT) and a plasma membrane FA
binding protein (FABP). A specific FAT protein called CD36 is abundantly expressed in skeletal and
cardiac muscles and appears to be the predominant form of FAT in the heart (142). Cytosolic FABPs
appear to be the primary intracellular carrier of non-esterified FAs. Once transported across the
sarcolemma, the non-esterified FAs bind to FABPs and are then activated by esterification to fatty acyl-
CoA by fatty acyl-CoA synthase (FACS).

Outer mitochondrial Inner mitochondrial
IﬂE']Tl]JI‘ElﬂE membrane
e
Cytosol Intermembrane Matrix
space
Carnitine
1 acyltransferase I1
/) P
\ R—C rR—c”

. ~ == VAN
\ S-CoA Carnitine ; S-CoA

Carnitine
/O &/

1‘ C \
l l / \Carnitine h}? C// \ CoA-SH
"" CDA—SI‘{ \ \C arnitine
Carnitine e Transporter

acyltransferase I ~

Figure 9. Fatty transport complex in the heart mitochondria. (From Biochemistry, Lehninger 2005)

The cytoplasmic long-chain fatty acyl-CoA destined for B-oxidation must be transported into the
mitochondrial matrix. Because the inner mitochondrial membrane is not permeable to long-chain acyl-
CoA, the long-chain fatty acyl moiety is transferred from the cytosol into the matrix by a carnitine-
dependent transport system (Figure 9). First, carnitine palmitoyltransferase | (CPT-1) catalyzes the
formation of long-chain acylcarnitine from long-chain fatty acyl-CoA in the compartment between the
inner and outer mitochondrial membranes. Next, carnitine acyltranslocase transports this long-chain
acylcarnitine across the inner mitochondrial membrane in exchange for free carnitine. Lastly, carnitine
palmitoyltransferase Il (CPT-Il) regenerates long-chain fatty acyl-CoA in the mitochondrial matrix. Of the
three enzymes involved in the transmitochondrial membrane transport, CPT-I serves the key regulatory
role in controlling the rate of FA uptake by the mitochondria. The activity of CPT-l is strongly inhibited by
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malonyl-CoA, which binds to CPT-I on the cytosolic side of the enzyme. There are two isoforms of CPT-I:
CPT-la predominates in the liver, and CPT-If is the main isoform in the heart and the more sensitive to
malonyl-CoA inhibition (143). Malonyl-CoA is formed from the carboxylation of cytosolic acetyl-CoA by
acetyl-CoA carboxylase (ACC). Evidence suggest that extramitochondrial acetyl-CoA can be derived from
(i) citrate, shuttled out of the mitochondria (cataplerosis) regenerating oxaloacetate and acetyl-CoA via
the ATP-citrate lyase reaction (144), (ii) the export of mitochondrial acetyl-CoA as acylcarnitine or (iii)
peroxisomal B-oxidation of long-chain FAs (145). On the other hand, the degradation of malonyl-CoA is
regulated by the activity of malonyl-CoA decarboxylase (MCD), which converts malonyl-CoA back to
acetyl-CoA and CO; in the cytosol and mitochondria (146).

Once taken up by the mitochondria, FAs undergo B-oxidation, a process that repeatedly cleaves off two
carbon acetyl-CoA units, generating one NADH and one FADH, in the process. The B-oxidation process
involves four reactions, with specific enzymes for each step, and each reaction has specific enzymes for
long-, medium-, and short-chain length FAs. The first step is catalyzed by acyl-CoA dehydrogenase,
followed by 2-enoyl-CoA hydratase, and then 3-hydroxyacyl-CoA dehydrogenase. The final step is 3-
ketoacyl-CoA thiolase, which regenerates acyl-CoA for another round of B-oxidation and releases acetyl-
CoA for the CAC. Acyl-CoA dehydrogenase and 3-hydroxyacyl-CoA dehydrogenase seem to be regulated
by the acetyl CoA-to-free CoA ratio. In fact, an increased workload has been shown to decrease this ratio
and thereby activate those two enzymes. The acetyl-CoA formed from [B-oxidation generates three
additional NADH and one FADH, in the CAC.

Role of triglycerides in fatty acid metabolism

Long-chain fatty acyl-CoA can either be converted to acylcarnitine and oxidized by a mitochondrial FA B-
oxidation, as outlined above, or esterified to triglycerides. In the healthy normal heart, it is estimated
that 70-90% of the fatty acids entering the cell are immediately oxidized, and only 10-30% enter the
intracardiac triglyceride pool. The myocardial triglyceride pool is an important source of FAs, with the
rate of lipolysis and its contribution to overall myocardial ATP production being inversely related to the
concentration of exogenous FAs (147). Triglyceride hydrolysis and turnover can be rapidly accelerated by
adrenergic stimulation, diabetes and during reperfusion of ischemic hearts.

Several enzymes control triglyceride metabolism in the heart and are divided in two groups, namely
lipases and acyltransferases. Lipases hydrolyze triglycerides into free FA and glycerol. The main lipase in
the heart is adipose triglyceride lipase (ATGL), which converts triglycerides into diglycerides and a free
fatty acid. Indeed, it has been shown that ATGL knockout mice accumulated large amounts of neutral
lipids (triglycerides and cholesterol esters) in the heart, causing cardiac dysfunction and premature
death (148). ATGL is said to account for up to 85% of triglyceride lipolysis (149). Another important
player, accounting for the remaining 15% and is more tightly regulated is hormone sensitive lipase (HSL)
(149). HSL is the principle lipase active in brown adipocytes and a major lipase in white adipocytes.
Triglycerides are not the only substrate for HSL. Indeed, this enzyme can hydrolyse also di- and
monoglycerides, as well as cholesteryl esters and other fatty acid esters (150). Although the principal
stimuli activating HSL is adrenergic stimulation, other pathways have been uncovered, including a ANP-
mediated activation of lipolysis through a cGMP-dependant mechanism (151).
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The enzyme responsible for most of the triglyceride biosynthesis is acyl-CoA:diacylglycerol
acyltransferase (DGAT). Not only does it participate in lipid metabolism but it also influences metabolic
pathways of other fuel molecules. DGAT is also thought to play a mediating or preventive role in the
development of ectopic lipotoxicity in the heart (152).

The citric acid cycle

The CAC was first described by Krebs and Johnson in 1937. The principal function of the CAC (also
referred to as the Krebs cycle or the tricarboxylic acid cycle) in the heart and skeletal muscle is to oxidize
the acetyl group of acetyl-CoA, through a series of eight enzymatic reactions, and to generate NADH and
FADH,. The reduced equivalents are used by the electron transport chain to establish a proton gradient
that when coupled to oxidative phosphorylation drives ATP formation. The rate at which the CAC
operates is a major factor controlling the rate of production of ATP by the heart. An important
mechanism regulating the activity of the CAC is the mitochondrial NAD*-to-NADH or ADP-to-ATP ratios,
which depend on the energy status/demand of the cell (153). In fact, the activity of certain key enzymes
(isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, malate dehydrogenase) of the CAC is
directly stimulated by the change in the mitochondrial redox state (154-156). Although the eight CAC
intermediates are neither formed nor consumed during the CAC’s net operation, five of them also take
part in ancillary reactions such as, for example, cytosolic regulatory pathways involving citrate. Thus,
total concentration of CAC intermediates depends on carbon fluxes into and out of the cycle, which are
modulated by factors such as workload, external stimuli, substrate abundance, and oxygen supply.

Control of cardiac metabolic phenotype through signaling pathways

Among the many potential kinase signaling pathways regulating energy substrate metabolism, one
emerging crucial serine-threonine kinase is of particular interest in the context of this thesis, namely
AMPK.

AMPK is now recognized as a “fuel gauge” in mammalian cells and the “guardian of energy status” in the
heart (157). The physiologic role of AMPK in maintaining cellular energy stores has emerged over the
last decade. AMPK is activated when nutrient supply is limited, ATP production impaired, or energy
demand increased. AMPK responds by activating ATP-generating pathways and down-regulating ATP-
consuming pathways. AMPK modulates the activity of metabolic enzymes and ion channels, as well as
gene expression and protein synthesis. AMPK stimulates glucose transport and PFK-2 to increase
glycolysis and phosphorylates glycogen synthase to inhibit glucose storage. Similarly, AMPK inhibits ACC
and activates malonyl-CoA decarboxylase, thereby decreasing malonyl-CoA concentrations and favoring
FA oxidation. AMPK also inhibits triglyceride synthesis by phosphorylating glycerol-3-phosphate
acyltransferase and is involved in the activation of hormone-sensitive lipase and triglyceride breakdown.

Therefore, when the metabolic rate of the heart is increased, activation of AMPK can induce an increase
in both carbohydrate and FA metabolism to increase acetyl-CoA production and thereby ensure an
adequate replenishment of ATP pool in the heart (158). In addition, AMPK activation regulates
transcription factors and their coactivators, to modulate the expression of a number of specific
metabolism-related genes. In fact, it has been shown that activation of AMPK leads to stimulation of
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various transcription factors, including: (i) PPARa, which upregulates the levels of enzymes of B-
oxidation, (ii) mitochondrial transcription factor A, which activates expression of the mitochondrial
genome, and (iii) myocyte-enhancing factor 2A, the transcription factor that regulates GLUT4 expression
(159). Furthermore, because protein translation is an energy-consuming process, AMPK-mediated
down-regulation of protein synthesis may function to conserve energy during stress. In fact, AMPK
inhibits protein synthesis by reducing cytoplasmic mRNA-binding proteins and thus, decreasing the
stability of several mRNA species as well as by phosphorylating several key modulators of protein
translation. Interest in AMPK as a potential cardiovascular modulator has been driven by recent
evidence that AMPK has a cardioprotective role in myocardial injury and apoptosis in the ischemic heart
(160). AMPK activation was found to mediate an important role in the vasculature where it may exert
anti-atherosclerotic effects. However, constitutively active AMPK was shown to be associated with
glycogen accumulation and hypertrophic cardiomyopathy (161). Despite the major advances, there is
still much to be understood about AMPK's actions in the cardiovascular system.

Metabolic remodeling in the healthy and diseased heart

The heart employs acute and/or chronic mechanisms to adapt to sustained changes in energy demand.
Immediate adaptation involves reactions for which the organ has ready-made “allosteric-type”
mechanisms in place. This type of acute regulation was known for a long time. More recently, chronic
regulation of metabolic processes has only been described since the beginning of the 90s and this type
of long-term adaptation involves transcriptional regulation. This property allows the heart to choose the
most efficient substrate for a given physiologic environment and is referred to as metabolic plasticity
(162). As presented in this section, myocardial fuel selection is highly influenced by developmental stage
of the heart as well as pathological conditions such as hypertrophy, the disease of interest in this
project.

The normal metabolic switch from fetal to adult state

In the low oxygen environment of the fetal period, the heart is very reliant on glycolysis as a source of
energy due to fetal gene expression patterns and in response to oxygen availability (163). While
glycolytic rates are high in the fetal heart, glucose oxidation is very low and not a major source of ATP.
The capacity to oxidize glucose increases as the heart matures. FA oxidation rates are also low in the
fetal heart and provide only a small proportion of overall ATP production. However, after birth, there is
a dramatic 10-fold increase in FA oxidation, which is accompanied by a parallel decrease in glycolytic
rates and a marked switch from the fetal gene expression pattern to the adult program (164). Therefore,
this metabolic switch can be considered as an adaptive response to oxygen availability.

Metabolic remodeling in disease

Metabolic remodeling also occurs in several disease states such as diabetes, ischemia and hypertrophy.
Whether these metabolic alterations are adaptive or maladaptive changes in the pathological state
remains unclear. Due to space limitations, only metabolic remodeling occurring in hypertrophy and
heart failure will be discussed.
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Hypertrophy

Several studies using animal models of ventricular hypertrophy due to hypertension or imposed pressure
overload have demonstrated a myocardial shift from FA oxidation toward glucose oxidation (165). In
rodent models of pressure overload-induced hypertrophy, expression of PPARa and PGC-1a is reduced
in the hypertrophied heart (166). PPARa activity is also inhibited post-translationally in the
hypertrophied cardiomyocytes in culture through ERK-MAPK-dependent phosphorylation (167). These
results suggest that one key mechanism involved in the energy substrate switch in the hypertrophied
heart involves deactivation of the PGC-la/PPARa complex at both transcriptional and post-
transcriptional levels, a shift referred to as a return to the metabolic gene fetal program. In addition to
the downregulation of PPARa-regulated gene expression, evidence suggests that pressure-overload
hypertrophy also induces hypoxia-inducible factor-1a (HIF-1a) mediated transcriptional regulation (168).
HIF-1a response elements have been found in many genes, including GLUT-1 and several glycolytic
enzymes, as well as LDH (169).

Whether the aforementioned metabolic remodeling during cardiac hypertrophy should be considered
adaptive or maladaptive is controversial and remains a subject of intense investigations. In fact,
Taegtmeyer's group showed that reactivation of PPARa in rats with pressure-overload induced
hypertrophy is associated with contractile dysfunction, while overexpression of PPARa in these hearts
results in functional and metabolic changes resembling those of diabetic cardiomyopathy (170;171).
However, the cardiac-specific overexpression of GLUT-1 attenuated the development of heart failure in
mice with pressure overload (172) and improved the resistance of PPARa knock-out hearts to a high
calcium challenge (173). As previously mentioned, several lines of evidence indicate that ATP produced
in the cytosol via glycolysis is used preferentially by ion pumps, including SERCA. Thus, the increased
rate of glycolysis might be considered an adaptive response that helps attenuate the disturbances in
Ca’* homeostasis associated with cardiac hypertrophy. Accordingly, it is tempting to speculate that in
the hypertrophied heart, this shift towards glucose metabolism is beneficial. However, the potential
detrimental consequences of this shift include a reduced overall ATP production, an adverse effect that
might dominate in the end. Furthermore, the decrease in FA oxidation may also limit the capacity of the
heart to withstand an increased workload (174). Indeed, subjects with long-chain FA oxidation defects
develop cardiomyopathies and have a lower resistance to stress (175).

Heart failure

The progression to heart failure is associated with a gradual diminished capacity for ATP production. This
reduced capacity for energy production leads to secondary deregulation of cellular processes critical for
cardiac pump function and of contractile function, which results in an increased energy demand and
diminished function (176;177). The results of studies on energy substrate shifts in the failing heart,
particularly in humans, have not led to a clear conclusion. Some investigators have shown that
expression of FA oxidation genes and corresponding enzymatic activities are reduced in the failing
rodent and human heart (for review, see Ref. (178)). Consistent with these findings, recent PET studies
in humans with idiopathic cardiomyopathy have shown a shift away from FA utilization and a greater
glucose uptake (179). In fact, Karbowska et al. found a 54% reduction in PPARa protein level in
ventricular biopsies from five patients with compensated end-stage heart failure (180). Others have
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demonstrated the opposite metabolic profile or no change in substrate utilization in heart failure of mild
to moderate severity (181;182). Animal models of failure induced by pacing or myocardial infarction
show that earlier stages are in fact not associated with metabolic remodeling, but a sharp switch away
from FA towards carbohydrate oxidation occurs in end-stage heart failure (e.g. left ventricular end-
diastolic pressure = 25 mmHg) (183). These apparent discrepancies have been attributed to both the
severity of failure and temporal differences during the progressive remodeling that characterizes the
transition to heart failure. The specific etiology of the myocardial disease may also play an important
role.

In summary, evidence suggests that alterations in myocardial fuel selection and energetics are linked to
the development and progression of heart failure. Accordingly, metabolic pathways involved in cardiac
FA and glucose utilization or ATP generation are attractive targets of novel therapeutic strategies aimed
at the prevention or early treatment of heart failure. For example, multiple metabolic modulators have
been developed for the treatment of heart failure and are currently in clinical trials (184-187).

Role of the NO/cGMP pathway in metabolic remodeling

Several lines of evidence suggest that NO may also play a role in the regulation of myocardial substrate
metabolism. NO was initially described as an inhibitor of mitochondrial respiration by competing with
oxygen for cytochrome c oxidase. In fact, administering NO precursors to isolated hearts lowers oxygen
consumption, whereas inhibitors of NO synthesis stimulate oxygen consumption (188). However, the
role of NO in the control of metabolism is not limited to the inhibition of oxygen utilization, but is also
extended to the modulation of substrate utilization. In fact, it was first shown that NO inhibits the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase through S-nitrosylation and auto-ADP-
ribosylation and downregulates GLUT4, thereby limiting glucose utilization by the heart (189). It was
then documented that pharmacological inhibition of NO synthesis is associated with an increase in
cardiac glucose utilization (190). The enhanced uptake of glucose by ex vivo Langendorff perfused hearts
from eNOS knock-out mice corroborates this notion (191). The observation that administration of cGMP
analogues or NO-donors depressed cardiac glucose uptake by hearts from eNOS knock-out mice
suggests that the effect of NO is cGMP-dependent (192). Other studies showed that cardiac glucose
uptake and oxidation are increased after systemic NOS inhibition in conscious dogs, and FA uptake and
oxidation were concomitantly reduced (193). This action of NO would explain the cardioprotective
effects of NOS blockade during myocardial ischemia, but is less consistent with the increase in
myocardial oxygen consumption and decrease in cardiac efficiency, given that glucose is more “oxygen-
efficient” than FAs (194). NO has also recently emerged as novel signaling molecule involved in
regulating mitochondrial biogenesis. It has been shown that NO induces mitochondrial proliferation
through a cGMP-dependent mechanism (195). The effects of NO/cGMP appear to be mediated, at least
in part, by transcriptional activation of PGC-1a expression.

A couple of interesting findings are worth mentioning. First, one particularly elegant study in a canine
model of pacing-induced heart failure showed that end-stage heart failure (decompensation) is
associated with a fall in NO production and a concomitant decrease in FA uptake and increase in glucose
uptake (196). This was the first evidence for a tight association between reduced NO production and
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metabolic changes in the decompensated heart. Furthermore, it seems that the effect of NO/cGMP on
glucose transport and metabolism may be opposite in skeletal muscle to that in the heart, since
activation of NO/cGMP in skeletal muscles increases glucose uptake, carbohydrate and FA oxidation
(197). Additional research is therefore needed to elucidate the mechanisms of action of NO in the
regulation of myocardial substrate metabolism. Finally, drugs such as angiotensin converting enzyme
inhibitors are recognized as potent stimulators of NO release (198). Others, such as the Ca** antagonist
amlodipine, utilized in the treatment of hypertension, and the cholesterol-lowering statins, also seem to
display some pharmacological properties attributable to the release of NO (199). Thus, in light of the
previous considerations, it would be overly simplified to conclude that the beneficial effects of NO
released in response to these pharmacological agents are limited to the modulation of vascular tone. In
fact, some of the drugs utilized for the treatment of heart failure may act as direct modulators of
myocardial metabolism through the mediation of NO.
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Chapter II - Manuscript

Rationale, objective, hypothesis and experimental strategy

There is currently great interest in deciphering the mechanisms that couple stress signaling to the fetal
gene program in order to identify new potential anti-hypertrophic therapeutic strategies. Both
pharmacological and genetic approaches have been used in order to modulate a given specific cardiac
signaling pathway and thereby demonstrate its potential as a target for an anti-hypertrophic therapeutic
strategy (98;200-202). In this regard, our group has recently developed a mouse model overexpressing a
cytosolic catalytic fragment of constitutively active guanylate cyclase domain of the atrial natriuretic
peptide receptor in a cardiomyocyte-specific manner (a- myosin heavy chain gene promoter), and
helped confirm the role of cGMP as a negative intrinsic modulator of cell growth and cardiac
hypertrophy (203). It is noteworthy that to avoid the possible artifactual influence of gene inactivation
by insertion, all TG animals used for experiments were heterozygous for the transgene. This thesis
project was aimed at further understanding the mechanisms by which cGMP confer protection to the
heart.

Given that alterations in cardiac energy metabolism have been repeatedly linked to cardiac dysfunction,
and the importance of the cGMP signaling pathway in modulating aspects of metabolism and growth,
the specific objective of this study, which is presented in this chapter, was to characterize the cardiac
metabolic and functional profile of mice constitutively expressing cytosolic guanylate cyclase in a
cardiomyocyte-specific manner and, hence, to delineate the metabolic role of cGMP signaling on
specifically one cardiac cell type namely, cardiomyocytes. Our working hypothesis proposes that chronic
activation of the cGMP signaling pathway in a cardiomyocyte specific manner modifies cardiac substrate
energy metabolism.

To achieve our objective, we used our previously described methodology that combines the working
mouse heart perfusion system to a >C-labeling methodology of substrates enabling the simultaneous
assessment of various hemodynamic and metabolic parameters. In addition to assessing the
contribution of various substrates for energy production, we also provide data on (i) triglyceride
turnover, (ii) signaling mechanisms regulating lipolysis, (iii) mitochondrial CAC-related parameters, and
(iv) mRNA levels for selected metabolic genes. The importance and implication of these results will be
discussed.

Overall, we were able to (i) identify changes in energy metabolism by documenting the contribution of
exogenous and endogenous substrates to the formation of acetyl-CoA, namely an increase in glycolysis
and a decrease in exogenous fatty acid oxidation, (ii) relate these changes to metabolic signaling
pathways regulating lipid metabolism by measuring acetyl-CoA and malonyl-CoA levels, acetyl-CoA
carboxylase (ACC) activation and AMPK activation and (iii) identify a cGMP-mediated increase in lipid
compartmentalization, namely through increases in both lipolysis through hormone sensitive lipase
(HSL) activation and triglyceride synthesis.
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Abstract

Although enhanced cGMP signaling can prevent hypertrophy, mechanisms underlying this
cardioprotective effect are not well understood. In this study, we assessed the potential involvement of
alterations in myocardial energy substrate metabolism, a parameter known to be determinant in the
development of hypertrophy. We used mice overexpressing a constitutively active soluble guanylate

+/0) and ex vivo heart perfusion at physiological workload

cyclase in a cardiomyocyte-specific manner (GC
with **C-labeled substrates. Compared to controls, hearts from GC° mice displayed a 38+9% lower
contribution of exogenous fatty acids to acetyl-CoA formation, while that of carbohydrates remained
unchanged despite a two-fold increase in glycolysis. The lower contribution of exogenous fatty acids to
energy production was not associated with changes in energy demand or supply (contractile function,
oxygen consumption, tissue acetyl-CoA or CoA levels, citric acid cycle flux rate) or the regulation of -
oxidation (acetyl-CoA carboxylase activity, tissue malonyl-CoA levels). However, GC™° hearts showed a
two-fold increase in the incorporation of exogenous oleate into triglycerides. Furthermore, a
concomitant increase in triglyceride hydrolysis is consistent with our findings of a greater abundance of
hormone sensitive lipase (HSL) protein (46£6%) and mRNA (22+4%) as well as a 37+13% decrease in its
phosphorylation level at Ser-565. The latter covalent modification inhibits HSL and is regulated by AMP-
activated protein kinase (AMPK), whose phosphorylation at its activating site Thr-172 was also reduced
by 37+13%. These changes in exogenous fatty acid trafficking in GC*° hearts appear to be functionally
relevant, as demonstrated by their resistance to fasting-induced myocardial triglyceride accumulation.
This raises the possibility that enhanced cGMP signaling in cardiomyocytes may protect the heart from
fatty acid-induced toxic effects, either as part of its anti-hypertrophic effect or as an additional
cardioprotective mechanism.

Keywords: cGMP e metabolism e fatty acids e perfusion e isotopes
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Introduction

Left ventricular hypertrophy is an adaptive process by which the myocardium increases its size to face
increases in workload and wall stress. However, upon sustained hemodynamic overload, the cellular,
molecular and morphological changes often become maladaptive, leading to decompensation and heart
failure. Currently, modulation of hypertrophic growth without adversely affecting contractile function is
recognized as a potentially auspicious approach in the prevention and treatment of heart failure (1). In
this regard, in the last decade, multiple studies have highlighted the anti-hypertrophic effects of the
nitric oxide (NO) and atrial natriuretic factor pathways as well as their common downstream effector,
cyclic guanosine monophosphate (cGMP) (for review, see (2-5)). However, the mechanisms responsible
for this cardioprotective effect are still the subject of active research.

Recently, our group developed a mouse model overexpressing a catalytic fragment of the constitutively
active guanylate cyclase domain of the atrial natriuretic peptide receptor in a cardiomyocyte-specific
manner (6). These mice were shown to be resistant to the hypertrophic effects of either the
pharmacological agent isoproterenol or abdominal aortic constriction, thereby providing evidence that
the cGMP pathway prevents left ventricular hypertrophy in vivo via a direct local action on
cardiomyocytes. Based on the following considerations, we hypothesized that modulation of myocardial
energy substrate metabolism might underlie at least partly this cardioprotective effect. In fact,
alterations in cardiac substrate metabolism are currently considered as an independent determining
factor contributing to contractile dysfunction and to the heart’s susceptibility to injury and, more
recently, to disease progression from left ventricular hypertrophy to heart failure (for review, see (7;8)).
Furthermore, a number of studies have reported that NO or cGMP mimetics modulate energy
metabolism in various tissues by influencing substrate selection for ATP production, expression of
metabolic genes as well as genes of the nutrient signaling pathways (9-13). However, there appears to
be a complex relationship between NO, the cGMP pathway and energy metabolism in the heart, which
differs from that in the skeletal muscle and depends on many factors such as the level of myocardial
activation of AMP-dependent kinase (AMPK) or contractility. For example, myocardial glucose uptake or
utilization has been reported to be (i) enhanced following addition of NO synthase inhibitors (11) or in
eNOS null mouse (14)), and, conversely, (ii) decreased with addition of the cGMP analog, 8-bromo-cGMP
or of NO donors (12). In contrast, a recent study shows that activation of the cGMP pathway contributes
to the AMPK stimulation of glucose uptake in left ventricular papillary muscle (15).

In this study, we assessed the impact of enhanced cGMP signaling on cardiac metabolism using our
transgenic mice that constitutively overexpress soluble guanylate cyclase in cardiomyocytes (GC+/°), and
our previously described methodology of ex vivo working heart perfusion with *C-labeled substrates,
which enables the simultaneous assessment of various hemodynamic and metabolic flux parameters
(16). Our results demonstrate substantial differences in substrate selection for energy production as
well as in lipid partitioning between [-oxidation and esterification between control and GC mice
hearts.
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Experimental Procedures

Materials and animal model

Sources of chemicals, biological products, and *C-substrates have been reported previously (16-20).
Phospho-HSL antibodies were purchased from Cell Signaling Technologies (Danvers, USA), and total HSL
antibody from Cayman Chemicals (Ann Arbor, USA).

All procedures on the animals were approved by the local ethics committee in agreement with the
guidelines of the Canadian Council on Animal Care. Twelve to thirteen week old male transgenic (GC+/°)
mice overexpressing constitutively active guanylate cyclase in cardiac specific manner (6), backcrossed
for at least 12 generations into the C57BI/6 mouse strain, were compared to age-matched non-
transgenic (WT) littermates of similar body weight (30.0 + 0.1 vs 29.0 + 0.1 g). To avoid the possible
artefactual influence of gene inactivation by insertion, all TG animals used for experiments were

heterozygous for the transgene.

Working mouse heart perfusion

Mice were anesthetized (1 uL/g, i.p.) with a mixture of ketamine (100 mg/mL) and xylazine (20 mg/mL)
and heparinized (5000 U/kg, i.p.) 15 min before surgery. The procedure for heart isolation and its ex vivo
perfusion in the working mode has been previously described in detail (21). The composition of the
Krebs-Henseleit buffer (110 mM NaCl, 4.7 mM KCI, 2.1 mM CaCl,, 0.24 mM KH,PQO,, 0.48 mM K,HPQO,,
0.48 mM Na,HPQ,4, 1.2 mM MgSQ,4, 25 mM NaHCO;, 0.1 mM EDTA) was modified to adjust free calcium
levels (1.55 + 0.02 mM) and sodium concentration to a physiological value. The preload and afterload
pressures were set at 15 and 50 mmHg, respectively. Myocardial oxygen consumption (MVO;
pmol/min), intracellular pH, rate pressure product (mmHg-beats-min™-10?), cardiac power (mW), and
cardiac efficiency (mW-pmol™-min') were calculated from previously reported equations (16).

Working mouse hearts were perfused for 30 min with a semi-recirculating modified Krebs-Henseleit
solution containing physiological concentrations of substrates (11 mM glucose, 0.8 nM insulin, 50 uM
carnitine, 5 nM epinephrine, 1.5 mM lactate, 0.2 mM pyruvate, and 0.4 mM oleate bound to 3%
albumin). For any given perfusion, one of the unlabeled substrates was replaced by its corresponding
labeled substrate, i.e. either: [U-">Cigloleate (25% initial molar percent enrichment (MPE)), [U-
B3celglucose (25% initial MPE), and [U-'*Cs]lactate/[U-"3C5]pyruvate (100% initial MPE).

Throughout the perfusion, influent and effluent perfusates were collected at regular intervals to
document lactate dehydrogenase (LDH) release rates (every 5 min), the oxygen and carbon dioxide
partial pressures (at 10 and 20 min) and the lactate and pyruvate efflux rates (at 30 min). Subsequent to
each perfusion period, hearts were freeze-clamped with metal tongs chilled in liquid nitrogen and
weighed. All samples were stored at -80°C until further analysis.
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Tissue processing

Flux measurements. Our previously published studies (16;22) provide (i) definitions of the **C
terminology and detailed descriptions for the measurements by gas chromatography-mass
spectrometry (GCMS; Hewlett-Packard 6890N gas chromatograph coupled to a 5973N mass
spectrometer) of (i) the **C-enrichment of citric acid cycle (CAC) intermediates (citrate, fumarate, and
OAA moiety of citrate) necessary for calculations of flux ratios relevant to substrate selection for citrate
synthesis, and (ii) other metabolites (lactate and pyruvate) used to determine the glycolytic flux, as well
as for (ii) the calculation of the absolute CAC flux rates from oxygen consumption rates and the
stoichiometric relationship between oxygen consumption and citrate formation from B-oxidation and
pyruvate decarboxylation. Briefly, GCMS data are expressed as MPE. Mass isotopomers of metabolites
containing 1 to n *C-atoms are identified as Mi with i = 1, 2, ... n, and the absolute MPE of individual **C-
labeled mass isotopomers (Mi) of a given metabolite are calculated as follows: MPE (Mi) = % Ay, / [Aw +
2Awi], where Ay and Ay; represent the peak areas from ion chromatograms corrected for natural
abundance, corresponding to unlabeled (M) and **C-labeled (Mi) mass isotopomers, respectively. Metabolic
flux ratios, which reflect the contribution exogenous fatty acids (oleate) and of carbohydrates (lactate,
pyruvate and glucose) to acetyl-CoA and or oxaloacetate (OAA) formation for citrate synthesis, are
calculated from the molar percent enrichment (MPE) in Mi isotopomers of the acetyl (AC®") and
oxaloacetate (OAAC'T; corrected for the formation of M3 OAA from CAC metabolism of citrate
isotopomers) moiety of citrate, and expressed relative to CS: (i) pyruvate decarboxylation (PDC) = M2
AC®™ / M3 pyruvate, (ii) oleate oxidation (OLE) = M2 AC™" / M18 oleate, and (iii) pyruvate carboxylase
(PC) = M3 OAA“"/M3 pyruvate.

Quantification and 13C-enrichment of triglycerides. Fatty acids from heart tissue triglycerides (TG)
were analyzed by GCMS as their methyl ester (FAME) derivative. Briefly, tissue was pulverized under
liquid nitrogen and a labeled external standard ([*Hss]heptadecanoic acid) added. Total tissue lipids were
extracted by a modified Folch method (23), in 20-fold weight-to-volume ratio of chloroform/methanol
(2:1), containing 0.1% butylated hydroxytoluene (BHT), overnight at 4°C (24). Homogenates were then
filtered through gauze, dried under nitrogen gas and resuspended in a detergent for quantification.
Triglycerides were quantified enzymatically with a commercial kit (GPO Trinder; Sigma, USA). Triolein,
dissolved in chloroform/methanol and processed similarly to samples, was used as a standard (25). For
BC-enrichment, lipids were resuspended in 100 ul of hexane/chloroform/methanol (95:3:2). Lipid
classes were separated using a solid phase extraction aminopropyl column (Varian, Harbor City, USA)
according to the method of Ruiz (26). Samples were applied to a column previously activated with 7.5 ml
of hexane and triglycerides eluted with 5 ml of chloroform stabilized with pentene. The triglyceride
fraction was dried, resuspended in 2 ml methanol/hexane (4:1) containing 0.004% BHT, 200 pl acetyl
chloride was added and then samples were heated to 80°C for one hour to yield FAMEs according to a
modification of the method described by Lepage and Roy (27). The remaining acetyl chloride was
neutralized with 5 ml 6% potassium carbonate and the upper hexane phase, containing FAMEs, was
collected and analyzed by GCMS on an Agilent Technologies HP-5 column of 50 m, 0.2 mm ID, 0.5 um
film thickness. Oleate was analyzed in selected ion monitoring mode and the molecular and major ions
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were quantified for both unlabelled (ions 296 and 264) and [U-"*C;s]oleate (ions 314 and 282) at a
retention time of 20.66 minutes.

Levels and activity of factors involved in triglyceride hydrolysis

Immunoblotting. Heart extracts were resolved by SDS-PAGE. AMPK phosphorylation was assessed as
described previously (28) using either anti-phospho-aAMPK (Thr-172) or anti-aAMPK (18). To quantify
HSL expression and phosphorylation, tissue extraction, electrophoresis, and immunoblotting were
performed as previously described (20) with minor modifications. Nitrocellulose membranes (0.22 um)
were probed with antisera to either phospho-HSL (Ser-565), phospho-HSL (Ser-660), total HSL, or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Immunoreactive bands were quantified by
digitizing the ECL signal using a VersaDoc 4000 Gel Imaging System and analyzed using Quantity One
software (Bio-Rad, Hercules, USA).

ACC activity. Powdered heart tissue was homogenized in 0.05 M Tris, 0.25 M mannitol, 1 mM EDTA, 1
mM EGTA, 50 mM NaF, 5 mM Na pyrophosphate, 10% glycerol, pH7.5 and protease inhibitor cocktail
(4:1 buffer-to-tissue ratio), then centrifuged for 10 min at 800 g. ACC assays were based on acetyl-CoA-
dependent *CO, fixation as described previously (29;30).

Malonyl-CoA and CoASH quantification. Malonyl-CoA was measured as previously described (31).
Briefly, [*H]acetyl-CoA was converted by fatty acid synthase into petroleum ether-soluble material in
proportion to the malonyl-CoA content of the sample. Assays were calibrated using exogenous malonyl-
CoA as an internal standard. CoASH was measured by a recycling assay using CoASH internal standards
(32).

Gene expression analysis. Analyses of changes in gene expression were carried out in hearts freeze-
clamped from mice sacrificed in the afternoon (light phase). RNA was extracted using standard methods
and analyzed using reverse transcription followed by real-time quantitative polymerase chain reaction,
as described previously (33). The following genes were studied: (i) enzymes involved in fatty acid
metabolism, namely medium-chain acyl-CoA dehydrogenase (mcad), adipose triglyceride lipase (atgl),
diacylglycerol acyltransferase-2 (dgat2) and hormone sensitive lipase (hs/), and (ii) enzymes involved in
glucose metabolism, namely glucose transporter 4 (glut4), pyruvate dehydrogenase kinase-4 (pdk4) and
pyruvate carboxylase (pcx).

Primer and probe sequences for hs/ for the Tagman assay were as follows: forward: 5'-
GCGCTGGAGGAGTGTTTTT-3' reverse: 5'-TGTCCCCTGCAAGGCATAT-3' probe: 5'-FAM-
TCTCCAGTTGAACCAAGCAGGTCACA-TAMRA-3'. The remaining primer and probe sequences have been
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previously published (17;19). Transcript levels were normalized to total RNA content (as measured by

UV spectrophotometry).

Statistical Analysis

Data are expressed as means + SEM. Statistical significance was reached at P<0.05 using an unpaired t-
test, a one-way or a two-way ANOVA followed by a Bonferroni selected-comparison test.
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Results

Perfused GC+/° hearts show decreased contribution of exogenous oleate to acetyl-CoA and
enhanced glycolysis

We used our previously established isolated working heart model and *C-methodology to evaluate

functional and metabolic differences between hearts from GC™°

mice and control non-transgenic
littermates. Upon ex vivo perfusion at a physiological afterload of 50 mmHg with a buffer containing a
mixture of substrates and hormones mimicking the in vivo milieu in the fed state (11 mM glucose, 1.5
mM lactate, 0.2 mM pyruvate, 0.4 mM oleate bound to 3% albumin, and 0.8 nM insulin), hearts from
both groups maintained similar values for the various functional and physiological parameters over the
entire 30-min perfusion period (Table 1). However, LDH release rate (an index of membrane integrity)

+/0

was significantly decreased in the GC"" hearts (Figure 1).

In these hearts, the contribution of exogenous substrates to mitochondrial acetyl-CoA formation for
citrate synthesis was evaluated using various *C-labeled substrates. Compared to controls, GC™° hearts
perfused with [U-Cys]oleate (initial MPE=25%) showed lower values for (i) the MPE M2 of the acetyl
moiety of citrate (9.4 + 2.0 vs 12.4 + 1, P<0.05) and, accordingly, (ii) the flux ratio OLE/CS (Table 2), thus
demonstrating a significantly decreased formation of acetyl-CoA formation for citrate synthesis from
exogenous [-oxidation (Table 2). In contrast, perfusions with [U-*Cglglucose (initial MPE=25%) or [U-
B3¢,]lactate plus [U-2Cs]pyruvate (initial MPE=100%) demonstrate a similar percent contribution of
individual or total carbohydrates to acetyl-CoA formation for citrate synthesis via mitochondrial
pyruvate decarboxylation. This is evidenced from the similar values for the MPE M2 of the acetyl moiety

of citrate and the PDC/CS flux ratio in GC"° and control hearts (Table 2).

We also assessed rates of cytosolic glycolysis from the release rates of [U-*Cs]lactate and [U-
13¢,lpyruvate in hearts perfused with [U-"Cglglucose. Both lactate and pyruvate release rates were

+/0

significantly increased in GC”" hearts when compared to wild-type (Figure 2A), although their

production ratio, which reflects the cytosolic redox [NAD*]-to-[NADH] ratio, was unchanged (Figure 2B).

The observed alterations in exogenous fatty acid B-oxidation and glycolysis in GC"° hearts cannot be
readily explained by changes in gene expression since the mRNA levels of key metabolic enzymes,
namely glut4, pdk4, pcx and mcad, were similar in both groups (as assessed by real-time RT-PCR; see
Suppl. Table 1).

Lack of alteration in mechanisms regulating -oxidation for perfused GC+/? hearts

Given the observed decrease in the contribution of exogenous oleate to acetyl-CoA formation in
perfused GC° hearts, we investigated several mechanisms involved in B-oxidation regulation. These
include: (i) concentration of malonyl-CoA, which potently inhibits carnitine palmitoyltransferase | (CPT-
1), an enzyme required for entry of long chain fatty acyl groups into mitochondria; (ii) the activity of ACC,
the enzyme responsible for malonyl-CoA synthesis, and (iii) the [acetyl-CoA]-to-[CoA] ratio (34). As
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reported in Table 2, none of the measured values for the metabolic parameters were different between
GC™® and WT hearts. Furthermore, the fact that similar values were obtained in both groups for (i) the
[acetyl-CoA]-to-[CoA] ratio, and (ii) the citric acid cycle (CAC) flux rate, indicates that energy supply from
substrate oxidation is not affected by the expression of the transgene.

Perfused GC+*/0 hearts shuttle more exogenous 13C-labeled oleate into triglycerides

Next, we evaluated whether the decreased contribution of exogenous [U-*Cys]oleate to acetyl-CoA

*/% hearts could result from its preferential partitioning of fatty acids

formation observed in perfused GC
into triglyceride synthesis. While there were no differences in triglyceride content before and after
perfusion of GC° hearts (4.92 + 1.5 vs 4.20 + 1.76 pmol/gww; NS), we found a significant 2.5-fold

0 when compared to WT hearts (Figure

increase in the MPE of the oleate moiety of triglycerides in GC
3A). As reflected by a labeling ratio of ~ 1.0 between the MPE of oleate from triglycerides and that of the
acetyl moiety of citrate (Figure 3B) in perfused GC”° hearts, there is an equal partitioning of [U-
3¢ sloleate between its two primary metabolic fates, namely esterification and [3-oxidation,
respectively. This contrasts with wild-type hearts, for which less than one third of the exogenous oleate

was shuttled into triglyceride stores (Figure 3B).

GC+/0 hearts exhibit alterations in factors influencing triglyceride lipolysis

Given that exogenous oleate incorporation into triglycerides is increased in GC*° hearts, yet total

+/0

triglyceride content was not altered, we investigated the possibility that GC™”" hearts exhibit changes in

triglyceride hydrolysis. As such, factors known to influence triglyceride turnover, namely HSL and AMPK,
were investigated (35;36). Firstly, compared to controls, GC™° hearts had greater levels of HSL protein
(Figure 4B) and mRNA (244 + 9 vs 200 + 11 transcripts/ng RNA; P<0.01). However, we found no
difference in the transcript level of other enzymes involved in triglyceride hydrolysis, namely atgl and
dgat2 (see Suppl. Table 1). Secondly, we detected differences in the phosphorylation status of HSL,
namely a 46.4 + 5.9 % decrease at Ser-565 (Figure 4A), without any changes at Ser-660, for GC*° versus
wild-type hearts (data not shown). Phosphorylation of Ser-565 inhibits HSL, whereas phosphorylation of
Ser-660 activates its enzymatic activity. Finally, phosphorylation of AMPK at Thr-172 (which results in its
activation) was significantly decreased by 36.7 + 13.4 % in GC™° hearts compared to WT hearts (Figure
4C), a finding that is consistent with the observed decrease in phosphorylation of HSL at Ser-565, a
known AMPK site.

GC+/Ohearts are resistant to fasting-induced triglyceride accumulation

To assess the significance of the documented changes in exogenous long chain fatty acid handling by
GC™° hearts, wild-type and GC™° mice were subjected to a 24-h fast, a condition that has been shown to

+/0

increase myocardial triglyceride levels. In contrast to wild-type hearts, hearts from fasted GC”" mice did

not show the expected increase in triglycerides in response to fasting (Figure 5).
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Discussion

While a number of previous studies have shown that activation of cGMP signaling may prevent or
reverse the development of hypertrophy (6;37;38), little is known regarding the cardiomyocyte-specific
effects of cGMP signaling on energy substrate metabolism, a factor that plays critical roles in the
development of hypertrophy (7;8). In this study, we used our model of ex vivo working heart perfusion
with C-labeled substrates to simultaneously assess various hemodynamic and metabolic parameters of
our cardiomyocyte-specific model of constitutive cGMP signaling pathway activation. Collectively, our
results demonstrate that enhanced cGMP signaling within cardiomyocytes modifies exogenous
substrate utilization, including fatty acid partitioning, in the absence of changes in cardiac function.

The most striking metabolic effect of chronic activation of the cGMP signaling pathway that was
observed is the difference in the partitioning of exogenous long chain fatty acids between B-oxidation
(for energy production) and esterification to triglycerides. Specifically, we found that the contribution of

* mouse hearts, while that

exogenous oleate to acetyl-CoA formation was significantly decreased in GC
of carbohydrate was unchanged. The decreased exogenous oleate contribution was not explained by
changes in the tissue levels of malonyl-CoA, a known inhibitor of B-oxidation (39). Furthermore, it did
not appear to affect myocardial energy status, given that perfused GC™° and wild-type mouse hearts
maintained similar levels of acetyl-CoA and free CoA, calculated CAC flux rate and contractile function.
However, we found that the incorporation of exogenous “*C-labeled oleate into triglycerides was

*° mouse hearts. Given that the heart’s triglyceride content

increased almost 3-fold in perfused GC
remained constant during perfusion in these hearts, we reasoned that the increased incorporation of
exogenous oleate into triglycerides was compensated by a matching increase in the mobilization of
unlabeled long chain fatty acid from endogenous triglyceride stores (i.e. turnover), which could
subsequently undergo B-oxidation to acetyl-CoA. In support of this interpretation are our findings of: 1)

% mice, and 2) a decreased

a greater abundance of HSL protein and mRNA in the hearts of GC
phosphorylation of HSL at the Ser-565 site. The latter event should activate HSL, as phosphorylation of
Ser-565 is the mechanism by which AMPK (a major regulator of lipolysis (40)) inhibits HSL activity (41). In
fact, consistent with our findings on HSL phosphorylation, phosphorylation of AMPK at Thr-172 (an

% mice. Our findings are

event that activates AMPK activity) was significantly lower in the hearts of GC
also similar to those reported in human adipose tissue, where atrial natriuretic factor-induced cGMP-
dependant lipolysis occurs via AMPK inactivation and HSL activation (13;42). Of note, we found no
changes in phosphorylation of HSL at Ser-660, a positive regulatory site at which protein kinase A (PKA)
acts. Ser-600, another important positive regulatory site, is phosphorylated by the extracellular signal-
regulated protein kinase 1/2 (ERK 1/2) (41), and ERK1/2 are known to be strongly activated by the cGMP
signaling pathway (42;43). Unfortunately, antibodies against phosphorylated Ser-600 are not currently

available.

Collectively, our isotopic and molecular data support the notion that enhanced cGMP signaling in
cardiomyocytes promotes both triglyceride synthesis and hydrolysis. Consistent with this metabolic

effect is an absence of fasting-induced myocardial TG accumulation in GC”° mice (Figure 5).
Interestingly, such a response to fasting was also observed in transgenic mice with heart-specific HSL

overexpression (43). The importance of lipolysis for normal cardiac homeostasis has recently been
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emphasized by studies in transgenic mice lacking enzymes involved in this process. For example, hearts
lacking adipose triglyceride lipase develop severe cardiac dysfunction and altered energy metabolism
(44). One of the potential benefits of increased triglyceride synthesis/hydrolysis appears to be increased
compartmentalization of lipids in order to reduce their cardiotoxic effects (45). Proposed mechanisms
explaining the deleterious effects of fatty acids (also referred to as lipotoxicity) include direct effect of
neutral droplets or fatty acids on myofibrillar function, fatty acid-induced apoptosis, generation of
reactive oxygen species as toxic by-products of lipid oxidation, and activation of signaling pathways via
protein kinase C or ceramide-mediated processes (46-48).

Beyond the aforementioned changes in lipid trafficking in GC°

mouse hearts, our finding of enhanced
lactate and pyruvate production suggests that glucose uptake and glycolysis are also increased by
enhanced cGMP signaling in these hearts. This finding concurs with that of Li et al. (15) who reported a
stimulation of glucose uptake by activation of cGMP signaling in heart papillary muscle. However, it
contrasts with other studies reporting that glucose uptake is (i) increased following inhibition of NO
synthase by either pharmacologic inhibitors or gene inactivation (11;14) and, conversely, it is (ii)
decreased using cGMP agonists or NO donors (12) (which, respectively, decreases and increases the
cardiac concentration of cGMP). Several factors may explain these differences. Specifically, in our model,
cGMP signaling is increased chronically and specifically in cardiomyocytes, which excludes possible
effects mediated by (i) cells other than cardiomyocytes and by (ii) NO, which exerts cGMP-independent
metabolic effects such as inhibition of glycolytic glyceraldehydes 3-phosphate dehydrogenase through
enhanced ADP-ribosylation (49) and of phosphofructokinase (50). While the mechanism underlying the

observed enhanced glycolysis in GC°

mouse hearts remains to be clarified, it appears possible that this
may be linked to the aforementioned changes in lipid trafficking by providing the extra cytosolic ATP
necessary to support triglyceride synthesis and hydrolysis. In fact, triglyceride hydrolysis will release free
fatty acids, which need to be subsequently activated to fatty acyl-CoA by the ATP-requiring acyl-CoA

synthases before entering mitochondrial B-oxidation (51).

The metabolic profile of GC° mouse hearts (namely decreased B-oxidation of exogenous fatty acids, no
change in carbohydrate oxidation and increased glycolysis) is partly reminiscent of that seen in
hypertrophied hearts (52-54). While it is still controversial whether a shift in exogenous substrate
selection from fatty acid to carbohydrates is a compensatory or maladaptive mechanism, our finding of
a similar shift in GC”® mouse hearts suggests that it is beneficial and cardioprotective. It is also
noteworthy that, despite a 2-fold increase in lactate plus pyruvate production rates, GC° mouse hearts
maintained a normal cytosolic [NAD']-to-[NADH] ratio, as indicated by the lactate-to-pyruvate
production ratio. This contrasts with other situations (such as ischemia and hypertrophy) where
enhanced glycolysis is uncoupled from pyruvate oxidation, a metabolic situation that has postulated to
be detrimental (52-54). Other anti-hypertrophic models, such as the calcineurin-knockout mouse (55),
or the glycogen synthase kinase-3 (GSK-3) (56), display a shift in substrate selection from fatty acids to
carbohydrates in the presence of increased expression of atrial natriuretic factor and in the absence of
organ enlargement. Likewise, mechanical unloading of heart (which constitutes another model of
cardioprotection) displays a similar metabolic shift along with improvement of contractility (57).
However, two striking and distinctive features that we documented in our model are that: (i) triglyceride
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synthesis is enhanced concomitantly with lipolysis; and (ii) the cytosolic redox state of the cells is
conserved. To the best of our knowledge (and in contrast to the present study), previous reports have
not assessed directly whether partitioning of exogenous fatty acids between [3-oxidation and
esterification is altered in the hypertrophied heart. Nonetheless, we had previously found (using a stable
isotope approach in ex vivo perfusion) that endogenous sources (postulated at the time to be
triglycerides) accounted for up to 20% of acetyl-CoA formation in hypertrophied hearts from
spontaneously hypertensive rats, while it was 9 1% and negligible in control WKY and Wistar rat hearts,
respectively (58).

With regards to the potential cardioprotective effects of cGMP signaling, an interesting peripheral
observation of this study was that the expression of the transgene resulted in decreased release of LDH
during ex vivo perfusion. While providing what are generally accepted to be physiological levels of
workload, nutrients and calcium, the ex vivo working heart perfusion still constitutes a mild stress (59). It
is noteworthy, however, that the magnitude of the LDH release in hearts perfused under normoxia is
marginal compared to that observed following reperfusion after ischemia or anoxia (60). The cGMP-
dependent reduction of LDH release may be independent of the aforementioned metabolic effects,
since cGMP prevents cell death by combined effects on the mitochondrial transition pore, intracellular
calcium regulation and stress-activated signaling (61-64). Alternatively, increased availability of cytosolic
glycolytically-derived ATP might improve ionic homeostasis, as multiple membrane-associated channels
preferentially use glycolytically-derived ATP (65-67) (68;69), and thus contribute in this fashion to
improved membrane integrity.

In summary, this study expands on our previous findings that chronic activation of cGMP signaling
protects the heart against pressure overload-induced or pharmacological stresses. We provide direct
evidence that cGMP signaling modulates cardiac energy metabolism in a cardiomyocyte-specific
manner. Through an HSL-dependent activation of lipolysis, ¢cGMP specifically acts on lipid
compartmentalization. This may mediate some of its beneficial effects by favoring triglyceride cycling
and thereby preventing triglyceride accumulation in a cardiomyocyte-specific manner, especially under
conditions such as fasting where circulating long chain fatty acids are increased. Further investigations
appear warranted to link the lipid compartmentalization, herein described, to cGMP-mediated
cardioprotection not only in models of hypertrophy but also in models of high fat feeding and diabetes
where fatty acid-induced toxic effects has been reported (47;70;71).
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Table 1. Functional and physiological parameters of isolated working heart from control WT and GC

+/0

mice
Parameters WT GC"°
Heart rate (beats/min) 447 +1 429 +2
LVSP (mmHg) 87+1 92+1
LVEDP (mmHg) 14.8+0.1 1490 .1
+dP/dt (mmHg-s™) 4302 + 35 4579 + 32
-dP/dt (mmHg-s™) 3582 +25 3470 +31
Rate pressure product
(mmHg-beats:min™107) 31819 + 226 32480 +167
Cardiac output (ml/min) 8.01 +£0.05 7.82 +£0.05
Aortic flow (ml/min) 4.31+0.10 4.57 +£0.07
Coronary flow (ml/min) 3.33+0.04 3.24 +0.02
Cardiac power (mWatts) 1.66+0.10 1.67 £0.05
MVO, (umol/min) 1.93+0.11 1.71+0.10
Cardiac efficiency
(mWatts umolo, ™min‘) 1.01+0.04 1.13+0.06
pHi 7.37 £0.00 7.38+£0.01

Data are means + SEM of 13-17 heart perfusion experiments. Values shown represent averages for the

entire perfusion period. MVO, and pHi were calculated from pO, and pCO, values determined in influent

and effluent perfusate collected between 15 and 20 min. LVSP, left ventricular systolic pressure; LVEDP,

left ventricular end-diastolic pressure; MVO,, oxygen consumption; pHi, intracellular pH.
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Table 2. Metabolic parameters of GC"° hearts and their WT littermates.

Parameters WT GC°

OLE/CS 0.49+0.03 0.31 +0.05*
PDC/CS 0.59 £ 0.07 0.52+0.04
PC/CS 0.05+0.01 0.04 £0.01

Contribution of
carbohydrates to tissue

pyruvate formation (%)

Glucose 32+4% 33+2%
Pyruvate + Lactate 54+3% 54+1%
Others (glycogen) 18+4 % 13+3%

Malonyl-CoA concentration

1.16 £ 0.04 1.23 £ 0.07
(nmol/gww)
ACC activity

0.76 £0.12 0.83 +0.09
(umol.min. .gww™)
[Acetyl-CoAl-to-[CoA] ratio

) . 0.0559 + 0.0054 0.0580 + 0.0073

(arbitrary units)
Citric Acid Cycle flux rate (in

2.85+0.20 3.11+0.08

pumol.min™.gww™)

Data are means + SEM of 3-8 heart perfusion experiments. The Experimental Procedures provide details
about the (i) determinations of flux ratios, which reflect the contribution exogenous fatty acids (oleate)
and of carbohydrates (lactate, pyruvate and glucose) to acetyl-CoA and or oxaloacetate (OAA) formation
for citrate synthesis (CS), and (ii) calculation of citric acid cycle flux rate, and (iii) determinations of levels
of CoA derivatives and ACC activity. OLE: oleate oxidation; PDC: pyruvate decarboxylation; PC: pryuvate
carboxylation. *P<0.05
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Supplemental Table 1. mRNA expression of enzymes implicated in energy and triglyceride metabolism

in GC*° hearts and their WT littermates.

Gene mRNA

wWT GC°
(in transcript number/per ng total RNA)
Energy metabolism and regulatory enzymes
glutd 20460 + 2518 18510 + 1859
pdk4 32380 + 4937 30160 + 4980
pcx 484.0+41.9 499.4 +31.0
mcad 14150 £ 663 15190 £ 796
Triglyceride metabolism enzymes
atgl 13750 £ 995 12960 £ 683
dgat2 9344 £ 1137 8209 £ 800
hsl 200.2 £10.7 244.2 + 8.6**

Data are means + SEM of 6-9 freeze-clamped hearts collected in the middle of the light phase. glut4,

glucose transporter 4; pdk4, pyruvate decarboxylase kinase 4; pcx, pyruvate carboxylase; mcad,

medium-chain acyl-CoA dehydrogenase; atgl, adipose triglyceride lipase; dgat2, diacylglyerol O-

acyltransferase 2; hs/, hormone sensitive lipase. **P<0.01
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Figure Legends

+/0

Figure 1. Index of membrane integrity in isolated hearts from control WT and GC™™ mice

Data are means = SEM of 13-15 heart perfusion experiments. Values shown represent averages over the
entire perfusion period. Lactate dehydrogenase release rates of control (WT) mice (solid bars) and

hearts from mice overexpressing guanylate cyclase in a cardiomyocyte-specific manner (GC+/°) mice
(open bars) were determined enzymatically by spectrophotometric method in effluent perfusates collected

every 5 minutes. **P<0.01 GC"°vs control WT mouse hearts.

Figure 2. Lactate and pyruvate production rate (A) and the lactate-to-pyruvate production ratio (B)

+/0

assessed in isolated working hearts from control WT and GC™" mice

Data are means = SEM of 4 heart perfusion experiments. A. Lactate and pyruvate release rates were
calculated from the product of coronary flow rates and concentration differences in the influent and
effluent perfusates of [U-">Cs]lactate (open bars) and [U-"*Cs]pyruvate (solid bars) in hearts perfused with
[U-BC¢lglucose as determined by gas chromatography coupled to mass spectrometry (GCMS) and
enzymatic assays. B. Lactate-to-pyruvate ratio, in arbitrary units, is expressed as the release rate of
lactate divided by the release rate of pyruvate in WT hearts (solid bars) and GC™° hearts (open bars).
*P<0.05 and **P<0.01 GC"°vs WT mouse hearts.

Figure 3. Incorporation of exogenous oleate into triglyceride stores of isolated working hearts from
control WT and GC™° mice

Data are means + SEM of 5 heart perfusion experiments. The *C-enrichment of oleate in triglycerides
was assessed in hearts following a 30-min perfusion in the working mode with [U-*Cy5]oleate by GCMS
analysis of fatty acid methyl esters. Data are expressed as (A) absolute molar percent enrichment (MPE)
or (B) relative to the MPE of the acetyl moiety of citrate. *P<0.05 GC"° vs WT hearts.

Figure 4. Mechanisms regulating lipolysis: phosphorylation status of hormone sensitive lipase (HSL; A
and B) and AMP-activated kinase (AMPK; C) in WT and GC"° mouse hearts

Data are means + SEM of 7 (A & B) and 13 (C) freeze-clamped hearts of WT and GC”° mouse hearts.
Representative immunoblots using: (A) anti-phospho-HSL (Ser-565) with anti-HSL serving as loading
controls for total HSL protein, (B) total HSL protein normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and (C) anti-phospho-aAMPK (Thr-172) antibodies with anti-aAMPK
antibodies serving as loading controls for total tAMPK protein. Densitometry of phosphorylated protein
to total protein ratios from experiments performed on tissue homogenates extracts is shown. *P<0.05
and ***P<0.001 GC*° vs WT hearts.
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Figure 5. Effect of fasting on WT and GC"° mouse heart triglyceride levels

Data are means + SEM of 4-5 freeze-clamped hearts. Triglycerides were quantified
spectrophotometrically using a commercial kit (Sigma). *P<0.05 WT vs GC™° hearts and fasted vs fed
hearts.
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Chapter lll - Discussion

While cardiac energy metabolism has been a topic of interest for many years, interest has been surging
in the last decade in the light of recent findings linking metabolism to cardiac function. For instance, it
has been found that the adult heart switches its metabolic genes in response to pathologial stimuli (such
as for instance pressure overload (204)), and that the metabolism of energy substrates have pleiotropic
actions that go beyond the mere production of ATP, including signals for cardiac growth, programmed
cell death and survival, as well as formation of reactive oxygen species (9). In fact, metabolic
perturbations are currently considered as one of many mechanisms that contribute to
cardiopathological conditions such as ischemia/reperfusion injury and hypertrophy (5). Accordingly,
metabolic therapies are now being considered as new adjuncts or alternatives to current treatments for
heart diseases (9;205). However, the modalities of these therapies remain to be defined on the basis of
a better understanding of the role of the various components governing optimal cardiac metabolism,
which include signaling pathways. In this regard, results from this project provide for the first time
evidence that chronic activation of the cardioprotective cGMP signaling pathway in a cardiomyocyte
specific manner modifies cardiac substrate energy metabolism. Specifically, we showed that activation
of this pathway modulates FA trafficking and prevents triglyceride accumulation, which could
significantly contribute to the protection against pressure-overload hypertrophy. This section will first
discuss methodological considerations that ought to be considered in data interpretation, then further
elaborate on some findings and, finally, present the broader (patho)physiological relevance of our
studies.

Methodological Considerations

Working heart perfusion system

In order to fulfill the goals set by this study, we have utilized the ex vivo working heart perfusion system.
This widely used tool was combined with the use of *C-labeled substrates and GCMS. This approach
allows for the continuous monitoring of cardiac mechanics and metabolism and, hence, is particularly
useful for clarifying the link between substrate choice for energy production and cardiac function within
the whole intact beating organ. The measurements of dynamic fluxes can then be integrated with static
measurements of metabolite concentrations, protein levels and gene expression. Perfusion conditions
were chosen in an attempt to mimic as closely as possible the in vivo milieu, with respect to workload,
concentrations of calcium, substrates, hormones and co-factors. In fact, this ex vivo study model
combines the advantages of (i) flexibility in terms of experimental protocols and conditions, and (ii)
relevance to the in vivo situation in terms of work load, substrate selection, and metabolism (9).
However, this experimental model remains nevertheless an ex vivo system with some inherent
limitations. For example, beyond being denervated, these hearts were perfused with oleate as the sole
exogenous fatty acid source. While oleate is among the preferred FA substrates taken up by the heart, it
only accounts for about 60% of ATP derived from FAs in vivo. Other major contributors include, in order
of importance, palmitate, stearate and other FAs used to a lesser extent. Furthermore, multiple studies
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have highlighted the different effects of saturated and unsaturated FAs on signaling pathways and on
triglyceride synthesis (206;207). On the same note, we extrapolate FA oxidation on the assumption that
albumin-bound free FAs are the only contributors to energy synthesis in the heart. However, this is not
the case in vivo, where lipoproteins and chylomicrons also contribute to the transport and supply of FAs
to the heart. Indeed, lipoprotein lipase knockout mice develop cardiomyopathies (208-210), supporting
the notion that FAs derived from lipoprotein lipolysis are important for cardiac lipid metabolism.
Furthermore, our buffer lacks amino acids crucial to the heart such as glutamine, leucine, and alanine as
well as other hormones, namely glucagon. However, due to the short perfusion time, i.e. 30 minutes,
the lack of these amino acids and hormones should have limited consequences. Finally, another
limitation of the ex vivo heart perfusion system is the lack of an efficient oxygen transport system. While
in vivo, the heart can rely on hemoglobin for oxygen transport, very few studies have used washed red
blood cells in their perfusions due to technical difficulties. Consequently, our perfusate needs to be
saturated in oxygen, yielding O, partial pressures much higher than physiological values and possibly
submitting the heart to higher levels of oxidative stress.

While the use of an intact whole organ preparation is essential to study the intricate pathways involved
in cardiac energy metabolism, it does not discriminate the specific contribution of the organ’s various
cell types to the measured metabolic processes. In fact, although the heart is composed predominantly
of cardiomyocytes (on a weight basis >85%), it includes also other cell types with different metabolic
profiles. Indeed, while cardiomyocytes (which constitute the contractile unit of the heart) have an
oxidative metabolism, the metabolism of fibroblasts and endothelial cells (which constitute the
structural unit of the heart) is mostly glycolytic. This is of particular importance in the diseased heart,
which undergoes structural remodeling. Pathological states such as hypertrophy are associated with
fibroblast proliferation (211). In the intact heart, although the metabolic activity of cardiomyocytes
outweighs by far that of other cell types, the observed metabolic status reflects that of the organ as a
whole rather than cardiomyocytes specifically.

Regional metabolic variability might also occur in the isolated intact heart. In fact, substrate
concentration differences at various regions of the heart can be caused by the diffusive capacity of the
capillary wall and the permeating substrates metabolized by the different cell types. With colloid-free
perfusion, concentration differences can be underestimated since the lack of plasma proteins will
increase capillary permeability (212). Regional differences in the concentration of energy substrates
and/or metabolites (expressed as percentages of interstitial to vascular values) can be important, as
glucose concentration may decrease by as much as 50%, lactate by as much as 700%, and glutathione,
uric acid, adenosine, and catecholamines (when released by the myocardium) may increase by as much
as 200-600% (213). The magnitude of these gradients has to be taken into consideration. This is of
further importance in most ex vivo perfusion systems that operate in the circulating mode, meaning that
the buffer released by the heart is pumped back into the coronaries. We circumvented this major
technical flaw by collecting the coronary perfusate instead of recirculating it back to the heart. The use
of a non-recirculating buffer for heart perfusion is also a crucial prerequisite when using **C-labeled
substrates to avoid recycling of *C-labeled metabolites released by the heart. This would prevent
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achievement of an isotopic steady-state, which is an assumption of the equations that are used to
calculate metabolic flux ratios.

Measurements of myocardial triglyceride turnover and lipolysis

Although endogenous triglyceride stores may be a potentially substantial source of FAs for B-oxidation
in the healthy or diseased heart, only few studies have measured triglyceride turnover in working hearts
(214;215). These studies have used the traditional radiolabeled experiments with carbon-14 and tritium
labeling in a pulse-chase protocol. Triglyceride turnover was extrapolated from a two-point linear
analysis of data, by measuring endogenous and exogenous FA oxidation through **CO, and *H,0 release
in the heart effluents at different time points. While this is a powerful approach, it is an indirect
measurement of triglyceride turnover and oxidation, and it cannot measure the enrichment of
triglyceride pools. More recently, a new method was developed using nuclear magnetic resonance
(NMR). NMR provided the opportunity for the development of the first kinetic model of triglyceride
turnover from **C isotopic enrichment data assessed in the ex vivo Langendorff-perfused mouse heart
(216). Our study, for the first time, allowed for the direct measurement of exogenous FA incorporation
into endogenous triglyceride stores of ex vivo perfused mice hearts using GCMS. One of the major
strength of our approach is that it enables the direct and simultaneous assessment of the incorporation
of exogenous oleate into myocardial triglycerides and acetyl-CoA, which reflects the partitioning of this
FA into esterification (storage) and B-oxidation (energy), respectively. However, our method does not
enable us to measure triglyceride turnover precisely, because this calculation would require
measurements of pre- and post-perfusion triglyceride content as well as measurements of the *-C
enrichment of this pool at several time points during the perfusion period. In fact, the extrapolation of a
turnover rate from the *C-enrichment of triglycerides that is assessed solely in hearts freeze-clamped at
the end of the 30-minute perfusion period assumes that the rate of label incorporation would be linear
with time. However, this assumption does not appear to be valid given that one study has shown that
shorter enrichment periods yielded greater turnover rates when based on end-point linear enrichment
(215). Thus, measurements in the change in turnover are not possible if it is assessed for a single pool
under steady-state conditions.

There is another aspect by which our work differs from that of most other studies using *C-labeled FAs
to perfuse ex vivo hearts, since previous published heart perfusion studies have all used palmitate
(instead of oleate in the present study). Both oleate and palmitate constitute the most abundant
circulating free FAs and are preferred substrates for the heart, but they appear to be handled differently
by the hearts, at least with respect to triglyceride metabolism. In fact, it has been previously shown that
oleate prevents palmitate-induced apoptosis, possibly by promoting triglyceride synthesis (206;207).
Furthermore, the propensity of palmitate to enter neutral lipid stores in significantly lower than that of
oleate (206). Incidentally, the triglyceride turnover rate that is estimated from our *C-enrichment values
for the oleate moiety of triglycerides measured in perfused control mouse hearts is approximately
three-times greater than that reported in the literature using palmitate (216) (457 + 63 vs 160 + 30
nmol.min™.gdw™). Hence, to clarify these aspects and further substantiate our conclusion that chronic
cGMP signaling increases triglyceride turnover, additional experiments could have been undertaken
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using a pulse-chase protocol, whereby enrichments of triglyceride pools and direct endogenous FA
oxidation would be assessed after a 15- or 30-min “chase” of unlabeled oleate or palmitate.

Based on experiments and results presented in chapter Il, we concluded that hearts from GC mice
display an increased lipolysis. However, it is noteworthy that this conclusion is supported by our finding
of a decrease in the phosphorylation status of an inhibitory site of HSL. However, one other site whose
phosphorylation contributes to activation of HSL activating did not show any changes in its
phosphorylation status, and we did not have antibodies to test the phosphorylation status of other
possible important sites. Despite these limitations, our finding that triglyceride content following a 24h-

*% mice - an effect that is similar to that seen in mice

fast did not increase in hearts from GC
overexpressing HSL (217) - further support the possibility that activation of HSL increases lipolysis.
However, we cannot exclude, though it appears unlikely, that triglyceride content did not increase due
to decreased synthesis rather than increased breakdown. In fact, previous experiments conducted with

isolated cardiomyocytes from GC™°

mice showed an increased glycerol release compared to controls
(data from A. Zahabi, not shown), supporting an accelerated lipolysis in these transgenic cells. However,
the amount of glycerol measured in these experiments was very close to the limit of detection of the
assay used and precluded the formulation of a definitive conclusion. Nevertheless, to further support
and substantiate our conclusion, we could have assessed lipolytic activity in heart extracts incubated
with radiolabeled triolein or tripalmitin. However, this would have given us the activity of both ATGL and

HSL. There are no current methods to discriminate between these lipases.

Having discussed the methodological considerations of our study, the following sections will further
elaborate on the results and discussions presented in Chapters I, lll and IV.

Conceptual considerations

In addition to our finding that chronic activation of cGMP signaling affects lipid trafficking and glycolysis,
we made an additional observation that deserves further comments. In fact, during ex vivo perfusion in

the working mode, we found that hearts from GC™°

mice displayed a lower release of LDH, which was
used as a surrogate marker of membrane integrity. This finding may also be relevant to the
cardioprotective mechanism associated with enhanced cGMP signaling. Indeed, while providing what
are generally accepted to be physiological levels of workload, nutrients and calcium, the ex vivo working
heart perfusion still constitutes a mild stress on the organ resulting in minimal tissue damage (218), as
noted by baseline levels of LDH release. The observation that the transgene improves this surrogate
marker of membrane integrity highlights the importance of the cGMP pathway in cardioprotection.

Interestingly, the decreased LDH release rate in perfused GC™°

hearts was not associated with changes
in cardiac power or efficiency. This contrasts with other models in which membrane integrity is
maintained through downregulation of contractility, such as the hibernating myocardium (219).
Furthermore, these findings emphasize the importance of cGMP signaling in counteracting not only
chronic stresses, such as those induced by pressure-overload or isoproterenol stimulation (203), but also

acute stresses, such as 30 min isolated working heart perfusions.
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Initially, we attempted to investigate the relationship between the lower LDH release and the enhanced

*% mouse hearts, we would be able to

glycolysis, postulating that by partially inhibiting glycolysis in GC
block the decrease in LDH without affecting function and mimic the control phenotype. This working
hypothesis was based on the following reasoning. Multiple ion channels form complexes with glycolytic
enzymes, which appear to be associated with the sarcolemmal and sarcoplasmic reticulum (220-222).
Furthermore, some ion channels, including sarcoplasmic reticulum calcium ATPase (SERCA) and the
Na‘’/K" pump preferentially, use glycolytically-derived ATP (223;224). Hence, we reasoned that the
enhanced glycolysis observed in our transgenic animal model may be beneficial, improving ion
homeostasis by providing readily available cytosolic ATP in situ. While other authors have proposed that
increases in glycolysis are detrimental in the context of hypertrophy (225;226), increased glycolysis in
the latter studies was generally accompanied by alterations in the redox state of the cell, more
specifically, increases in lactate production that are not matched by increases in pyruvate production.

% mouse heart increases its release rate of pyruvate to the same extent of that of

However, the GC
lactate, which means that the [NAD']-to-[NADH] ratio remains unaltered and that the cell’s redox state
is therefore unchanged. The following section will discuss additional mechanisms that may possibly
explain the lower LDH release of perfused GC*° mouse hearts compared to control, and that remain to

be explored.

The mitochondrial permeability transition pore (MPTP) and PKCe

Several pathways leading to cell necrosis do so by opening the MPTP, thereby abolishing the
mitochondrial membrane potential essential for ATP production and releasing the caspase activator and
apoptosis signalling molecule cytochrome c. Opening of the MPTP eventually leads to cytochrome c
release, caspase activation, and cell death. One of the common causes of MPTP opening is an ischemic
insult. For more than two decades, it has been known that several brief periods of ischemia prior to a
prolonged lethal ischemic insult protects the myocardium against ischemia-induced infarction (227). This
phenomenon (referred to as “ischemic preconditioning”) was found to inhibit opening of the MPTP
through a cGMP dependent signalling pathway (228;229). While in our experimental model of ex vivo
heart perfusion in the working mode used normoxic conditions, we cannot exclude the possibility that a
transient ischemic episode may occur during heart isolation (although we took care to constantly rinse
heart with cold buffer during the dissection). Given that chronic activation of the cGMP pathway

*° mouse hearts could possibly be more resistant to the mild

partially mimics preconditioning, GC
ischemic stress associated with isolation before ex vivo perfusion. In this regard, we found that control
mouse hearts displayed a LDH release of 504 mU/min in the first 5 minutes, which decreased by 12 %
to 44+4 mU/min at the end of the perfusion (p<0.05). This contrasts with GC°

showed no difference in the LDH release throughout the perfusion, on average 29.7+0.1 mU/min.

mouse hearts, which

More recently, Costa and colleagues demonstrated that the addition of exogenous PKG and cGMP to
isolated mitochondria resulted in the opening of mitochondrial ATP-sensitive potassium (mitoKarp)
channels, which subsequently prevents opening of the MPTP. PKG-dependent MPTP channel activation
could be blocked by 5-hydroxydecanoate, glibenclamide, and tetraphenylphosphonium, which block
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mitoKarp opening (230;231). The mitoKarp are located on the inner mitochondrial membrane, and
cytosolic PKG would not be able to penetrate the outer membrane. That implies that intermediate steps
exist to transmit the signal between the two membranes. Indeed, Costa showed that channel opening
was dependent on the PKCe isoform. It is uncertain how many other steps within the mitochondria
might be involved. Additional data from these authors supported the involvement of PKG in mediating
the cardioprotective signal from the cytosol to the mitochondria (231). Additionally, PKCe appears to be
a target for multiple signaling pathways and is thought to somehow provide a memory of the protection
that persists after the trigger is withdrawn and which continues during prolonged periods of stress
(232). While we have made attempts to assess PKCe phosphorylation in hearts from control and GC™°
mice, we found no difference in the protein content of PKCe in whole heart or mitochondrial extracts
between the two groups. We were unable to quantify the phosphorylation level of PKCe because of the

poor quality of phospho-peptide antibodies recognizing phoshorylated PKCe.

Other mechanisms - potential involvement of calcium, calcineurin-NFAT,

lipotoxicity and MAPK signalling

One factor that is likely to be involved in mediating an acute cardioprotective effect of enhancing cGMP
signaling is improved calcium handling. Indeed, it is widely accepted that cGMP, through protein kinase
G (PKG), regulates several aspects of ion homeostasis, and more importantly, calcium release and
uptake (233;234). It was recently demonstrated that a cGMP analogue reduces peak intracellular [Ca*']
and intracellular [Ca®'] oscillation (235) after ischemia-reperfusion, thereby attenuating the excessive
activation of the contractile machinery that otherwise leads to the development of hypercontracture
and cell damage. Indeed, cGMP/PKG I-dependent inhibition of the L-type Ca** channel current has been
implicated in the negative inotropic effects of NO in cardiac myocytes (236) and to inhibit SR calcium
release through the ryanodine receptor channel (237). Simultaneously, PKG-1 also relieves SERCA
inhibition through phosphorylation and inactivation of phospholamban (238). Taken together, cGMP
appears to be able to decrease calcium influx in the cytosol as well as increase the efficiency by which it
is pumped back into the SR, i.e. regulating the main channels responsible for calcium homeostasis in
cardiomyocytes. This may thus affect contraction, but also the other events that are Ca**-dependent in
cardiomyocytes. Beyond the mere regulation of the concentration of calcium, the cGMP pathway can
also modulate the ability of that ion to trigger the opening of the MPTP pathway as mentioned above,
but also to act as a second messenger activating the calcineurin-NFAT signaling pathway. As described in
Chapter |, calcineurin becomes activated by sustained elevations of intracellular Ca** concentration.
Once activated, calcineurin dephosphorylates its primary downstream effector NFAT, leading to its
nuclear translocation (35). However, in cell culture models, NO has been shown to promote
antihypertrophic effects via cGMP-dependent PKG activation (239). Although the actual source of Ca®*
that activates calcineurin in cardiac myocytes is incompletely understood (240), it has been proposed
that calcineurin activation in cardiac myocytes depends on Ca®* entry via the L-type Ca** channel (39).
Along this line, it has been shown that the growth-inhibitory effects of the NO—cGMP—-PKG pathway
upstream from calcineurin are mediated by inhibition of the L-type Ca** channel current (239;241). More
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acutely, calcineurin has also been shown to be involved in isoproterenol-mediated cardiomyocyte
apoptosis, and this effect was abrogated by the calcineurin inhibitors Cyclosporine A and FK506 (242).
Similarly, transgenic mice expressing dominant-negative calcineurin in the heart were refractory to
isoproterenol-induced TUNEL reactivity in vivo (243). However, the role of calcineurin is controversial, as
it has also been shown to protect against ischemia-reperfusion injury and other acute assaults. Indeed,
transgenic mice expressing a constitutively active mutant of calcineurin are significantly protected from
ischemia-reperfusion-induced DNA laddering (244) and in cultured cardiomyocytes adenoviral-mediated
gene transfer of activated calcineurin reduced 2-deoxyglucose-induced TUNEL, while calcineurin
inhibition with a Cain expressing adenovirus increased TUNEL (244). While more investigation is
necessary to further clarify the role of calcineurin in mediating both chronic and acute cardioprotection,
the effects of cGMP of calcium transients can possibly enable better regulation of the calcineurin
signaling pathway and promote an anti-apoptotic effect.

Another potential benefit of increase cGMP signaling is the decrease in lipid signaling and lipotoxicity.
Indeed, it is widely accepted that the sphingolipid ceramide is a ubiquitous regulator of cellular stress
and contributes to insulin resistance in diabetic patients (245) Moreover, studies have shown that
ceramide and/or its derivatives, such as ganglioside GM3 and sphingosine, induce oxidative stress,
apoptosis, inhibit glucose uptake and storage and antagonize insulin signaling (245). Through increased
cellular compartmentation of lipid storage and oxidation, cGMP may therefore prevent free FAs from
taking part in other pathways such as the synthesis of ceramides, or activation of PKC through increased
diacyglycerol. While we did not measure ceramides or PKC activation, it is appears likely that these
factors are decreased in our model and contribute to the increased cell survival during working heart
perfusion.

There are at least two other potential mechanisms by which cGMP signalling can promote cell survival
and increased membrane integrity, as seen in the GC"° mouse hearts. Both of these mechanisms involve
interference with MAPK signaling. As detailed in Chapter |, MAPK signalling is upregulated in heart
failure and is generally considered to be a major player in the development of the disease. However, its
actions are generally considered to be chronic and cannot readily explain the difference seen during an
acute stress such as a working heart perfusion. Given the chronic activation of the cGMP pathway noted
in our model, it is nevertheless a possibility that the heart is better prepared to an acute assault through
increased regulation of pro-inflammatory or pro-apoptotic factors, such as TNFa (245), iNOS (246) and
Mcl-1 (247).

One mechanism involving MAPK that could protect the myocardium would involve the potential
interference of cGMP signaling with the pro-apoptotic TAB-1-p38 MAPK signaling pathway. Cardiac
myocyte death by apoptosis is tightly controlled by a complex network of stress-responsive signalling
pathways. One pro-apoptotic pathway involves the interaction of the scaffold protein TAB1 with p38
mitogen-activated protein kinase (p38 MAPK) leading to the autophosphorylation and activation of p38
MAPK. This process is generally activated during ischemia and independent of upstream p38 kinases
MKK3 and MKK®6 (248). It has been shown that activation of p38 leads to hypertrophy while suppression
of p38a, the predominant isoform of p38 MAPK in the mammalian heart, by transgenic overexpression
of a dominant-negative mutant reduces cardiac myocyte apoptosis and myocardial infarct sizes during
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I/R (249). Recently, one study showed that the NO/cGMP downstream target PKG protects cardiac
myocytes from ischemia/reperfusion-induced injury by interfering with the pro-apoptotic TAB1-p38
MAPK signaling pathway. Binding of cGMP-activated PKG to p38 MAPK and inhibition of TAB1-induced
p38 MAPK autophosphorylation appeared to be the molecular mechanism of p38 MAPK inhibition by
PKG (250). Similarly, cGMP was also shown to protect from ROS induced apoptosis in cultured
macrophage cells through inhibition of p38 activation (251).

Similarly to the above mechanism, cGMP-dependant signalling can also chronically attenuate MAPK
signalling through dual specificity MAPK phosphatases, such as MKP-1, which inactivate MAPK by
dephosphorylation of the two critical MAPK residues accountable for their activity and regulate the
magnitude and duration of p38, JNK, and ERK activation. MKP-1 is constitutively expressed at a very low
level and underlies a tight and rapid transcriptional induction by different stimuli (252). Little is known
about the signaling events leading to an MKP-1 induction besides reports describing that ROS (253) and
different kinases (MAPK and PKC)(254) might be involved. Recently, it has been shown that constitutive
activation of MKP-1 limits the cardiac hypertrophic response (80) and protects the heart from injury and
cell death following ischemia-reperfusion in vivo (249). This provided a framework for a novel
mechanism by which ¢cGMP signaling can be cardioprotective. Indeed, it has been found that ANF
activated Racl, leading to the production of superoxide. Superoxide activates the JNK/AP-1 pathway,
resulting in transcriptional upregulation of MKP-1 and overall downregulation of all MAPK pathways
(255) and therefore protect the myocardium both acutely and chronically. It has also been hypothesized
that the ROS production also serves a pre-conditioning purpose and can account for part of the
cardioprotective effect of ANF.

Broader relevance of this study and clinical perspectives

Our finding of an effect of enhanced cGMP signaling on lipid trafficking, reported in chapter Il, appears
to have specific relevance for preventing cardiac lipotoxicity, a condition that has been linked to the
development of diabetic cardiomyopathy. In fact, diabetes is one of the most prevailing causes that lead
to cardiac dysfunction (256). It is the single most important risk factor for coronary artery disease and
over 30% diabetics in the United-States are diagnosed with diabetic heart disease (257). Furthermore,
two-thirds of diabetics will eventually die of some sort of cardiovascular disease (258). In addition to
large vessel disease and accelerated atherosclerosis (which are very common in diabetes), diabetic
cardiomyopathy (DCM) is a clinical condition diagnosed when ventricular dysfunction develops in
patients with diabetes in the absence of coronary atherosclerosis and hypertension (259).

Metabolic perturbations are possibly one of the first alterations that were noticed in diabetic hearts. As
early as in the 1950s, it was recognized that cardiac myocytes from a diabetic patient had an abnormal,
energy-inefficient metabolic function, with almost no carbohydrate oxidation (260) and a decrease in
glucose uptake (261). The changes seen in DCM are not dissimilar to those seen in reperfusion after
transient ischemia. Of note, following a myocardial infarction, diabetic patients have almost twice the
rate of mortality and 3 times the rate of progression to congestive heart failure when compared to non-
diabetic patients (262). The reasons behind this increased susceptibility to ischemic damage are
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controversial but are probably related to: 1) the increased FA oxidation, which is further exacerbated
during reperfusion (263), and 2) the fact that carbohydrate oxidation (whose capacity is already
reduced) is even further compromised by ischemia, thus reducing the capacity to properly utilize glucose
for energy production (264). Indeed, diabetes leads to a persistent hyperglycemia accompanied by a
hyperlipidemia. This alters the availability of substrates to the diabetic heart, which, combined with
altered insulin signaling, alters substrate metabolism. In fact, the diabetic heart is faced with a reduced
glucose oxidation rate and a dramatically increased FA B-oxidation, the latter accounting for almost all
of the ATP production in this condition (265). Accordingly, there is a dramatic increase of FA
transporters, especially CD36, which is postulated to have an important role in the etiology of cardiac
disease (266).

Several lines of evidence, both clinical and experimental, suggest that high plasma levels of free FAs and
high rates of FA oxidation in the myocardium result in impaired contractile function and more
arrhythmias during and after ischemia both in the normal and diabetic heart (267;268). Accumulation of
FAs and their toxic intermediates have been associated with mechanical dysfunction and cell damage in
diabetic hearts subjected to ischemia (269) and to depressed sarcoplasmic reticulum Ca?* pump and
myofibrillar ATPase activities and myosin isozymes (270). The best evidence for a causative link between
high FA oxidation and impaired cardiac function comes from studies in isolated rat hearts where either
FA oxidation was inhibited (with CPT-I inhibitors) or PDH activity stimulated and contractile recovery
from ischemia improved.

Faced with increased lipid accumulation and overload, the diabetic heart incurs cellular dysfunction, cell
death, and eventual organ dysfunction. Indeed, it is suggested that the basis of TG accumulation seen in
the diabetic heart is due to both inhibition of lipolysis and enhancement of synthesis (271) and
accelerated turnover kinetics (216) resulting from high levels of exogenous free FA and glucose.
Accordingly, the findings demonstrated in chapter Il may provide a novel role for the cGMP pathway in
the treatment of DCM. Indeed, increased triglyceride synthesis and breakdown might prove beneficial in
preventing lipotoxicity in these cases through activation of HSL.

In addition to its effect on lipid metabolism, it appears likely that cGMP signaling may protect the
diabetic heart through its impact on Ca** homeostasis. Indeed, studies indicate a decrease in the ability
of the cell to remove Ca®* through Na*-Ca®* exchange and Ca*-pump systems in the sarcolemma of
diabetic rat hearts (272). More recently, decreased SERCA activity was shown to be a major contributor
to the development of cardiac dysfunction in diabetes (273;274) and decreased expression of the
channel was also reported (275). These differences are partly explained by altered calcium signaling at
the level of the ryanodine receptor, a key regulator of SERCA (276) as well as increases in
phospholamban observed in diabetic hearts (277). Originally, these abnormalities were thought to be
associated with intracellular calcium overload (278); however, subsequent evidence emphasized altered
[Ca™; transients with unchanged basal concentrations (279). As outlined earlier, cGMP, through protein
kinase G (PKG), regulates several aspects of ion homeostasis, and more importantly, calcium release and
uptake (233;234), and would thus provide a second mechanism by which it could prove beneficial in the
treatment of DCM.
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Conclusion and future perspectives

In summary, this study describes metabolic alterations in the hearts of mice overexpressing a
constitutive guanylate cyclase resulting in chronic activation of the cGMP signaling pathway. We provide
direct evidence that cGMP signaling modulates cardiac energy metabolism in a cardiomyocyte-specific
manner. Through an HSL-dependent activation of lipolysis, cGMP specifically acts on lipid
compartmentalization. This may mediate some of its beneficial effects by favoring triglyceride cycling
and thereby preventing triglyceride accumulation in a cardiomyocyte-specific manner; especially under
conditions such as fasting where circulating long chain FAs are increased. An interesting follow-up to this
study would be to investigate the effects of our model on the appearance and progression of type 2
diabetes. For this purpose, it would be possible to cross GC”~ mice with a mouse model of diabetes, such
as ob/ob mice or db/db mice.

We also identified an increased resistance to cell necrosis following an acute stress such as the working
heart perfusion. While we did not directly investigate the mechanisms behind this cardioprotection, we
speculated on its origin, whether it was mediated by MPTP inhibition, increased calcium homeostasis, or
decreased pro-apoptotic signaling. Thus, it appears relevant to investigate these different hypotheses. It
is possible to assess pore opening in isolated mitochondrial preparations as well as in the intact heart.
These measurements could be coupled to investigations of the various signaling pathways such as MAPK
pathways. Finally, it would be interesting to see whether the increased anaerobic glycolysis is necessary
to mediate this cardioprotection. Partial inhibition of LDH with iodoacetate would enable titration of
anaerobic glycolysis without affecting glucose oxidation and enable assessment of the importance of
this metabolic anomaly.
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