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Abstract 

The surgical repair of congenital heart defects (CHDs) often requires a 

bloodless/motionless field achieved by arresting the neonatal heart and exposing it to a 

period of ischemia. Metabolic manipulation, such as suppression of fatty acid (FA) 

oxidation, improves post-ischemic functional recovery in adult hearts. However, the 

metabolic profile of a neonatal heart differs dramatically from that of an adult. The 

neonatal heart is highly dependent on FA oxidation while glucose metabolic 

rates remain low until weaning. Since the neonatal myocardium is a FA-centered 

metabolism, then, unlike the adult heart, augmenting FA oxidation may improve 

its post-ischemic function recovery by increasing ATP available to the 

myocardium. In these studies, hearts were isolated from relevant neonatal 

rabbit models to study insulin’s effect, neonatal volume-overload hypertrophy, 

neonatal cardiac hypertrophy treated with a peroxisome proliferator activated-

receptor-α (PPARα) agonist. The hearts were perfused ex vivo to assess changes 

in cardiac metabolism and post-ischemic functional recovery associated with 

each treatment. The results demonstrate that high fat alters the neonatal heart’s 

response to insulin to increase FA oxidation and improve post-ischemic 

functional recovery. In contrast, neonatal cardiac hypertrophy downregulates FA 

metabolism and is associated with poor post-ischemic functional recovery. The 

administration of a PPARα agonist upregulated the FA metabolic pathway; 

therefore, FA metabolism increased and rescued the metabolic phenotype 

associated with cardiac hypertrophy and normalized post-ischemic functional 



recovery. In conclusion, augmenting FA oxidation with clinical levels of insulin in 

the normal neonatal heart and or a PPARα agonist in hypertrophied neonatal 

hearts improves post-ischemic functional recovery and may be a viable therapy 

of ischemia-reperfusion protection.  
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1.1 Neonatal Heart Energy Metabolism and Pathological Alterations 

The heart’s energy demands are met through several catabolic pathways: 

glycolysis, glucose oxidation, Fatty acid (FA) oxidation (mostly oleic and palmitic 

acids), and lactate oxidation (fig 1-1). The adult heart derives 50-70% of its 

required ATP from FA oxidation (1-3). In contrast, the fetal heart relies heavily on 

anaerobic glycolysis to meet its energy demands (4-6). Approximately 44% of 

total ATP production in the fetal heart is derived from glycolysis (6) while FA 

oxidation contributes ~15% (6). Over the neonatal period, the heart adapts to a 

high-fat milk diet as a new source of energy substrate (7). In rabbits, by 7 days 

old, the heart’s glycolytic rate drops to 5% and FA oxidation rates increase 10 

folds making it the primary supply of ATP (8). Within this neonatal period, the 

myocardium undergoes drastic hemodynamic, structural, and metabolic 

modifications. Therefore, the neonatal myocardium responds to ischemia-

reperfusion much differently compared to the adult heart. The neonatal hearts 

that are subjected to ischemia-reperfusion are often those with a congenital 

heart defect (CHD) requiring cardiac surgery. The defect itself is capable of 

altering hemodynamics sufficiently to cause pressure- or volume-overload 

cardiac hypertrophy. As cardiac hypertrophy modifies cardiac metabolism in the 

adult heart, the hypertrophied neonatal myocardium may also have distorted 

metabolism and consequently an altered response to ischemia-reperfusion. 

However, the disparity between adult and neonatal heart metabolism prevents 

the translation of adult cardiac therapies to the neonatal population. Herein, 
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focus will be placed on the neonatal metabolic transition, ischemia-reperfusion 

injury, and cardiac hypertrophy.  

1.2 Neonatal Carbohydrate Metabolism  

The maturation of myocardial glucose metabolism is multi-faceted and includes 

changes to glucose uptake and trapping, glycolysis, and glucose oxidation. This 

transition occurs over the neonatal period, but full maturation of the glucose 

oxidation pathway cannot be appreciated until after weaning (6,7).   

Glucose uptake is controlled by the glucose transporters embedded within the 

plasma membrane. While GLUT1 is constitutively present in the plasma 

membrane and is responsible for basal glucose uptake, GLUT4 translocation to 

the plasma membrane is controlled by insulin stimulation. This regulation of 

glucose uptake fine-tunes coordination of alternate substrate metabolism to the 

metabolic needs of the heart. GLUT1 is the predominant glucose transporter 

found in the fetal heart and remains so in the immediate newborn heart (9-12). 

In the neonatal period, GLUT1 expression decreases as GLUT4 expression 

increases (9-12). Hexokinase (HK)-I is part of the basal glucose uptake along with 

GLUT1 expression. HK phosphorylates glucose molecules to generate glucose-6-

phosphate, preventing its expulsion from the cytoplasm to provide a negative 

gradient that further draws glucose into the cytoplasm. As GLUT1 to GLUT4 

expressional dominance changes, HK-I expression subsides and the expression of 

HK-II, often found in insulin-sensitive tissues (13,14), increases in the neonatal 
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period (9,10). These expression changes could be thought of as increased insulin 

sensitivity and control over glucose uptake.  

However, in bovine hearts, coinciding with GLUT4 upregulation, the number of 

insulin and insulin-like-growth factor-1 receptors may be decreased during this 

period (12). Whole-body insulin resistance is also apparent in neonatal dogs in 

which liver glucose production is incompletely decreased upon insulin 

stimulation compared to an adult (15). Insulin receptor binding affinity does not 

differ greatly between adult and neonatal canine hearts (16). Therefore, it has 

been hypothesized that insulin resistance in the neonatal myocardium may exist 

due to a post-receptor mechanism (15,16). Hence, though the switch to GLUT4-

predominant glucose uptake occurs, insulin control over metabolism may play a 

lesser role than that found in the adult heart. Simultaneous to this insulin-

resistant state, plasma insulin levels decrease in the neonatal period (7). These 

changes help promote the development and the dependence of the neonatal 

heart on FA oxidation. 

Downstream to glucose uptake and its activation into glucose-6-phosphate by 

HK, glycolysis and glucose (pyruvate) oxidation metabolize glucose into energy 

units. The ATP contribution from glycolysis in the heart drops dramatically during 

the neonatal period due to altered expression of glycolytic enzyme expression 

(5,17-19) and regulatory signaling proteins (20,21). Fetal cardiac glycolytic rates 

are in excess compared to that found in the normal adult heart; and these rates 
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persist in the immediate newborn as found in 1-day old rabbit hearts (6). In 

contrast, the glycolytic rates in 7-day-old rabbit hearts decreases to levels found 

in the adult heart and supply less than 10% of the necessary ATP (6,8). This 

change is largely the product of altered phosphofructokinase (PFK)-1 isozyme 

expression (20,21). PFK1 is a key glycolytic enzyme that is heavily regulated to 

control the rate of glycolysis as it catalyzes the formation of fructose 1,6-

bisphosphate from fructose-6-phosphate. PFK1 is allosterically inhibited by ATP, 

a process which is potentiated by citrate. On the other hand, PFK1 activity can be 

stimulated by fructose 2, 6-bisphosphate (F2,6-BP) produced by PFK2. During the 

neonatal period, the expression of the muscle PFK1 isoform is increased 

compared to the fetal level (21). Fetal PFK1 is more sensitive to F2,6-BP 

stimulation and less sensitive to ATP inhibition, while that of the adult is more 

sensitive to changes in ATP and citrate levels compare to F2,6-BP stimulation 

(20). Therefore, during maturation, as PFK1 isoforms switch, glycolysis becomes 

increasingly regulated and sensitive to changes in ATP and citrate produced from 

alternative substrates, such as FA, and therefore more easily suppressed as FA 

oxidation predominates.  

The metabolic fate of glycolytic products also changes with maturation. In order 

for glycolysis to produce a meaningful energy equivalent, NADH must be 

converted into ATP in the mitochondria. This conversion requires the malate-

aspartate shuttle to transfer the NADH into the mitochondria in order that the 

electron transport chain converts it to ATP. In maturation, the malate-aspartate 
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shuttle capacity decreases during the neonatal period (22,23). In porcine hearts, 

this decline occurs within 35 days of birth (23) and parallels the decline in 

glycolysis simultaneous to increased FA oxidation rates.  

Another end product of glycolysis is pyruvate. In the fetal heart, much of the 

pyruvate produced from anaerobic glycolysis is converted into lactate rather 

than undergo oxidation (4). In turn, the fetal heart readily oxidizes lactate 

(17,24). Incidentally, lactate oxidation accounts for most of the fetal myocardial 

oxygen consumed (17,24,25). Low glucose oxidation rates, dependence on 

glycolysis and lactate oxidation reflect the low tricarboxylic acid cycle activity 

(17,26) and low mitochondria content in the fetal heart (18). Following birth, as 

lactate levels drop from 5-7 mM to adult levels of  approximately 0.5 mM (27), 

myocardial lactate oxidation rates decrease significantly to proportionately 

contribute less ATP to the neonatal heart. In contrast, as the neonatal 

myocardium increases dependence on oxidative phosphorylation, namely 

through FA oxidation; the number, size, and complexity of mitochondria also 

increase (28). 

Although the elements of the glucose metabolic pathway mature in the newborn 

period, the contribution of glucose oxidation to ATP production in the 

myocardium does not fully mature until weaning (6,7). This maintained 

immaturity may be a consequence of relative insulin resistance in the neonatal 

heart, increased sensitivity to ATP inhibition, and a rise in FA oxidation. 
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Therefore, as the heart transitions from the fetal state to the neonatal state, 

cardiac metabolism become highly dependent on FA metabolism until 

adulthood.  

1.3 Fatty Acid Transport and Oxidation 

FA oxidation is limited by its rate of transport into both the cell and the 

mitochondrial matrix. Numerous theories have been hypothesized regarding the 

movement of FAs into the cytoplasm, such as the “flip-flop” model, whereby 

extracellular FAs are integrated momentarily into the plasma membrane and 

extruded into the cytoplasm. On the other hand, CD36, fatty acid transport 

protein (FATP), and plasma membrane-associated FA-binding proteins have been 

shown to facilitate long chain FA (LCFA) transport into the cytoplasm (29). This 

FA transporter and its translocation process is described in fig 1-2.  CD36 is 

mostly found in the recyclable endosomal pool (30). Its translocation to the 

plasma membrane is stimulated by insulin, adiponectin, or myocyte contraction 

(31,32). Little is known about CD36/FATP in the neonatal heart, but alongside 

the decreased circulating insulin, adiponectin levels increase (33) as with 

adiponectin receptor-1 mRNA expression (34) in the neonatal period in order 

that the heart metabolically matures to depend on FA oxidation. Adiponectin 

increases CD36 recruitment to the plasma membrane and increases FA uptake; it 

also causes 5’-AMP-kinase (AMPK) phosphorylation to increase FA oxidation (32).  
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Therefore, CD36 may play an important role in cardiac metabolic maturation as 

its presence may play a vital role in FA uptake into the cytoplasm. 

Mitochondrial FA uptake is the rate-limiting step to FA oxidation (1,35-37). The 

gatekeeper of FA transport into the mitochondria is carnitine 

palmitoyltransferase (CPT-1). Shown in fig 1-3, cytoplasmic FA is first activated by 

acyl-CoA synthetase into an acyl-CoA. On the outer mitochondrial membrane, 

CPT-1 transfers the fat moiety from acyl-CoA to carnitine and is, in turn, 

transported via a translocase to the inner mitochondria matrix where CPT-2, 

located at the matrix side of the inner mitochondrial membrane, reconverts the 

acyl-carnitine into acyl-CoA. The reconstituted acyl-CoA is directed to FA β-

oxidation. The released carnitine may diffuse across the mitochondria 

membrane and is recycled to bind to another acyl-moiety for transport. 

Alternatively, carnitine may also bind to an acetyl group to form acetylcarnitine 

by carnitine acetylcarnitine translocase, which also catalyzes its transport out of 

the mitochondria. Short- and medium-chain FAs are thought to freely diffuse 

across the mitochondria membrane and their oxidation is not rate limited. 

Meanwhile, CPT-1 regulates the transport of LCFA as CPT-1 is subjected to 

inhibition by allosterically binding to malonyl-CoA, an intermediary product in 

the process of FA synthesis. Malonyl-CoA is synthesized by acetyl CoA 

carboxylase from acetyl-CoA and metabolized by malonyl-CoA decarboxylase 

(MCD); it is the resultant product of the dynamic between the two enzymes that 

causes CPT-1 inhibition. 
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1.4 Mechanisms in Cardiac Metabolic Maturation 

In contrast to glucose metabolic maturation, cardiac FA metabolic maturation 

reaches adult levels early on in life. Less than 0.1 mM of free FAs circulate in fetal 

blood, but immediately following birth, free FA levels rise to those seen in adults 

(0.2-0.4 mM) (27,38,39). In the 1-day-old rabbit heart, FA oxidation provides only 

10% of the ATP required by the heart to reflect fetal FA oxidation rates (8,40). 

Within 7 days of birth, FA oxidation rates increase 10 fold in the neonatal rabbit 

heart (8).  The transition from reliance on glycolysis to FA oxidation is attributed 

to a change in diet and hormones that coincide with transcriptional changes. 

Increased substrate availability partially drives the switch from glycolysis to FA 

oxidation. As the neonate consumes milk, dietary FAs increase leading to an 

increased supply of FA to the heart. In utero, fetal nutrition is largely composed 

of carbohydrates (~70%) (7). Although in some species (humans, rabbits, rats) 

the placenta readily allows the diffusion of lipid-soluble substances, much of the 

fat that crosses the placenta is stored in the liver and adipose tissue (7). Though 

oxygen may be thought of as limited as the fetus resides in a relatively hypoxic 

state, its oxygen extraction capacity is much greater than that of the adult due to 

fetal hemoglobin. The fetal heart undergoes high rates of lactate oxidation (18) 

to demonstrate a well oxygenated fetus. Whether the fetal heart oxidative 

capacity is oxygen-limited is debatable. However, the oxygen-rich environment 

of neonates, combined with increased circulating FA means that the substrates 
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required to facilitate the early and rapid maturation of FA oxidation are 

available. In human neonates, dietary fats increased to supply nearly 50% of the 

neonate’s total calories consumed (7). The dietary fats are supplied by the 

mother’s milk of which 95% of the fat is contained in triacylglycerol (TG) (7). In 

human milk, a large proportion of these TGs are unsaturated LCFA while 5-15% 

are medium-chain FA (7); and in rabbit, cow, and goat milk, the proportion of 

medium-chain FAs is 30-40% (7). Additionally, in the immediate newborn, prior 

to establishing suckling, the newborn is dependent on endogenous adipose 

tissue fat stores. These adipose tissues are predominantly composed of palmite 

and oleate-containing TGs (54-55%) (7) and are mobilized to increase plasma FFA 

in the immediate newborn. In contrast, as sucking rats are weaned from fat-rich 

milk to a high carbohydrate diet, hepatic rates of FA oxidation decreases 

significantly due to coordinated changes in plasma FFA and the liver’s response 

to substrate availability (7). 

Hormonally, in the immediate newborn period, circulating insulin levels decrease 

(7,41) while adiponectin rises (33). Acetyl-CoA carboxylase (ACC) produces 

malonyl-CoA which strongly inhibits CPT-1 (fig 1-3 and fig 1-4). In the immediate 

newborn, as insulin levels rise, AMPK expression and activity are increased to 

phosphorylate and inhibit ACC so that malonyl-CoA synthesis is inhibited (35,41). 

Simultaneous to lowered ACC activity/expression, cardiac MCD 

expression/activity increases (42-46) following birth. This accelerates the rate at 

which malonyl-CoA is decarboxylated and removed. Consequently, the 
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fetal/newborn high malonyl-CoA levels drop rapidly within days, post-partum 

(35,41). Although this adaptation may allow for the myocardium to normalize 

wall stress, intolerance to ischemia reperfusion is increased as well (47-49).  

As malonyl-CoA levels drop, CPT-1 inhibition is lifted to increase FAs influx for 

oxidation. This critical drop in malonyl-CoA levels drives FA oxidation maturation 

and is due to both a decrease in synthesis and an increase in degradation. During 

this transition, CPT-1 expression also switches from the liver (L)-CPT-1/CPT-1a 

isoform to the muscle (M) CPT-1/CPT-1b isoform, which accounts for 90% of all 

CPT-1 activity in the adult heart (50). Interestingly, intrinsic to M-CPT-1, with the 

isoform switching, the rate of FA oxidation is now subjected to an increased 

sensitivity to malonyl-CoA inhibition. There is no evidence to suggest that this 

increased sensitivity decreases FA oxidation rates. To add, this occurs 

simultaneously to a significant drop in malonyl-CoA levels to further suggest that 

the switch causes increased fine-tuning of metabolic pathways, which occurs in 

the midst of downregulated regulatory signaling.  

Pyruvate dehydrogenase (PDH) is the enzyme that catalyzes the committed, 

irreversible reaction in glucose oxidation. Coincident to the changes that 

decrease glycolysis and FA oxidation, mitochondrial PDH expression and activity 

increases during the first 10 days of life (51) and should equate to increased 

pyruvate oxidative capacity. However, pyruvate dehydrogenase kinase (PDK), 

which covalently modifies PDH to inhibit PDH activity, also rises within the 
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neonatal period (52). Elevated FA oxidation rates increase acetyl-CoA levels to 

inhibit PDH activity alongside the PDK modifications (6,53). Hence, glucose 

oxidation rates remain low (6) and its maturation is postponed until after 

weaning (7).  

Transcriptionally, two major nuclear receptor pathways control the maturation 

of cardiac metabolism: 1) hypoxia-induced factor-1α (HIF-1α) and 2) peroxisome 

proliferators activated receptor α (PPARα). HIF-1α regulates hypoxia-induced 

expression of various genes involved in anaerobic glycolysis by binding to the 

HIF-1α response element. HIF-1α increases the expression of genes such as PDK1 

(54,55), GLUT1 (56-58), hexokinase 1 (56), and lactate dehydrogenase-A (56,57).  

We have found that HIF-1α levels are high in the 1-day-old rabbit heart and 

rapidly decrease over the neonatal period (unpublished data) mirroring the fetal 

ovine heart profile (59).  Subsequently, during the neonatal period, glycolytic 

pathway genes may decrease, ultimately decreasing glycolytic rates.  

PPARα seems to act reciprocally to HIF-1α. PPARα regulates genes involved in FA 

metabolism (60,61). Activating the PPARα response element increases 

expression of fatty acyl-CoA synthase (62), CPT-1 (62-64), medium-, and long-

chain acyl-CoA dehydrogenase (62,65,66). Our lab has correlated corresponding 

changes to FA oxidation rates to PPARα up-(67) or down-regulation (68). In the 

neonatal period, PPARα expression increases in the heart (69) but metabolic 

rates have not been quantified. 
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1.5 Peroxisome Proliferator-Activated Receptor α in the Heart 

Peroxisome proliferator-activated receptors (PPAR) are a group of ligand-

activated transcription factors that control expression of genes responsible for 

FA metabolism. There are three subtypes: PPARα, β, and γ. Upon activation by a 

ligand, the PPAR forms a heterodimer with the retinoid X receptor and binds to 

the PPAR response element located at the promoter regions of the target genes. 

PPARs have a wide range of synthetic and natural ligands. Synthetic PPAR ligands 

include hypolipidemic drugs often used clinically to reduce plasma lipids (eg 

fibrates and gemfibrozil); these display preferential binding to PPARα; 

thiazolidinediones are anti-hyperglycaemic  agents (eg Glitazones) which have a 

propensity towards PPARγ; and other synthetic PPARδ ligands which have yet to 

find their clinical application (L165041 or GW0742X)(70). Additionally, FAs of 

varying chain lengths act as endogenous ligands to these PPARs (71-73).  

Of the three subtypes, PPARα has been the most studied and is highly expressed 

in organs that undergo high rates of FA catabolism such as the heart, skeletal 

muscle, liver, kidneys, pancreas, and intestinal mucosa (74,75). PPARγ is mostly 

found in adipose tissue and is expressed at lower levels in the heart, liver, 

skeletal and vascular smooth muscle, endothelial and bone marrow (76-78). 

PPARδ is expressed in greater quantities and is more ubiquitous relative to the 

other two subtypes (74). However, regardless of distribution, the differential 



14 
 

binding of varying ligands and co-factors/repressors make each subtype of PPAR 

multi-functional (79,80).  

In the fetal heart at embryonic day (ED) 54 and 125, PPAR mRNA levels have 

been quantified to show timely expressional fluxes  (81) that are implicated in 

coordinated cell differentiation and proliferation (82) outlining PPARα’s 

importance in cardiomyocyte metabolic and overall maturation. The activation 

of PPARα, but not PPARβ or γ promotes embryonic stem cell differentiation into 

cardiomyoctes (82). According with fetal cardiac metabolism comprising of high 

glycolytic rates and an underdeveloped FA oxidation pathway, PPARα, β, and γ 

are expressed at low levels compared to that observed in the adult equivalent 

and changes very little with fetal age (81). In contrast, mRNA of PPARα, β, and γ 

are significantly upregulated to that of adult levels at 7-days old in neonatal rat 

hearts compared to 0-days old (34). This illustrates the dramatic transcriptional 

change that occurs simultaneously to the enzymatic and metabolic changes 

during the neonatal period. For instance, medium chain acyl-CoA dehydrogenase 

(MCAD) and other FA oxidation enzymes are expressed at low quantities in the 

prenatal period and rise rapidly to levels seen in adults during the immediate 

newborn period (83-85). Therefore, PPAR’s transcriptional control plays a vital 

role in the metabolic transition between fetal and neonatal cardiac FA 

metabolism.  
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1.6 Hypoxia-Inducible Factor-α in the Heart 

Hypoxia-inducible factor-1α (HIF-1α) is a transcription factor regulating over 100 

genes involved in glycolysis, metabolism, apoptosis, angiogensis, and cell cycling 

(86) in response to changes in oxygenation (fig 1-5). Although constitutively 

expressed, in a well oxygenated cell, a prolyl-hydroxylase domain (PHD)-

containing enzyme hydroxylates HIF-1α making it prone to polyubiquitination by 

von-Hippel Lindau (VHL) E3 ubiquitin ligase (87) and destined for proteasomal 

degradation. In contrast, hypoxia (typically below 3%–5% O2) (88) suppresses 

PHD activity and reduces HIF-1α hydroxylation and interaction with VHL (89,90). 

Decreased degradation allows HIF-1α to interact in a heterodimer with other HIF 

factors, translocate into the nucleus, and increase transcription of target genes 

such as GLUT1 (56-58), PDK1 (54,55), HK-I (56,91), HK-II (91) and lactate 

dehydrogenase (LDH)-A (56,57).  

HIF-1α protein levels are relatively high in the fetal ovine heart and decrease 

dramatically and immediately in the post-natal period as with α-enolase, LDH-A, 

and PFK1 (59). Vital to cardiovascular development, HIF-1α knockout mice 

demonstrate disturbed cardiac looping predisposing the heart to ventricular 

deformation (92,93). HIF-1α downregulation is also associated with folic acid 

deficiency-related CHDs (94). Correct cardiac morphogenesis in mice requires a 

hypoxic environment, which elevates HIF-1α at ED 8.5-10 (93). In turn, the 

genetic changes affect metabolism and therefore survival. In HIF-1α knockout 
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mice, HK-I expression is severely diminished (92). Hyperglycemia failed to rescue 

these embryos, but hyperoxia prolonged their survival and abolished findings of 

growth inhibition demonstrating that the loss of HIF-1α during embryo 

development prompts inappropriate and untimely oxidative metabolism. 

Therefore, its cyclical activations during crucial periods in embryonic 

development contribute to appropriate morphological and metabolic cardiac 

development.  

1.7 Ischemia-Reperfusion Injury and the Neonatal Heart 

In Canada, approximately 6000 infants are born with congenital heart disease 

every year and about one-third will require surgical intervention within the first 

month of life to survive.  Surgical intervention requires the cardioplegic arrest of 

the neonatal heart in order to attain a bloodless and motionless field for 

operation. This exposes the neonatal heart to ischemic periods that can exceed 

one hour (95). Post-operative myocardial functional recovery is not only reliant 

upon optimal surgical techniques, but also on perioperative interventions. 

However, in spite of superior surgical techniques (96-101), inadequate 

cardioprotection remains a major contributor to mortality (i.e. mortality ~4%) 

(102) following surgical repair (98,103-105).  Depressed contractile function 

manifests in up to 20% of pediatric patients following surgical correction of CHDs 

(106), and is the most common cause of post-surgical death in these patients 

(107-109). Though the incidence of depressed contractile function can be 
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decreased through inotropic support (110), increased inotropic support is 

associated with increased mortality (111,112).  

Ischemic injury remains a major contributor to post-surgical morbidity and 

mortality. Elevated circulating lactate has been correlated to poor clinical 

outcome and high mortality in patients undergoing correctional surgery for CHDs 

(113-117). Elevated lactate levels result from prolonged cardio-pulmonary 

bypass time and clamp duration, and higher inotropic score (118).  A recent 

study reported mortality rates of 10% associated with elevated lactic acid levels, 

and thus prolonged ischemic time (118). Taken together, these clinical correlates 

demonstrate that prolonged surgery and ischemic time contributes to adverse 

outcome as a result of ischemia-reperfusion injury.  Although energy substrate 

metabolism may be a therapeutic target to attenuate myocardial ischemia 

reperfusion injury (119), there are marked differences between the neonatal and 

the adult heart. Furthermore, cardiac hypertrophy may develop secondary to the 

CHD-induced pressure- or volume-overload to alter cardiac metabolism. 

Therefore, understanding hypertrophied neonatal cardiac metabolism during 

and following ischemia-reperfusion will aid the development of new strategic 

approaches to protect the neonatal heart during cardiac surgery.  

1.8 Ischemia-Reperfusion Injury 

Myocardial ischemia-reperfusion (IR) injury is related to the balance between 

energy supply and demand; a topic that has been extensively reviewed (120-
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126). During ischemia, O2 and extracellular substrates are limited or depleted 

resulting in a dramatic reduction in glucose and FA oxidation. Consequently, ATP 

is generated from anaerobic glycolysis of intracellular glycogen to meet the 

metabolic demands of the heart. As ischemia activates AMPK, malonyl-CoA 

production decreases to release CPT-1 inhibition. Along with ischemia-induced 

increased plasma FA levels (127), increased FA uptake occurs and residual 

amounts of FA oxidation occur generating acetyl-CoA and elevating NADH:NAD+ 

ratio that activates PDK, which in turn, inhibits PDH alongside of depleting 

residual oxygen, and hence, inhibit glucose oxidation. Glycolysis becomes 

uncoupled from glucose oxidation causing an accumulation of cytosolic H+ 

resulting in intracellular acidosis due to the absence of coronary flow waste 

removal. The H+ gradient obligates the exchange of 1 Na+ for 1 H+ via the Na+-H+ 

exchanger (NHE). The NHE therefore plays a vital role regulating cellular pH and 

has been shown to contribute to IR injury (128). Indeed, genetic deletion of the 

NHE in cardiomyocytes is cardioprotective against IR injury (129). Intracellular 

Na+ builds up, obligating the reversal of the Na+-Ca2+ anti-porter (NCX) to now 

expel 3 Na+ in exchange for 1 Ca2+ ion (130) leading to intracellular Ca2+ overload 

and further of ATP in attempts to restore intracellular ionic homeostasis 

(125,131). Male mice with an overexpression of NCX1 show greater susceptibility 

to IR injury (132). Ca2+ overload may be caused by several mechanisms during 

ischemia and reperfusion (133), including opening of voltage-gated L-type 

calcium channels (LTCC) during ischemia. Therefore, Ca2+ overload may be 
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attributed in part to opening of these LTCC channels. However, in human trials, 

LTCC blockers have shown either to reduce cellular damage or no 

cardioprotective effects (134-136). In addition, the sarcoplasmic reticulum (SR) 

also becomes impaired (137) and impedes Ca2+ reuptake via SR Ca2+-ATPase 

(SERCA) (138,139). 

During ischemia the intracellular Ca2+ overload, in turn, activates the 

mitochondrial permeability transition (MPT) that opens the MPT pore. However, 

intracellular acidosis during ischemia inhibits the MPT pore from opening; but 

during reperfusion, as pH is normalized, the MPT pore opens, allowing solutes to 

freely enter the mitochondrial matrix and for the release of cytochrome C from 

the intramitochondrial space into the cytoplasm. Cytochrome C can then activate 

caspases and initiated apoptosis. Excess Ca2+ also activates Ca2+-dependent 

proteases and phospholipases (137,140). During reperfusion,  reoxygenation also 

causes production of reactive oxygen species that further cause reperfusion 

injury.  

During reperfusion following ischemia, the primary source of ATP in the adult 

heart originates from accelerated rates of FA oxidation (127,141). Increased 

circulating levels of FA during ischemia (127) and altered cellular control over FA 

oxidation (40,142) drive the acceleration of FA oxidation. In a non-diabetic heart, 

FA oxidation rates can increase to provide 80-90% of the heart’s total energy 

needs (120,143,144). As above, in reperfusion, FA oxidation produces copious 
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amounts of acetyl-CoA and increases NADH:NAD+ ratio to activate PDK, which 

phosphorylates and inhibits PDH as part of the Randle cycle (145). Glycolysis 

continues to produce H+ uncoupled from the neutralization of glucose oxidation, 

but O2 consumption increases to maintain cardiac energy inefficiency (125). 

Consequently, global contractile dysfunction ensues during reperfusion 

(125,144). 

A large proportion of ATP is continually diverted towards restoring ionic 

homeostasis and removal of metabolic byproducts during reperfusion in the 

midst of lowered cardiac efficiency (124,146). This process diverts ATP away 

from the energy needed to initiate and maintain immediate contractile function 

(1,125,147,148). With the ischemic ionic imbalance, reperfusion, while removing 

the accumulated extracellular ions and waste products, generates an osmotic 

gradient that favours cell swelling. The rapid pH restoration causes further ionic 

imbalances that exacerbate intracellular Ca2+ accumulation. Numerous 

components of either phase overlap and ultimately bring about cell death by 

necrosis, apoptosis, and/or autophagy. 

1.9 Ischemia-Reperfusion Injury in the Neonatal Myocardium  

The relative ability of the neonatal heart to withstand ischemia-reperfusion has 

been a controversial topic. While some studies have demonstrated the 

intolerance of the neonatal heart to ischemia-reperfusion (149-155), others have 

demonstrated an increased tolerance (156-162) relative to that of the adult 
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heart. The latter camp also provides evidence to demonstrate the tolerance to 

ischemia is inversely related to age; therefore, with age, tolerance to ischemia 

diminishes. However, ischemic intolerance relative to adult hearts has been 

gauged using parameters that are adult-specific and have been criticized for 

their accuracy relative to the biochemical and physical immaturity of the 

neonatal heart (162-165). Therefore, interpretation of age comparison studies 

must be executed with caution.  

As H+ accumulation and acidosis are highly correlated to ischemia reperfusion 

injury in adult hearts, several studies have shown that this holds true in the 

neonatal equivalent. Neonatal hearts subjected to ischemia-reperfusion have 

excessive lactate and H+ accumulation compared to adult hearts subjected to 

similar lengths of ischemia-reperfusion (166-168). However, in these studies, the 

increased H+ accumulation was not correlated to cardiac function. Clinically, 

elevated lactate levels correspond to poorer outcomes and increased mortality 

after CHD correctional surgery (113-117). However, Milerova et al (169) 

demonstrated that mitochondria extracted from isolated perfused normal 

neonatal rat hearts subjected to ischemia reperfusion are less susceptible to Ca2+ 

induced swelling. This suggests that normal neonatal cardiomyocyte 

mitochondria are less sensitive to MPT opening and are more tolerant of 

ischemia-reperfusion injury in spite of acidosis, which may develop more rapidly 

in the neonatal heart. Furthermore,  normal working 7-day-old rabbit heart have 

been proven to be more resilient with an 87% functional recovery compared to 
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an adult heart, which recovered to only 47% of its pre-ischemic function after 

being exposed to the same length of ischemic time (163).  

Ischemia suppresses oxidative phosphorylation in both the adult and neonatal 

heart due to the lack of adequate oxygenation. During post-ischemic 

reperfusion, rates of FA oxidation recover rapidly in the adult heart and in turn 

continue to suppress glucose oxidation (1,170-172). These elevated rates of FA 

oxidation during reperfusion are detrimental to the adult heart. Augmenting 

glucose metabolism, promoting re-coupling of glucose oxidation to glycolysis 

(173-175), or inhibiting FA oxidation (176,177) are methods that aid the adult 

heart’s recovery from ischemia.  However, due to the metabolic disparity 

between the adult and the neonatal heart, these cardioprotective strategies 

cannot be extrapolated to the neonatal heart.  

Neonatal hearts are vulnerable to an energy deficit during ischemia-reperfusion. 

The longer  the duration of ischemia, the more depleted glycogen stores and 

high energy phosphate pools become (178). Consequently, the more severe 

functional deficit occurs in neonatal hearts. Torrance et al (178) have further 

shown in newborn hearts that better recovery from ischemia is associated with 

higher levels of available high energy phosphates and reducing equivalents. 

Energy deficiency correlating to post-ischemic cardiac dysfunction has been 

documented in canine models of neonatal cardiac ischemia-reperfusion injury 

(179) and clinically (180). Therefore, while metabolic substrate selectivity is 
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crucial to prevent further ischemia-reperfusion injury and improve functional 

recovery in the adult heart, non-selectively increasing energy equivalents take 

precedence in the neonatal myocardium. In fact, in contrast to the adult heart, 

elevated post-ischemic FA oxidation rates are cardioprotective to the neonatal 

heart (181). Furthermore, the increase of pyruvate oxidation is equally 

protective for the neonatal heart (182,183), showing that non-selective substrate 

supplementation is equally effective. The non-selective nature of substrate 

metabolism is likely due to the increased resistance of the normal neonatal 

myocardium against acidosis and mitochondrial damages elicited by ischemia-

reperfusion compared to the adult myocardium. 

Unfortunately, most neonatal animal studies of cardiac ischemia-reperfusion 

injuries use normal animals. These models do not take into account the 

abnormal anatomy, biochemistry, and hemodynamics of the hearts in the 

children undergoing corrective surgery for their CHD. Therefore, it is difficult to 

compare the findings from these studies to the clinical correlate. Placed into 

context, children with elevated plasma lactate levels have poorer outcomes and 

are likely to have hearts with abnormal biochemistry unable to cope with the 

acidosis, unlike the normal heart. Therefore, it is crucial to elucidate the 

biochemical changes in a model relevant to CHDs, such as that of a hypertrophic 

heart model. By understanding the biochemical changes, more relevant cardiac 

protection strategies can be elicited.  
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1.10 Cardiac Hypertrophy and Energy Metabolism 

Cardiac hypertrophy is an adaptive response to increased cardiac workload to 

normalize wall stress. In adult hearts, terminally differentiated cardiomyocytes 

non-proliferatively increase in mass and volume.  However, progressive cardiac 

hypertrophy can become maladaptive leading to heart failure. In the adult heart, 

cardiac hypertrophy is associated with numerous protein expression changes 

such as a switch from α-myosin to β-myosin heavy chain (184-186), decreased 

M-CPT-1 (187), increased LDH-A (188,189), a switch towards fetal-type creatine 

kinase (190), increased GLUT1 (191), a downregulation of MCAD and, increased 

PFK expressions (192). These expression changes are conducive to metabolic 

remodeling towards a fetal metabolic profile whereby the myocardium becomes 

heavily dependent on glycolytic metabolism and less on oxidative 

phosphorylation (186,189,193,194). Cardiac hypertrophy is associated with 

deranged cardiac metabolism, be it a consequence of acquired or congenital 

cardiomyopathy (195-197). We and others have demonstrated that glycolysis 

increases (198) while FA oxidation decreases in pressure- and volume-

overloaded hearts (199,200). Furthermore, these genes are under the regulation 

of PPARα and HIF-1α; hypertrophy-related changes have been associated with 

altered PPARα (201-204) and HIF-1α expression/activity (192,205-207).  

PPARα is implicated in the metabolic switch observed in cardiac hypertrophy in 

which the fetal metabolic phenotype is revived at the expense of FA oxidation 



25 
 

(185,189,208-213). In cardiac hypertrophy, different PPARs play a different role 

to contribute to the hypertrophic phenotype. The inactivation of PPARα and 

PPARβ/δ downregulates the FA oxidation pathway while the inactivation of 

PPARγ leads to the development of hypertrophy (214) to show that the 

metabolic phenotype is largely a result of PPARα changes. In a pressure-overload 

hypertrophy model, PPARα expression is downregulated in the heart alongside 

several genes involved in PPARα controlled genes involved in FA metabolism, 

such as M-CPT-1, MCAD, acyl-CoA oxidase (187,215), and uncoupling protein-3 

(215,216).  

Equally, HIF-1α itself (192) and HIF-1α-regulated genes controlling glycolysis are 

upregulated: namely GLUT1 (191), LDH-A (188,189), PFK2 (192) and 

monocarboxylate transporter (MCT)-4 (217,218). Physiologically, FA oxidation 

requires 10% more O2 compared to glucose oxidation (219). The metabolic 

changes associated with cardiac hypertrophy is thought to be adaptive (220) as 

FA oxidation requires more oxygen to metabolize than glucose. In hypertrophied 

hearts, rates of FA oxidation can be nearly 30-40% lower than that in normal 

hearts (199,221). Therefore, this adaptation makes the heart more energy 

efficient. However, FA oxidation of medium FA chain, such as palmitate, 

produces 105 mol of ATP. In contrast, glycolysis produces 2 ATP per molecule of 

glucose and complete oxidation of glucose produces only 31 mol of ATP. While 

increasing metabolic efficiency, the ATP producing capacity of the heart is 

downregulated. The elevated rates of glycolysis are not accompanied by 
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increased pyruvate oxidation (198,222-224). Rates of pyruvate oxidation are 

lower in hypertrophied hearts compared to normal hearts (223). In fact, glucose 

metabolism is unable to completely compensate for the decreased FA oxidation. 

When challenged with increased workloads, without the ability to increase ATP 

production, the now metabolically inflexible heart, fails.  

1.11 Peroxisome Proliferator-Activated Receptor α in Cardiac 

Hypertrophy 

The metabolic switch occurs via a downregulation of the FA oxidation pathways 

as well as altered expression of key enzymes that act as metabolic switches 

between glucose and FA metabolism. PDK4 is one such gene. It is under the 

transcriptional control of PPARα (225). PDK4 acts as a metabolic switch to toggle 

between FA and glucose oxidation due to its ability to phosphorylate and inhibit 

PDH, therefore favouring FA oxidation. In cardiac hypertrophy, along with 

decreased FA oxidation, PDK4 is downregulated (226), thus permitting glucose 

metabolism to predominate in the hypertrophied myocardium (227). Alone, its 

upregulation does not alter cardiac function, but it can exacerbate pre-existing 

cardiomyopathy by intensifying cardiac necrosis and fibrosis (228) likely by 

inhibiting PDH without a parallel increase in FA oxidation. This may lead to an 

energy deficiency or even crisis which underlies the exacerbated necrosis. 

Furthermore, decreased PDK4 may also decrease ischemia-reperfusion 
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tolerance, which requires copious amounts of ATP for successfully functional 

recovery that minimizes myocardial damage.  

Meanwhile, extracellular FA uptake may be diminished. In the spontaneous 

hypertensive rat, cardiac hypertrophy develops between 8-12 weeks of age 

secondary to hypertension (229-231). CD36 is downregulated in these rats 

simultaneously to increased intracellular lipid accumulation due to impaired FA 

oxidation (232).  This downregulation is also observed following angiotensin II 

(Ang II)-induced cardiac hypertrophy, CD36 is also downregulated (233). In 

humans, children with congenital CD36 defects develop cardiomyopathies 

(234,235). Yet, in hypertrophied caveolin-3 KO hearts (236), transgenic mice 

overexpressing a truncated form of troponin (237), and age-related cardiac 

hypertrophy of mice hearts (238) all have normal or increased CD36 expression. 

The diversity of CD36 phenotypes suggests that CD36 may exhibit differential 

expression due to temporal, species, and pathological differences between these 

models of cardiac hypertrophy and alone may not induced hypertrophy. Yet, in 

association with increased PPARα expression (239), FA continues to accumulate 

in various human and animal models of cardiac hypertrophy including: pressure-

overload (240), volume-overload, diabetic cardiomyopathy (241-243), and other 

idiopathic cardiomyopathies (240,244,245). In a model of volume-overload 

hypertrophy, lipid accumulation is associated with myocardial dysfunction that 

can be corrected by administration of rosiglitazone, a PPARγ agonist, which 

decreased triacylglycerol (TG) accumulation and improved contractile function.  



28 
 

Intramyocyte lipid accumulation was first reported in 1858 in patients with 

congestive heart failure (246). This pathology has been termed lipotoxicity due 

to the resulting lipid-induced apoptosis and may contribute to contractile 

dysfunction in the hypertrophied heart. This process has been extensively 

reviewed (247).  TG accumulation may or may not occur simultaneous to an 

increased FA uptake by CD36 as indicated by the varying CD36 phenotypes. This 

is further affirmed by studies in myocytes overexpressing CD36 in which FA 

uptake increased alongside corresponding FA oxidation with no increased TG 

synthesis (248). Therefore, while CD36 facilitates increased FA uptake, CD36 

upregulation is not necessary for TG accumulation in a hypertrophied 

myocardium; rather the context of increased glycolysis and decreased rates of 

FA oxidation in which the altered CD36 expression occurs determines the 

detriments it causes.  

In the hypertrophied heart, rates of glycolysis are elevated, which encourages 

the formation of TG and therefore its accumulation. The increased rates of 

glycolysis increase substrate for glycerol-3-phosphate production via glycerol-3-

phophostate dehydrogenase from dihydroxyacetone phosphate, a glycolysis 

intermediary. Increased glycerol-3-phosphate facilitates TG synthesis by 

providing substrate for glycerol-phosphate acyltransferase (GPAT), the rate 

limiting enzyme for de novo TG synthesis (249). Hence, though alone, the 

expressional changes of CD36 may not alter TG accumulation and lipotoxicity, 

the underlying elevated glycolysis is conducive to increased TG synthesis.  
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Furthermore, hypertrophy downregulates mitochondrial FA uptake to effectively 

reduce rates of FA oxidation, rates that cannot be compensated by increased 

glucose metabolism (250). CPT-1 is downregulated in several models of cardiac 

hypertrophy (240,251-253). It has been observed that the pharmacological 

activation of PPARα prevents the reduction in CPT-1 expression along with other 

enzymes in the FA oxidation pathway in a hypertrophied heart to curb the 

progression towards heart failure and improves survival (202,254,255). In 

association with M-CPT-1 downregulation, the removal of its allosteric inhibitor 

by MCD is also decreased in cardiac hypertrophy. In pressure-overload rat 

models of cardiac hypertrophy, MCD expression/activity decreased significantly 

together with reduced PPARα expression (256) allowing malonyl-CoA to 

accumulate and inhibit CPT-1 transport of FA into the mitochondria for 

oxidation. In contrast to PPARα transcriptional control, the activation of PPARγ 

decreases MCD expression (256). This further illustrates the cause-and-effect 

relationship between specifically PPARα and cardiac metabolism in a 

hypertrophied heart.  

The relevance of CPT-1 inhibition is further exemplified by altered AMPK and 

ACC activity in cardiac hypertrophy. The genetic deletion of LKB1, the upstream 

kinase that phosphorylates AMPK, also induces cardiac hypertrophy (257). In 

both an Ang II-stimulated cultured cardiomyocyte and murine pressure-overload 

model of cardiac hypertrophy, AMPK phosphorylation was significantly 

decreased without altered AMPK expression (258). In fact, in mice expressing a 
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mutant form of AMPK it was observed that AMPK deficiency exacerbates 

obesity-induced cardiac hypertrophy and cardiac dysfunction (259). These 

findings were accompanied by decreased ACC phosphorylation and increased 

GLUT4 translocation to the plasma membrane (258). Interestingly, in various 

cultured cardiomyocyte models of cardiac hypertrophy, incubation with an 

AMPK stimulator, 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside 

(AICAR) (258,260) or metformin (259), prevented cardiac hypertrophy. 

Metformin-treated rats with aortic banding also exhibited lessened cardiac 

hypertrophy, an effect abrogated by co-treating with L-NAME, a nitric oxide 

synthase inhibitor (259). The sum of decreased M-CPT-1 expression and its 

increased inhibition decreases FA transport into the mitochondria for oxidation 

in the hypertrophied heart. Furthermore, mitochondrial FA uptake and 

subsequent FA oxidation play a key role in the development of cardiac 

hypertrophy and may represent a potential therapeutic target to modify the 

course of cardiac hypertrophy and heart failure. 

1.12 Hypoxia Inducible Factor-1α and Glucose Metabolism in 

Cardiac Hypertrophy 

The deranged metabolism in a hypertrophied heart is partly a result of the 

dynamic relationship between PPARα and HIF-1α, whereby elevated activity of 

one is associated with diminished activity of the other. In cases of hypoxia, 

PPARα activity and expression are downregulated while that of HIF-1α is 
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upregulated in order to equilibrate metabolism in response to altered substrate 

availability, namely oxygen (252,261). In cardiac hypertrophy, HIF-1α alters 

metabolism in coordination with PPARα changes by directly interacting with 

PPARα as well as regulating processes that facilitate both glucose and FA 

metabolic pathways.  

HIF-1α participates in a dynamic relationship with PPARα. Intriguingly, the 

PPARα gene contains a consensus motif that is under HIF-1α transcriptional 

regulation (261). Upon hypoxia-induced HIF-1α nuclear accumulation, HIF-1α 

binding to the consensus sequence on the PPARα gene is increased and PPARα 

expression and binding activity is decreased. Additionally, HIF-1α may also 

interrupt the interaction between PPARα and the retinoid X receptor to prevent 

PPARα induced transcription (252). This increases lipid accumulation in 

cardiomyocytes and limits FA oxidation (252).  In contrast, despite the presence 

of hypoxia, when HIF-1α gene is depleted the anti-sense oligonucleotide, HIF-1α 

binding to the PPARα gene is prevented and PPARα becomes upregulated (261). 

In the midst of metabolic distortion, cardiac hypertrophy can be averted when 

HIF-1α is deleted. Indeed, transaortic constriction or unilateral renal ligation fails 

to provoke cardiac hypertrophy in HIF-1α knockout mice (240). It is likely that 

persistent normal cardiac metabolism accompanies this phenotype.  

In the hypertrophied heart, increased HIF-1α augments anaerobic glycolysis as 

the heart decreases its reliance on oxidative phosphorylation coupled with 
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defective mitochondrial biosynthesis (252,262). The upregulation of HIF-1α 

alone is sufficient to stimulate cardiac hypertrophy (240). The hypertrophied 

heart is predominantly dependent on glucose metabolism, but the rate of 

glycolysis occurs disproportionately higher than the rate of glucose oxidation 

(194,263). This occurs as GLUT1, PFK1, PFK2, and HK-I are upregulated, as is 

PDK1 (54,55). The switch towards GLUT1 expression increases glucose uptake in 

the hypertrophied heart (264,265). The increased expression of PFK1 facilitates a 

metabolic vacuum to metabolize increased glucose supply by elevating glycolysis 

rates. PFK2 is also upregulated to increase F-2,6-BP, which further stimulates 

PFK1 activity.  

Meanwhile, PDK1 phosphorylates and inhibits the conversion of the glycolytic 

end-product into acetyl-CoA (54,55), thus reducing substrates entering into the 

TCA cycle, or glucose oxidation. The pyruvate may accumulate and become a 

substrate for LDH for the conversion into lactate. The increased LDH-A 

expression, characteristic of the hypertrophic and fetal phenotype (188), further 

facilitates lactate metabolism as pyruvate is directed away from oxidation. 

However, this lactate is not oxidized. Rather, the increased expression of MCT-4 

increases under HIF-1α control to expel excess lactate into the extracellular 

space (217). The removal of excess lactate prevents the inhibition of glycolysis 

through acidification as lactate dissociates into lactate anion and H+ at 

physiological pH.  
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Upregulated HIF-1α expression and glycolysis also impact TG synthesis (252). In 

animal models of HIF-1α overexpression, or in VHL knockout mice, excessive TG 

accumulates in the heart (252,262). It has been hypothesized that preventing the 

conversion of pyruvate to acetyl-CoA encourages anabolic use of glycolytic 

products in the de novo synthesis of FA (266). As glycolysis increases, so do levels 

of dihydroxyacetone phosphate (DHAP). DHAP is converted to glycerol-3-

phosphate by glycerol-3-phosphate dehydrogenase and serves as the substrate 

for glycerol-3-phophate acyltransferase, the rate-limiting step of de novo TG 

synthesis. Krishnan et al (2009) demonstrated that a portion of glucose that 

undergoes glycolysis during upregulated HIF-1α expression, is directed into the 

increasing TG pool (240). While FA oxidation is diminished, the free FA uptaken 

into the hypertrophied myocardium (267) is channeled into TG synthesis, 

prompted by increased HIF-1α expression. Hence, the interplay between PPARα 

and HIF-1α plays a large part in altering cardiac metabolism in the hypertrophied 

heart by regulating key pathways in hypertrophy pathology.  

1.13 Neonatal Cardiac Hypertrophy 

In the post-natal period, cardiomyocyte proliferation occurs at near 

undetectable rates (268). Therefore the heart undergoes physiological 

hypertrophy in order to adapt to the life ex utero. During this transition, the left 

ventricle encounters added resistance and is solely responsible for peripheral 

circulation. Meanwhile, the right ventricle is now exclusive to the pulmonary 
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circulation and subjected to less resistance. With the dynamic pressure changes 

encountered by the left and right ventricles, the left ventricle undergoes 

physiological hypertrophy while the right involutes. Meanwhile, Akt activity 

increases during this rapid newborn maturational period (269). Akt, when 

activated acutely for two weeks in cardiac-specific Akt1-transgenic mice of 12-

weeks of age, causes physiologic hypertrophy with no activation of fetal genes; 

the hypertrophy is also reversible when the transgene is repressed (270). Akt 

plays an important role in the development of physiological hypertrophy through 

the PI3K/Akt/mTOR pathway (271-273). Additionally, Akt also mediates the 

upregulation of the GLUT4 gene (274). When Akt is chronically stimulated for 6 

weeks leads to pathological hypertrophy (270). Therefore, the transition between 

physiological and pathological hypertrophy may be a difference in duration of 

heightened Akt activity.  

Pathological hypertrophy can develop secondary to CHD(s) that cause pressure- 

or volume-overload (275). While numerous studies catalogue the development 

of normal neonatal myocardium, little is known about neonatal cardiac 

hypertrophy. Prior studies have suggested that cardiac hypertrophy in the 

neonate alters cardiac metabolism. AMPK activity and expression are decreased 

in a porcine model of patent ductus arteriosus volume-overload hypertrophy 

(276). Consequently, ACC activity remained elevated as well as high malonyl-CoA 

levels, favorable to inhibiting FA oxidation and its pathway development. HIF-1α 

mRNA and protein levels normally decrease in the first week of life in newborn 
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sheep (59); however, in rabbits that have received aortic banding at 10 days of 

age or housed in a hypoxic chamber, cardiac HIF-1α expression is significantly 

higher compared to control animals (205). Neonatal piglets with pulmonary 

artery banding-induced right ventricular hypertrophy show an increase in 

enolase α expression (277). This may consequently affect glycolysis. However, to 

what extent cardiac hypertrophy affects neonatal heart metabolism and more 

importantly, the impact of these alterations on myocardial ischemia-reperfusion 

tolerance has yet to be fully understood.  

1.14 The Neonatal Rabbit Model 

The neonatal rabbit model is a widely accepted model of several pediatric 

diseases (eg. pulmonary hypertension, PDA, hypoxia). Neonatal rabbit 

cardiovascular biology has been extensively examined and has a similar 

metabolic maturational profile to that of humans (7). Reviews that examine 

adult cardiac models have highlighted the advantages of the rabbit model (278-

280). Electrophysiologically, adult rabbit hearts have a conduction system similar 

to that found in human and dog hearts (281). This is further exemplified by a 

similar underlying cardiomyocyte Ca2+ transport between rabbits and humans. 

The removal/sequestration of the Ca2+ at the restart of the contraction cycle in 

the rat heart is mainly derived from the sarcoplasmic reticulum (92%) to where it 

is re-sequestered (282). In contrast, the rabbit heart is more consistent to that of 

the human heart where a considerable amount of Ca2+ originates extracellularly 



36 
 

and is only 70% dependent on the sarcoplasmic reticulum. ~30% of the 

intracellular Ca2+ is therefore extruded by Na+-Ca2+ exchanger in rabbit and 

human cardiomyocytes (282,283). This correlates to a prolonged action potential 

in the rabbit and human heart, as with most mammalian hearts, with a 

prominent plateau phase, which is lacking in the rat and mouse ventricles  (280).  

Another advantage of using a rabbit cardiac model relates to the contractile 

components. As with adult humans, the adult rabbit heart expresses the β-

myosin heavy chain, an attribute of slow-twitching muscles (284) (285). In 

contrast, rat and mouse ventricles predominantly express the α-myosin that 

contributes to fast-twitch muscles (286). Moreover, the development of the 

rabbit heart, in respect to myosin differential expression, is also similar to that of 

human heart development. In the fetal rabbit heart, both α- and β-myosins are 

expressed; this expression pattern favours α-myosin expression in neonatal 

cardiac development, which is later dominated by β-myosin in adult life (287). 

Relative to a fetal/neonatal model, the rabbit heart development would follow a 

closer pattern to that of a human heart.  

Interestingly, as a model related to ischemia-reperfusion, the rabbit heart has 

less collateral coronary circulation relative to the human or even a canine heart 

model whereby the circumflex supplies most of the LV free wall as compared 

that of the left anterior descending artery (288,289). The impact of fewer 

collaterals may not be appreciated across species, but may decrease the rabbit 
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heart’s tolerance to hypertrophy as well as ischemia and reperfusion injuries and 

produce a more pronounced reaction to the insult of volume-overload. 

Therefore, the rabbit model may be more efficient at dissecting out the impact 

of ischemia on cardiac function.  

Logistically, the size of the neonatal rabbit and its heart is appropriate for 

surgical manipulation as well as isolated heart perfusion and adds to decrease 

obstacles encountered when attempting to experiment on neonatal models. 

Therefore, developmentally and physiologically, the rabbit heart model is an 

appropriate model to study and appreciate neonatal cardiac morphology and 

pathology.  
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1.15 General Hypothesis 

Rationale: Ischemia and reperfusion alters cardiac metabolism, which is a major 

determinant of post-ischemic functional recovery. In the adult heart, a glucose-

centered metabolism, achieved by increasing glucose oxidation to match rates of 

glycolysis, and inhibiting FA oxidation are methods successfully employed to 

rescue the ischemic heart. However, the neonatal myocardium is critically 

different not only in size, but metabolic profile from the adult heart. The 

neonatal heart is largely dependent on FA oxidation as glucose metabolism 

develops in the background and occurs at unappreciable rates. Therefore, when 

subjected to ischemia and reperfusion, the neonatal myocardium may be less 

tolerant compared to the adult heart and treatments employed in the adult 

setting may be detrimental.  

Hypothesis: If FA oxidation is augmented in the normal or hypertrophied 

neonatal heart, then post-ischemic functional recovery would be improved 

compared to the controls because of the FA oxidation-centered metabolism of 

the neonatal heart.  
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Figure 1-1: Changes in Cardiac Metabolism Capacity During the Neonatal Period. 

A) Comparison of metabolic profiles based on ATP production percent 

contributions from the metabolized lactate, glucose, and palmitate of hearts 

from 1-, 7-, and 21-day old rabbits. These values are compared to the partial 

profile of the adult rabbit heart (12 weeks old). B) An approximate of cardiac 

metabolic transition from fetal to adult cardiac metabolism.  
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90 
 

Figure 1-2: CD36 Translocation Signalling. CD36, a plasma membrane fatty acid 

transporter, is stored in intracellular vesicles. Their translocation can be 

stimulated by insulin and myocardial contraction in cardiomyocytes. Firstly, 

insulin acts on the insulin receptor to phosphorylate phosphoinositol-3-kinase 

(P-PI3 Kinase), which in turn phosphorylates Akt. Vesicles containing CD36 is 

stimulated to translocate an increase CD36 insertion into the plasma membrane. 

This equally occurs upon cardiomyocyte contraction, which increases the 

AMP:ATP ratio to activate AMP-activated protein kinase (AMPK). Downstream to 

AMPK, CD36-containing vesicles are directed towards the plasma membrane to 

translocate the CD36 into the plasma membrane as well. CD36 increases the 

uptake of free fatty acids (FFA) into the cytoplasm. Upon entering the cytoplasm, 

in order to maintain an uptake gradient, the FFA is bound to a FA binding protein 

(FABP) and brought into close proximity of the outer mitochondria membrane 

where acyl-CoA synthetase resides. Acyl-CoA synthetase, then catalyzes the 

formation of a fatty acyl-CoA. The fatty acyl-CoA may be directed towards 

triacylglycerol (TG) storage or enter the mitochondria via CPT-1 for oxidation.  
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Figure 1-3: Schematic of Long Chain Fatty Acid Transport. The majority of long 

chain fatty acids (LCFAs) enter into the cytoplasm via CD36. As it enters into the 

cytoplasm, the LCFA is neutralized by its conversion to an acyl-CoA. To be 

oxidized, the acyl-CoA must enter the mitochondria in which the components of 

the oxidative pathway reside. Carnitine palmitoyl-transferase-1 (CPT-1) is located 

on the outer mitochondrial membrane. It is the rate-limited step for 

mitochondrial FA uptake and does so by transferring the acyl-moiety from a CoA 

to a carnitine group to make acyl-carnitine. The acyl-carnitine then is shuttled 

into the mitochondria via the carnitine acyl-translocase (CAT). CPT-2, residing in 

the inner mitochondrial membrane, catalyzes the transfer of the acyl- moiety 

back onto a CoA and allows the free carnitine to exit the mitochondria in 

exchange for another acyl-carnitine. The reconstituted fatty acyl-CoA in the 

mitochondria undergoes FA oxidation. The transport of fatty acyl-CoAs into the 

mitochondria can be inhibited by malonyl-CoA, which inhibits CPT-1, the rate-

limiting step in mitochondria fatty acid uptake. Malonyl-CoA is the product of 

acyl-CoA carboxylase (ACC). It is degraded back into acetyl-CoA by malonyl-CoA 

decarboxylase (MCD). Insulin can inhibit FA oxidation by inhibiting mitochondrial 

fatty acyl-CoA uptake by decreasing the phosphorylation of ‘5-AMP-kinase 

(AMPK). Consequently, ACC is not phosphorylated and remains active. Upon 

removal of insulin, AMPK phosphorylation increases as with ACC 

phosphorylation, thus inhibiting the production of malonyl-CoA allowing 

increased fatty acyl-CoA uptake into the mitochondria for oxidation.  
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Figure 1-4: Insulin Signaling in the Neonatal Period. Decreased circulating insulin 

levels during the neonatal period encourages fatty acid (FA) oxidation 

maturation.  
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Figure 1-5: Hypoxia-Inducible Factor-1α (HIF-1α) in Normoxia and Hypoxia. HIF-

1α is a transcription factor that regulates over 100 genes involved in cell cycle 

regulation, apoptosis, glycolysis, metabolism, and angiogenesis (290). The HIF-1α 

is highly regulated by prolyl-hydroxylase demain-containing enzymes (PHD). 

Under normoxic conditions, PDH enzymes hydrozylate HIF-1α so that HIF-1α may 

bind to and be polyubiquitinated by the E3 ubiquitin ligase von Hippel-Lindau 

(VHL) factor. The polyubiquitinated HIF-1α is directed to the proteasome for 

degradation and therefore maintaining low HIF-1α transcription levels under 

normoxia. Hyopxia inhibits the actions of PHD enzymes so that the HIF-1α is 

unhydroxylated and cannot be bound to the VHL factor. Consequently, HIF-1α’s 

accumulate to form a heterodimer complex with HIF-1β and translocated from 

the cytoplasm to the nucleus. In the nucleus, the HIF-1 complex binds to the 

hypoxic response element to increase transcriptional transactivation.  
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Fig 1-5 
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Hypothesis: 

Since insulin activates glucose metabolism and inhibits FA oxidation, gradated 

increase in insulin given to neonatal hearts during cardioplegia is expected to 

cause correlated graded energy deficiencies manifested as poor cardiac function.  
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2.1 Introduction 

Despite improved surgical techniques, post-operative mortality remains 

prevalent (1,2). Suboptimal cardioprotection may contribute to high mortality 

rates in both adults and neonatal cardiac surgery (3). Most cardioprotective 

strategies are targeted towards the adult heart. As neonatal hearts differ from 

adult hearts structurally, functionally, and metabolically, it is important to 

identify cardioprotective strategies unique to neonatal hearts, such as that which 

increases fatty acid (FA) oxidation (4)  

In the adult heart, insulin is thought to enhance cardiac functional recovery 

following surgical ischemia through increasing glucose oxidation (5,6) and 

simultaneously inhibiting FA oxidation (7,8), which inter-inhibit each other as 

described by the Randle cycle. In so, insulin likely restores the coupling between 

glycolysis and glucose oxidation to prevent acidosis. As one of insulin’s 

cardioprotective mechanisms, it is the basis for extrapolating insulin use in 

neonatal cardioplegia. However, the effects insulin has on neonatal cardiac 

metabolism and functional recovery are unknown and may differ from adults 

due to an immature glucose oxidation pathway and a greater reliance of the 

heart on FA oxidation in the post-natal period. 

Mitochondrial FA uptake regulates the rate of FA oxidation (9-11). The 

gatekeeper of FA transport into the mitochondria for oxidation is carnitine 
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palmitoyltransferase (CPT)-1. Acetyl-CoA carboxylase (ACC) synthesizes malonyl-

CoA to strongly inhibit CPT-1. During the neonatal period, the metabolism of the 

immature heart changes rapidly from dependence on fetal glycolysis and lactate 

oxidation to a dependence FA oxidation, a more adult-like metabolic profile. By 7 

days of age, a rabbit heart relies chiefly on FA oxidation for ATP production (12). 

This change is partly accomplished through a decrease in circulating insulin levels 

in the neonate (12) and simultaneous increase in glucagon (13), a phenomenon 

found in the humans, rabbits, rats, pigs, and sheep (13). Decreased circulating 

insulin causes ACC activity and, consequently, malonyl-CoA levels to decline. 

Decreased malonyl-CoA levels correlate with increased FA oxidation rates (12,14) 

as CPT-1 is released from its inhibition. Compared to 1-day old rabbit hearts, 7-

day old rabbits hearts have 10-fold higher FA oxidation rates (15). In fact, we 

have previously demonstrated that increasing FA substrate to the neonatal 

myocardium improves post-ischemic contractile recovery (4)  

In adults, insulin protects the myocardium from ischemia-reperfusion injury by 

acting through Akt and the 5’-AMP-activated protein kinase (AMPK)-ACC axis. 

AMPK (63 kDa) is a fuel gauge that activates during low energy states as signified 

by elevated AMP:ATP ratios. AMPK is an upstream regulator of multiple cellular 

pathways, one of which phosphorylates and inhibits ACC. Upon binding to 

insulin, the insulin receptor phosphorylates and activates phosphoinositide-3-

kinase (PI3 kinase), which in turn leads to Akt phosphorylation (P-Akt), upstream 
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to AMPK. Through P-Akt, insulin increases GLUT4 translocation and stimulates 

glucose uptake and metabolism. By the Randle cycle, the elevated acetyl-CoA 

from increased glucose oxidation increases malonyl-CoA synthesis and inhibits 

CPT-1 (16). Insulin also inhibits AMPK phosphorylation via P-Akt (17,18) to 

prevent the phosphorylation and inhibition of ACC and therefore malonyl-CoA 

synthesis. Hence, as glucose oxidation is stimulated, FA oxidation is inhibited by 

insulin. Of interest, the AMPK response to insulin is attenuated and its 

cardioprotective effect lost in the presence of high FA (19). 

Since increased FA substrate availability to the neonatal heart improves post-

ischemic contractile recovery, but insulin activates glucose metabolism and 

inhibits FA oxidation, we hypothesize that a gradated increase in insulin given to 

neonatal hearts during the ischemic period would cause graded energy 

deficiencies manifested as poor post-ischemic cardiac functional recovery. To 

study the relationship between insulin, cardiac function, and cardiac substrate 

metabolism, we perfused 7-day-old rabbit hearts with 0.4 mM palmitate and 1.2 

mM palmitate and compared the influence of differing levels of insulin (0, 0.1, 

and 10 U/L) added 2 min prior to the onset of ischemia. 
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2.2 Methods and Materials 

2.2.1 Animals 

7-day-old New Zealand White rabbits of either gender were supplied by 

Vandermeer Farms, Edmonton, Alberta, Canada. All animal procedures were 

approved by the University of Alberta Health Sciences Animal Welfare 

Committee who adheres to the Canadian Counsel on Animal Care guidelines.  

2.2.2 Isolated working-heart perfusion using the 7-day-old rabbit model 

7-day old rabbits were separated from the doe in the morning of the day of the 

experiment. These rabbits, weighing 100-200g, were anesthetized with 60 mg/kg 

pentobarbital sodium, intraperitoneal injection. When the rabbit has achieved 

surgical plane of anaesthesia, signified by loss of all tactile sensation, its thoracic 

cavity was opened and its lungs and heart and respective vasculature were 

excised in its entirety and immersed in ice-cold Krebs-Henseleit solution. The 

aorta is immediately cannulated and retrogradedly perfused in Langendorff 

mode with Krebs-Henseleit solution at 370C, gassed with 95% O2-5% CO2, and 

delivered at a constant pressure of 50 mmHg. As the heart is retrogradely 

perfused, the pulmonary artery was severed open near its trunk to maintain 

patency. The lungs and excess tissue were removed and the left atrium was 

cannulated via the pulmonary venous opening.  
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After 10 minutes of retrograde perfusion to stabilize the beating heart, the flows 

into the heart were switched to the working heart mode by clamping off the 

inflow from the Langendorff reservoir and opening the inflow line from the 

oxygenator containing the oxygenated perfusate. 120 mL of recirculating 

perfusate was delivered to the left atrium of the spontaneously beating heart at 

the constant preload pressure of 7.5 mmHg and was ejected from the left 

ventricle against a constant afterload of 35 mmHg. Spontaneously beating hearts 

must generate and aerobic cardiac output of ≥ 30 mL/min to be included in this 

study. 

Perfusate buffers were modified Krebs-Henseleit solution (118.5 mmol/L NaCl, 

25 mmol/L NaHCO3, 4.7 mmol/L KCl, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4) 

containing either high fat (1.2 mmol/L palmitate) or low fat (0.4 mmol/L 

palmitate) with 11 mmol/L glucose, 2.5 mmol/L Ca2+, and 3% BSA. Palmitate was 

pre-bound to fat-free alubumin overnight in dialysis tubing and equilibrated in 

Krebs-Henseleit solution. 0 U/L, 0.1 U/L or 10 U/L of insulin was added en bolus 

to the perfusate 2 min prior to global ischemia. The above solutions were 

oxygenated with 95% O2 and kept at 370C. The hearts were subjected to one of 

the following time protocols with a circulating perfusate volume of 120 mL: a) 

30-min aerobic perfusion followed by a 30-min global no flow normothermic 

ischemia and 40 min of aerobic reperfusion; b) 30-min aerobic perfusion 
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followed by a 30-min global no flow normothermic ischemia; or c) 30 minutes of 

aerobic perfusion.  

The AcqKnowledge program recorded the heart rate, peak systolic pressure, 

cardiac output, and aortic afterload in the working mode. No recordings were 

made during Langendorff mode or during global ischemia. Heart rate and aortic 

pressure (mmHg) were measured using a Gould P21 pressure transducer 

(Harvard Apparatus; Gould Inc., Valley View, OH) connected to the aortic outflow 

line. Cardiac output and aortic flow (mL•min-1) were measured with Transonic 

T206 ultrasonic flow probes (Transonic Systems, Ithaca NY) placed in the preload 

and afterload lines, respectively. Coronary flow (mL•min-1) was calculated from 

the difference between the cardiac output and the aortic flow.  

2.2.3 Quantifying Fatty Acid Oxidation, Glucose Oxidation, and Glycolysis  

[5-3H]-glucose, [U-14C]-glucose, or [U-14C]-palmitate to determine glycolysis, 

glucose oxidation, and FA oxidation, respectively, were added to the perfusate in 

combinations of either [5-3H]-glucose and [U-14C]-glucose or [5-3H]-glucose and 

[U-14C]-palmitate. 5 mL of perfusate was sampled every 10 minutes. Samples 

were taken during 30 minutes of aerobic perfusion and the 40 minutes of 

reperfusion while no samples were taken during the ischemic period when the 

heart was at a no-flow state.  
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Total myocardial 3H2O production is used to determine myocardial glycolysis 

rates. The 3H2O present in the perfusate is separated from [5-3H]-glucose and [U-

14C]-glucose or [1-14C]-palmitate via a vapor transfer method. To elaborate, 

500 µL of distilled water is added to a 5 mL scintillation vial and a lidless 1.5 mL 

microcentrifuge tube is placed inside each 5 mL scintillation vial. 200 µL of buffer 

sample is added to the microcentrifuge tube and the scintillation vial is capped. 

The vials are incubated at 500C for 24 hours to allow 3H2O in the liquid and gas 

forms to equilibrate. The vials are then taken out to cool at 40C for another 24 

hours. After cooling, the scintillation vials are uncapped, the microcentrifuge 

tube removed, scintillation fluid (ScintiSafe, Fisher Scientific) added and vials 

were counted in a scintillation counter. 

Meanwhile, glucose and palmitate oxidation rates were measured by quantifying 

total myocardial 14CO2 –production by summing the gaseous 14CO2 trapped in 

hyamine hydroxide and the dissolved 14CO2 found in the form of bicarbonate 

ions (HCO3
–). Gaseous 14CO2 is trapped in 15 mL if hyamine hydroxide through 

an exhaust line channeling all gaseous exhaust from a sealed perfusion system 

into the hyamine hydroxide. 300 µL of hyamine hydroxide and a replicate were 

sampled from the 15 mL hyamine hydroxide trap every 10 minutes during 

aerobic perfusion and reperfusion. To release gaseous 14CO2 from the HCO3
–, 1 

mL of perfusate buffer is reacted with 1 mL of 4.5 mol/L H2SO4 every 10 minutes 

during aerobic perfusion and reperfusion. This step is also replicated at each 



108 

 

time point. As the 14CO2 is released from the HCO3
–, the gas is trapped with filter 

paper soaked with hyamine hydroxide in the central well of a 25-mL stopper 

flask. Perfusate was sampled at pre-determined time points (10, 20, 30, 60, 70, 

80, 90, and 100min), and steady state rates (μmol [5-3H]glucose, [U-14C]glucose, 

and [1-14C] palmitate metabolized per g dry wt•min-1), were calculated. 

At the end of each perfusion protocol, heart ventricles were clamped, frozen 

with liquid nitrogen-cooled Wollenberger tongs, submerged in liquid nitrogen, 

and then stored at –800C. The frozen tissues was weighed and powdered with a 

mortar and pestle while maintaining freezing temperatures by cooling tissue and 

apparatuses to liquid nitrogen temperature. The remaining heart atrial tissue 

was air dried for > 24 hrs and weighed. The weights of the dried atria and frozen 

ventricles and ventricular dry-to-wet ratio were used to determine the hearts’ 

total dry weight.  

2.2.4 Steady State ATP Production 

Steady state ATP production rates were calculated from glucose oxidation, 

glycolysis, and palmitate oxidation assuming 2 ATP molecules are produced per 

molecule of glucose undergoing glycolysis, 31 ATP molecules per molecule of 

glucose oxidized, and 105 ATP molecules per molecule of palmitate oxidized.  
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2.2.5 Quantifying Plasma Membrane CD36 and GLUT4 Content 

Serial cellular fractionation was prepared as previously described in (20,21). In 

brief, powdered frozen ventricular tissue was incubated in a high-salt buffer (2 M 

NaCl, 20 mM HEPES (pH 7.4), and 5 mM NaN3) for 30 min at 40C. The mixture 

was centrifuged for 5 min at 1000 x g and tissue pellet resuspended in 10% 

wt/vol homogenization buffer (20 mM HEPES (pH 7.4), 2 mM EDTA, 1 mM 

MgCl2, and 250 mM sucrose). A protein assay was performed to normalize 

protein content here after. The tissue was then homogenized using handheld 

homogenizers (DUALL, Kontes) and the homogenate was serially centrifuged at 

100 x g for 10 min and then at 5000 x g for 10 min to obtain the plasma 

membrane fraction. Equal amounts of plasma fraction was subjected to SDS-

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane 

for Western blotting with rabbit anti-Na+/K+ ATPase α1-subunit, anti-GLUT4, or 

anti-CD36 (1:1000, Cell Signaling Technology) using the immunoblot assay 

protocol as follows.  

2.2.6 Triacylglycerol (TG) Quantification 

20 mg of powdered frozen ventricular sample was homogenized in 20x 

chloroform:methanol (2:1) mixture  for 30 sec. Methanol (amount equal to 0.2 x 

the homogenate volume) was then added and sample vortexed before the 

samples were centrifuged (10 min at 3500 rpm). Supernatant volume was 

collected and recorded. 0.2 x the volume of 0.04% CaCl2 was added to the 
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supernatant and allowed to separate into 2 phases. Samples were then 

centrifuged (2400 rpm, 20 min). The upper phase was removed and the bottom 

phase was washed with 150 µL of pure solvent (chloroform, methanol, and 

water mixture) and centrifuged again at 2400 rpm for 20 min. The wash was 

repeated twice. The upper phase was removed and 50 µL of methanol was 

added to the lower phase, which contained the extracted TG, and each sample 

was heated to 600C and dried under a stream of N2 gas. Once dried, samples 

were re-dissolved in 50 µL of 3:2 tertbutyl alcohol:triton X-100/methyl alcohol 

(1:1) mixture. At room temperature, the samples were left overnight. TG 

concentrations were determined by a Wako Triglyceride M kit on the day after.  

2.2.7 Immunoblot Assay 

Protein were extracted from tissue homogenates and subjected to SDS-PAGE in 

gel matrices containing either 5% or 8% acrylamide and transferred to 

nitrocellulose (15). The membranes were then blocked in 5% milk in 1XPBS/0.1% 

Tween 20 and then immunoblotted at 1:1000 dilution with (unless otherwise 

specified) with rabbit anti-phospho-α-AMPK (Thr 172), rabbit anti-α-AMPK, 

rabbit anti-phosho-acetyl CoA carboxylase (ACC) (Ser-79), rabbit anti-ACC, or 

peroxidase-labeled streptaviden (1:500 dilution) in 5% bovine serum 

albumn/1XPBS/0.1% Tween 20 overnight at 40C. 
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After washing the membrane repeatedly, as needed, in 1XPBS/0.1% Tween 20, 

the memebranes were incubated with peroxidase-conjugated goat anti-rabbit 

secondary antibody in 5% milk/1XPBS/0.1 Tween 20, except for the membrane 

immunoblotted for peroxidase-labeled streptavidin. After further washing in 

1XPBS, the antibodies were visualized using PerkinElmer enhanced 

chemiluminescence Western blotting detection system.  

2.2.8 Statistical Analysis  

All values are presented as mean ± SEM. Statistical significance of differences for 

multiple comparisons was estimated by One-way Analysis of Variance (ANOVA). 

Outliers were excluded based on the Grubb’s test. If significant, selected data 

sets were compared by Bonferroni's Multiple Comparison Test. Differences were 

considered significant when P < 0.05.  

2.3 Results  

2.3.1 Benefits of a High Fat Concentration on Cardiac Function 

Aerobic cardiac function was not affected by the presence of high FA. During 

aerobic perfusion, steady state cardiac output was 42.8 ± 1.8 and 46.2 ± 2.3 

mL•min-1 with 0.4 mM palmitate and 1.2 mM palmitate, respectively when no (0 

U/L) insulin is added (fig 2-1A). In contrast, 1.2 mM palmitate improved post-

ischemic contractile recovery compared to hearts perfused in 0.4 mM palmitate 
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(fig 2-1A). Hearts perfused with 0.4 mM palmitate recovered to 41.2 ± 4.2% 

(P<0.05) of aerobic function compared to 64.4 ± 3.7% when perfused with 1.2 

mM palmitate (P<0.05). Heart rate and peak systolic pressure were not 

significantly different between the two groups. 1.2 mM palmitate significantly 

increased pre- and post-ischemic palmitate oxidation rates compared to 0.4 mM 

palmitate (fig 2-1B). Meanwhile, differences in palmitate concentrations did not 

affect glucose oxidation or glycolysis (table 2-1).  

The altered metabolic rates are reflected by calculated steady state ATP 

production rates (fig 2-1C). As palmitate oxidation contributed the greatest 

proportion to steady ATP production rates, overall steady state ATP production 

is increased in the presence of 1.2 mM palmitate compared to 0.4 mM 

palmitate. Hence, though performing the same amount of work prior to 

ischemia, with 1.2 mM palmitate, FA oxidation rates were much higher than in 

hearts given only 0.4 mM palmitate.  

2.3.2 Effects of 0.1 or 10 U/L Insulin on Cardiac Function 

To assess the relevance of pre-ischemic supra-physiological (10 U/L) insulin, 0.1 

or 10 U/L insulin were used. To 0.4 mM palmitate or 1.2 mM palmitate 

perfusate, 0.1 or 10 U/L insulin was added at 28 minutes into the perfusion (fig 

2-2), which is 2 min prior to ischemia. Cardiac output did not differ significantly 

throughout the perfusion between 0.1 and 10 U/L insulin when perfused with 
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0.4 mM palmitate (fig 2-2A). Likewise, no differences were found between 

insulin groups in the first 30 minutes of aerobic perfusion in the presence of 1.2 

mM palmitate (fig 2-2B). However, 10 U/L insulin significantly improved cardiac 

output during the latter 40 minutes of reperfusion (fig 2-2B).  All other cardiac 

hemodynamic parameters 0.1 U/L and 10 U/L insulin-treated hearts are shown in 

table 2-2.  

As differing insulin concentrations did not affect cardiac function in 0.4 mM 

palmitate perfusions, neither did it affect cardiac metabolism (table 2-3). In 

contrast and unexpectedly, 10 U/L insulin significantly increased pre-ischemic 

and post-ischemic palmitate oxidation rates (pre: 0.75 ± 0.10, post: 0.71 ± 0.06 

μmol • g dry wt-1 • min-1) in hearts perfused with 1.2 mM palmitate compared to 

0.1 U/L insulin (pre: 0.58 ± 0.07, post: 0.39 ± 0.06 μmol • g dry wt-1 • min-1, 

P>0.05) (fig 2-3A). Insulin did not affect glucose metabolism (fig 2-3B and 3C). 

The change in palmitate oxidation is reflected in the overall steady state ATP 

production rates (fig 2-3D). With 0.1 U/L insulin, overall post-ischemic steady 

state ATP production decreased compared to the pre-ischemic period. With 10 

U/L insulin, ATP production rates were maintained.  

2.3.3 Control of Metabolism in Ischemic-Reperfused Neonatal Hearts 

Insulin increased Akt phosphorylation (fig 2-4A). Simultaneously, AMPK 

responded to 10 U/L insulin as phosphorylated AMPK significantly decreased 
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compared to 0.1 U/L insulin stimulation (fig 2-4B). However, as with Folmes et al 

(2005)(22), subsequent ACC response to changes in AMPK phosphorylation did 

not occur between 0.1 and 10 U/L insulin at reperfusion in high fat perfusions 

(fig 2-4C).  

As FA oxidation rates surprisingly increased with supra-physiological insulin 

stimulation, transporter proteins for both glucose and FA were examined (fig 2-

5A and 5B). The amount of GLUT4 situated in the plasma membrane did not 

increase in response to 10 U/L insulin treatment compared to 0.1 U/L (fig 2-5A). 

Conversely, 10 U/L insulin significantly increased plasma membrane CD36 

compared to 0.1 U/L (fig 2-5B). The increased plasma membrane CD36 content 

was not accompanied by altered ventricular TG content (fig 2-5D) 

2.4 Discussion 

The metabolism of an immature heart is different from that of an adult (23). 

While the adult heart has the metabolic flexibility to derive ATP from glucose, 

lactate, and FA, the neonatal heart relies mostly on FA oxidation with the minor 

contributions from glycolysis and lactate oxidation. Meanwhile, glucose 

oxidation rates remain low in the neonatal period. In the neonatal period, 

circulating glucagon levels increase while insulin levels decrease (24). These 

hormonal changes are conducive to FA oxidation development. Unexpectedly, 

our findings demonstrated that supra-physiological levels of insulin, which are 
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often administered as part of the cardioplegia during cardiac surgery or peri-

operatively (25-27), was cardioprotective. We showed that though supra-

physiological insulin (10 U/L) did not improve contractile function in low fat-

perfused 7-day-old hearts, it improved post-ischemic functional recovery when 

hearts were perfused with 1.2 mM palmitate. To our surprise, the improved 

contractile recovery is associated with increased FA oxidation rates in the 

absence of changes in glucose metabolism.  

2.4.1 High Fatty Acids are Beneficial to the Neonatal Heart During Reperfusion 

In the adult heart, during ischemia-reperfusion, circulating FA levels are elevated 

and flood the myocardium with excess substrate. Consequently, the 

predominant metabolite in the reperfused heart is FA. FA oxidation generates 

copious amounts of acetyl-CoA that inhibit pyruvate dehydrogenase (PDH) 

causing a mis-match between glycolysis and glucose oxidation. Acidosis is 

perpetuated during reperfusion causing cellular damage. Insulin is thought to be 

cardioprotective by inhibiting AMPK and subsequently inhibiting FA oxidation to 

normalize glucose oxidation. However, clinical findings in the glucose-insulin-

potassium (GIK) trials have been controversial as to whether insulin can truly 

protect the myocardium (28-30).  

The neonatal heart quickly develops the ability to oxidize FA from its fetal 

glycolysis-dependent metabolism. In previous studies, we demonstrated that 
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increasing FA availability to the immature heart, in contrast to the adult heart, is 

beneficial during reperfusion (4). This previous study used 2.4 mM palmitate. 

Therefore, we sought to demonstrate that cardiac function is equally improved 

by 1.2 mM palmitate, a plasma FA level that is similar to that found during the 

post-ischemic period (31). The comparison of contractile function between 

perfusing the neonatal heart with 0.4 and 1.2 mM palmitate demonstrated the 

importance of substrate supply to the neonatal heart. Furthermore, in the 

present study, similar palmitate oxidation rates were achieved at half the FA 

concentration (1.2 vs 2.4 mM palmitate) used in our previous study (4). This 

finding may represent a saturation of the FA oxidation pathway in the neonatal 

heart at 1.2 mM palmitate.  

Increased FA oxidation rates occurred during both aerobic perfusion as well as 

reperfusion with 1.2 mM palmitate compared to 0.4 mM palmitate. However, 

cardiac output was not different between the two groups during aerobic 

perfusion supporting the concept of energy production capacity reserve. As 

cardiac function was not different under aerobic conditions, there may be a 

degree of oxygen wasting and inefficiency, which does not seem to be 

detrimental to the neonatal heart. The high fat-perfused neonatal heart may be 

less efficient during aerobic perfusion; however, a higher FA concentration 

improved post-ischemic functional recovery, as with prior studies (4). To add, if 

given only 0.4 mM palmitate, the neonatal heart is energy deficient during 
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reperfusion; so, increasing FA oxidation rates provides sufficient energy to 

recover contractile function. Therefore, the high fat-perfused heart is more 

efficient during post-ischemic recovery compared to a low-fat perfused heart.  

Similarly, pyruvate supplementation in 0.4 mM palmitate-perfused 7-day-old 

rabbit hearts did not affect pre-ischemic, aerobic function despite increased PDH 

activity (32). In contrast, in an ATP-deficient state (eg. ischemia-reperfusion), 

pyruvate also improved post-ischemic functional recovery.  As with FA, pyruvate 

supplementation demonstrates that an excess ATP production rate is vital to 

rescuing cardiac function and that a reserve metabolic capacity is present in 

spite of the metabolic inflexibility in the neonatal heart. An advantage that FA 

supplementation offers over pyruvate is that clinically, high circulating FA is 

readily achievable. Clinically ischemic-reperfused hearts, both in adults and 

neonates, are exposed to high circulating FA levels (31) and exogenous 

supplementation may not be necessary to achieve cardioprotection. While high 

FA may be detrimental to the adult heart during reperfusion (19,33), neonatal 

hearts may exploit the benefits of increased energy metabolite availability.   

2.4.2 10 U/L insulin Improves Post-ischemic Cardiac Recovery Only in the 

Presence of 1.2 mM Palmitate 

Relative to 0.1 U/L insulin treatment, supra-physiological insulin (10 U/L) 

improved the functional recovery of the 7-day-old rabbit heart during 
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reperfusion with 1.2 mM palmitate. 10 U/L insulin stimulation was oddly 

associated with an increased ATP production through augmented FA oxidation. 

Palmitate oxidation was not increased nor cardiac contractile recovery bettered 

in 10 U/L insulin-treated hearts in the presence of 0.4 mM palmitate and may be 

due to substrate limitation. Conversely, in the presence of 1.2 mM palmitate, the 

increased FA oxidation may be attributed to the associated unaltered ACC 

phosphorylation and increased CD36 translocation to increase substrate uptake 

for oxidation.  

CD36 is a long chain FA (LCFA) transporter responsible for the bulk of LCFA 

transport into the rat cardiomyocyte (34). The majority of CD36 transporter is 

found in the recyclable endosomes, as with GLUT1, in contrast to GLUT4, which 

is concentrated in storage compartments (35). When activated, GLUT4s are 

translocated first to the recyclable endosome pool from the storage 

compartment and then to the plasma membrane; in contrast, CD36 is 

translocated directly from the recyclable pool (36). Insulin and contractile 

stimulation cause the translocation of both GLUT4 and CD36 transporters to the 

plasma membrane. Although the translocation of both transporters occurs 

simultaneously, it has also been demonstrated that the vesicles which contain 

and therefore regulate their translocation are different (37). Stienbusch et al (37) 

showed that insulin-stimulated GLUT4 and CD36 translocation are susceptible to 

differential inhibitory elements such as endosomal pH; hence, selective CD36 
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translocation may be possible apart from GLUT4 translocation. Here, in the 

neonatal rabbit heart model, we demonstrated that a supra-physiological insulin 

level can produce such effect that is associated with a selective increased in FA 

oxidation.  

In the neonatal heart, supra-physiological insulin is implicated in 

cardioprotection on multiple regulatory steps of FA uptake. In the present study, 

mitochondrial FA uptake was not restricted as demonstrated similar rates of FA 

oxidation found between using 1.2 mM palmitate and to that in a prior study 

using 2.4 mM palmitate (4). Insulin was hypothesized to inhibit FA oxidation by 

decreasing AMPK phosphorylation and in turn inhibit ACC. AMPK 

phosphorylation was decreased in the presence of 10 U/L compared 0.1 U/L, but 

ACC phosphorylation was unchanged and may not have increased malonyl-CoA 

production. Although AMPK response to insulin is not blunted by high fat here, 

the overall FA metabolic response to insulin in the presence of high fat is similar 

to that found in adult mice where insulin does not inhibit FA oxidation (19).  

Simultaneous to the decreased phosphorylation of AMPK, AKT phosphorylation 

and CD36 translocation were increased when 10 U/L insulin is present. This 

corroborates with the difference between insulin- and contraction-stimulated  

CD36 translocation owing to their differential regulation by AMPK (36). It further 

demonstrates that additional CD36 translocation may contribute to increased FA 

oxidation. In the immediate newborn period, plasma adiponectin levels elevate 
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simultaneous to decreased circulating insulin levels to prompt the metabolic 

maturation of the neonatal heart (13), which in part may owe to adiponectin’s 

stimulation of CD36 translocation (38,39). CD36 translocation may be 

upregulated in the neonatal heart to enhance FA uptake for oxidation. Enhanced 

CD36 translocation is associated with supra-physiological insulin stimulation, 

here.  

TG stores were not changed between 0.1 U/L and 10 U/L insulin treatments, it is 

likely that any increased FA uptake through CD36 was directed towards FA 

oxidation. Indeed, FA oxidation was increased in the 10 U/L insulin-treated 

group. Of interest is that the amount of TG present in these hearts are much 

lower than the values measured in 7-day-old hearts in a previous study (15). In 

the same study, the TG stores were compared between unperfused and 30-min 

aerobically perfused hearts to show that perfusion alone is able to decrease TG 

stores. Therefore, though TG values here are lower here, a possible explanation 

is that hearts in the current study were perfused for a longer period of time and 

subjected to the stress of ischemia-reperfusion, which is much more energy-

demanding than aerobic perfusion. Moreover, this difference emphasizes the 

possibility that any increased FA uptake, is directed to increase FA oxidation as 

TG stores are at its minimum in these hearts. Overall, a disjoint is demonstrated 

in the AMPK-ACC signaling pathway whose decreased phosphorylation was 

expected to further inhibit FA oxidation. FA oxidation rates were augmented and 
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may have sufficiently surmounted the ischemia-reperfusion-induced energy 

deficit.  

Unlike FA oxidation, glucose metabolism was unaltered in the presence of supra-

physiological insulin. GLUT4 expression increases while that of GLUT1 decreases 

over the neonatal period (40). Oddly, excess insulin stimulation failed to increase 

GLUT4 translocation but was associated with increased CD36 present in the 

plasma membrane. A probable explanation is that GLUT4 translocation responds 

differently to 10 U/L insulin compared to CD36 translocation. In the diabetic 

heart, early insulin resistance and therefore in the presence hyperinsulinemia, 

CD36 translocation is increased while GLUT4 has yet to be impacted (41). 

Equally, the two substrate transporters are subjected to different vesicle 

trafficking mechanisms (37,42). The differential regulation of GLUT4 

translocation may limit glucose uptake to maintain the low rates of glucose 

oxidation preventing the reciprocal inhibition on FA oxidation.  

In summary, the present study has verified that elevating FA oxidation is 

cardioprotective to the neonatal heart. To clarify the misconception of insulin’s 

detriments in the neonatal heart, supra-physiological insulin stimulation is 

cardioprotective whereby improved post-ischemic functional recovery is 

associated with increased FA oxidation rates. This insulin-assocaited increased 

FA oxidation is may be related to increased CD36 translocation. These findings 

help delineate the mechanism by which supra-physiological insulin is 
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cardioprotective in the neonatal heart, and may encourage its use in neonatal 

cardiac surgery. Although in adults, GIK cardioprotective effects remain 

controversial, supra-physiological insulin may be beneficial in the neonatal heart 

due to its metabolic immaturity.  

2.5 Limitations 

Although this study has disproven the hypothesis that insulin is detrimental to 

the ischemic-reperfused neonatal heart, the findings in this study demonstrate 

the potentials of insulin as a neonatal cardioprotective strategy. However, the 

full mechanism by which supra-physiological insulin improves functional 

recovery requires continued studies. Increased CD36 protein in the plasma 

membrane correlated to an increase in FA oxidation. We have demonstrated 

that several signaling molecules downstream of the insulin receptor have been 

elicited. Changes to AMPK phosphorylation is one way to differentiate between 

contractile versus insulin stimulated CD36 translocation. In order to differentiate 

the cause-and-effect relationship between insulin, myocardial contraction, and 

CD36 translocation, studies of differential cardiac pacing in the neonatal heart 

would be needed to demonstrate contractile-stimluated CD36 translocation. 

However, studies of such caliber are beyond the scope and aims of this study 

and would be best left for future investigations. Whether the increased CD36 in 

the plasma membrane is due to the 10 U/L insulin or increased contractility 

would require a comparison to hearts perfused similarly without the addition of 
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insulin. Furthermore, to validate the benefit insulin induces, pathway inhibition, 

such as by inhibited PI3-kinase or Akt phosphorylation would have better 

defined the role of insulin signaling in increasing FA oxidation.  

Another limitation to this study is the inference that FA uptake was increased by 

increased CD36 translocation. Actual rates of FA uptake were not measured and 

the destination of FAs was not quantified. Although the TG stores are no 

different between the two groups at the end of reperfusion, it cannot preclude 

the possibility that TG stores were different prior to ischemia, which may 

contribute to the differences between insulin treatments. Other set of hearts 

that are aerobically perfused for only 30 min without an ischemic period as well 

as a set of hearts subjected to 30 min of aerobic perfusion followed by 30 min of 

ischemia and frozen prior to reperfusion should be prepared in future 

experiments to establish baseline, pre-ischemic signalling properties and TG 

amounts.   

CPT-1 inhibition is major pathway by which FA oxidation is regulated. A 

drawback to this study is that, though palmitate oxidation rates and major 

regulators of malonyl-CoA production, such as AMPK and ACC were quantified, 

they serve only as surrogate markers of malonyl-CoA levels. As malonyl-CoA 

levels were not measured, it is difficult to determine the level of inhibition found 

in the respective experimental groups. Malonyl-CoA is a labile molecule sensitive 

to degradation and difficult to measure in frozen tissue stored for an extensive 
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period of time. Therefore, it is unfortunate that it is no longer possible to 

quantify malonyl-CoA in hearts from this study and must be part of a future 

study.   

Lastly, though not a true limitation, it should be pointed out that the comparison 

of the 0 U/L insulin groups to 0.1 and 10 U/L groups was not made intentionally 

due to the limited clinical relevance of that comparison. Clinically, it is impossible 

to achieve 0 U/L insulin. Therefore, purpose of performing isolated heart 

perfusions in the absence of insulin is to demonstrate that insulin does not 

influence the impact of FA levels on post-ischemic functional recovery in 

neonatal hearts. However, it should be acknowledged that though changes in 

insulin levels had no impact on functional recovery in the presence of 0.4 mM 

palmitate, relative to 0 U/L insulin, 0.1 U/L was detrimental and is associated 

with impaired post-ischemic functional recovery. On the other hand, 10 U/L 

insulin restores post-ischemic functional recovery to levels found in the absence 

of insulin. Although, this demonstrates that physiological levels are detrimental 

to post-ischemic functional recovery, this finding is relative to a non-

physiological unachievable state and was, therefore, not included in the 

discussion.Though several limitations are highlighted, this study has elucidated 

possible mechanisms by which supra-physiological insulin may benefit the 

ischemic-reperfused neonatal heart and emphasized a FA-centric cardiac 
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metabolism. However, future studies would be needed to further understand 

the underlying mechanisms to insulin treatment.  
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Figure 2-1: Neonatal Cardiac Function and Metabolism in 0.4 mM Palmitate or 

1.2 mM Palmitate Without the Effects of Insulin. Cardiac output comparing the 

effects of 0.4 mM palmitate (n = 20) and 1.2 mM (n = 15) palmitate without the 

effect of insulin (0 U/L insulin) A). No significant differences are present during 

the first 30 minutes of aerobic perfusion. The hearts are then subjected to 30 

minutes of global ischemia. 1.2 mM palmitate benefits the neonatal heart during 

reperfusion by increasing palmitate oxidation rates B); and therefore overall 

steady state ATP production C). Cardioprotective effect is apparent from 1.2 mM 

palmitate reperfusion. 1.2 mM palmitate performed with a significantly better 

function than those reperfused with 0.4 mM palmitate (*P<0.05).  
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Figure 2-2: Neonatal Cardiac Function in 0.4 mM Palmitate or 1.2 mM 

Palmitate Treated with Either 0.1 or 10 U/L Insulin. Cardiac output comparing 

the effects of 0.1 U/L (n = 20) and 10 U/L (n = 8) insulin when 7-day-old rabbit 

hearts are perfused with 0.4 mM A) or 1.2 mM palmitate B). Insulin is added into 

the perfusate at 28 minutes into the aerobic perfusion, as indicated by the 

arrow. Insulin does not have an effect on cardiac function either in aerobic 

perfusion or in reperfusion (from 70 minutes to 100 minutes) in 0.4 mM 

palmitate, but 10 U/L is beneficial in 1.2 mM palmitate. * indicates significance 

between 0.1 and 10 U/L insulin (*P < 0.05). The arrow is the point at which 

insulin (0.1 or 10 U/L) was added to the perfusate, which is 2 min prior to 

ischemia.  
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Fig 2-2 
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Figure 2-3: The Metabolic Effects of 0.1 and 10 U/L Insulin in Neonatal Hearts 

Perfused With 1.2 mM Palmitate. Insulin was added at 28 minutes into the 

aerobic perfusion and A) palmitate oxidation (□-n = 8; ■-n = 5), B) glucose 

oxidation (□-n = 4; ■-n = 6), and C) glycolysis (□-n = 7; ■-n = 7) were assayed. D) 

Steady state ATP production rates were calculated from the metabolic rates 

above (■-palmitate oxidation; □-glucose oxidation; ■-glycolysis). Values 

represent means ± SEM; * indicates significant difference between 0.1 and 10 

U/L insulin groups (*P < 0.05).  
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Fig 2-3 
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Figure 2-4: 10 U/L insulin Activates Akt and Inhibits AMPK Activation Without 

Affecting ACC Phosphorylation in 1.2 mM Palmitate-Perfused Hearts. 10 U/L 

insulin A) increases Akt (60 kDa) phosphorylation, B) inhibits AMPK (63 kDa) 

phosphorylation, C) but has no affect on ACC (265 kDa and 280 kDa) 

phosphorylation. D) Representative blots of Akt, AMPK, and ACC (all groups n  ≥ 

4, *P < 0.05). 
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Fig 2-4 
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Figure 2-5: Cardiac Plasma Membrane CD36 is Increased in the Presence of 10 

U/L Insulin Stimulation While Perfused with 1.2 mM Palmitate. 10 U/L insulin A) 

did not affect GLUT4 presence in the plasma membrane, but significantly 

increased B) CD36 levels. C) Representative blots of CD36, GLUT4, Na+/K+ ATPase 

(loading control) from the plasma membrane fraction. D) ventricular 

triacylglycerol (TG) contents was increased significantly in hearts treated with 10 

U/L insulin compared to the 0.1 U/L treated hearts (all groups n  ≥ 4, *P < 0.05).  
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Fig 2-5 
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2.8 Tables 
Table 2-1: Comparison of rates of glycolysis and glucose oxidation when perfused with 
0.4 mM or 1.2 mM palmitate 
 0.4 mM palmitate 1.2 mM palmitate 

 Pre-ischemia Post-ischemia Pre-ischemia Post-ischemia 

Glycolysis 3.25 ± 0.45 3.20 ± 0.37 2.32 ± 0.43 2.69 ± 0.42 

Glucose oxidation 333 ± 71 334 ± 63 202 ± 26 225 ± 32 

All values are reported in μmol • g dry wt-1 • min-1 

Table 2-2: Average pre- and post-ischemia cardiac hemodynamic parameters 
 0.1 U/L insulin 10 U/L insulin 

 Pre-ischemia Post-ischemia Pre-ischemia Post-ischemia 

Heart rate 
(beats•min-1) 

238 ± 3 202 ± 6† 244 ± 4 240 ± 5* 

Coronary flow 
(mL•min-1) 

10.7 ± 0.8 10.6 ± 0.8 11.5 ± 0.8 12.8 ± 0.8 

Peak systolic 
pressure (mmHg) 

25.0 ± 0.9 17.0 ± 1.1† 25.2 ± 0.7 20.3 ± 0.4†* 

*vs 0.1 U/L; † vs pre-ischemic value, P<0.05 

 

Table 2-3:Metabolic rates of hearts perfused with 0.4 mM palmitate treated with 0.1 or 
10 U/L insulin 
 0.1 U/L insulin 10 U/L insulin 

 Pre-ischemia Post-ischemia Pre-ischemia Post-ischemia 

Palmitate 
oxidation  

384 ± 37 335 ± 46 448 ± 56 402 ± 55 

Glycolysis  3.4 ± 0.8 4.5 ± 0.5 3.0 ± 0.6 3.3 ± 0.4 

Glucose oxidation  0.30 ± 0.07 0.26 ± 0.03 0.36 ± 0.11 0.25 ± 0.08 

All values are reported in μmol • g dry wt-1 • min-1 
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Hypothesis:  

If a shunt is created between the descending aorta and inferior vena cava (IVC) 

in a neonatal rabbit, then blood will shunt across from the aorta into the IVC and 

increase volume return causing volume-overload cardiac hypertrophy because of 

the pressure gradient between the two vessels.  
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3.1 Introduction 

It has been an ongoing debate as to whether the neonatal heart is more 

susceptible to ischemia-reperfusion injury compared to the adult heart. 

Intolerance of the neonatal heart to ischemia-reperfusion has been 

demonstrated by some studies (1-7). On the other hand, others have equally 

shown increased tolerance of the neonatal heart to ischemia-reperfusion (8-14) 

relative to that of the adult heart. The clinical relevance of this debate relates to 

the development of neonatal cardiac surgery for the correction of congenital 

heart defects (CHDs). During surgery, the neonatal heart must be arrested and 

therefore subjected to an obligatory period of ischemia in order to achieve the 

bloodless and motionless field of operation. These periods of ischemia can lasts 

for more than an hour (15). Cardioprotection is essential to successful post-

ischemic recovery. Current post-surgical mortality rates remain considerable 

(~4%) despite superior technical skills and numerous factors, and can be 

attributed to poor cardioprotection (16-20).  

A criticism of studies on ischemia-reperfused neonatal hearts is that these are 

normal hearts. CHDs disturb the cardiac hemodynamics causing a pressure- or 

volume-overload. Ventricular septal (VSD) and atrial septal defects (ASD) are the 

most prominent lesions that contribute to 29% and 21%, respectively, of all 

CHDs. These lesions and the resultant hemodynamic changes can lead to 

volume-overload cardiac hypertrophy. Cardiac hypertrophy in the adult heart 



148 
 

causes metabolic remodelling that reverts cardiac metabolism towards a more 

fetal-like profile. Similarly, in a neonatal piglet model of patent-ductus 

arteriosus, volume-overload cardiac hypertrophy was associated with a 

downregulation of regulatory elements of metabolic maturation (21). These 

findings suggested that the maturation of FA metabolism in these hearts were 

delayed. However, metabolic rates were not measurable in these hearts to 

validate these finding.  

While the neonatal piglet model of patent ductus arteriosus is a highly relevant 

model of neonatal cardiac hypertrophy, in order to accurately quantify cardiac 

metabolism, a smaller animal that can be easily manipulated for acute and 

chronic studies is needed. Therefore, an aorto-caval shunt model was developed 

to increase volume-return to the right side of the heart and cause volume-

overload cardiac hypertrophy.  

3.2 Methods 

3.2.1 Animals 

The University of Alberta adheres to the principles developed by the Council for 

International Organizations of Medical Sciences and Medical Sciences and 

complies with Canadian Council of Animal Care guidelines in regards to the 

health and safety of animals used in biomedical research. 
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3.2.2 The Aorto-caval Shunt 

An aorto-caval shunt was induced inferior to the renal blood vessels between the 

descending aorta and inferior vena cava (IVC) of 7-day-old New Zealand albino 

white rabbits (Vandermeer Rabbitry, Edmonton, Alberta) of either gender (90 - 

200g). These rabbits were removed from maternal care after their matinal 

feeding and kept at room temperature as a litter while waiting for surgical 

procedure to be performed as follows, in a clean, non-sterile environment.  

The 7-day-old rabbits were anesthetized with isofluorane (1-2%, oxygen flow 

rate of 2-3 ml/min). After the rabbit was unconscious, it was placed on a 

warming table of 37° C and isofluorane inhalation was continuous via a nose 

cone (4-5%, oxygen flow rate of 2-3 ml/min) to achieve a surgical plane of 

unconsciousness. The pup was then placed on its right lateral decubitus and its 

left flank shaved to expose the skin. 1% Iodine solution was applied to aseptically 

clean the surgical area. A left flank retroperItoineal incision was made using a 

sterile #10 scalpel blade to expose the descending aorta and the IVC (fig 3-1).  

The descending aorta was clamped using a micro-clamp ~5 mm inferior to the 

renal blood vessels to cease downstream blood flow.  An 18G needle at 1½ inch 

length was modified to form a 90° angle approximately 5 mm from the bevelled 

tip (fig 3-1). This modification permits ease of manoeuvring of the needle when 

puncturing the aorta and IVC. Model A (single puncture): Using the modified 

needle, the aorta was punctured below the micro-clamp and a through-and-
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through is generated across the aorta to reach and puncture the IVC’s adjacent 

wall (fig 3-1A). Model B (triple puncture): In a second group of animals, after the 

first through-and-through puncture was made as in model A, the needle was 

withdrawn from the hole connected to the IVC and the tip was placed caudally to 

the first puncture and a second and a third puncture were made (fig 3-1B). In 

model B, a total of 3 shunting holes were made between the aorta and IVC. In 

both models, the IVC was not subjected to a through-and-through. The needle 

was then carefully removed and a drop of cyanoacrylic glue was placed on the 

puncture site and let dry. As the glue dried, the micro-clamp was removed. Sham 

group: sham-operated animals were subjected to the peritoneal dissection and 

aortic clamping without puncturing the vessels with a needle. A drop of 

cyanoacrylic glue was placed at ~5 mm inferior to the renal blood vessels for 2 

minutes and then removed. The sham animal is then sutured and allowed to 

recover as with the other two groups of animal. 

Once hemostability was achieved, the peritoneum and skin layers were sutured 

separately using running stitches and 5-0 prolene. Iodine is applied on the 

sutured skin again. Isofluorane is ceased and the rabbits let to recover on the 

warming table (37° C) until they regain consciousness at which the recovered 

rabbit would be returned to its litter again. The rabbits were returned to the doe 

on the day of the surgery and iodine is applied to the doe’s nose so that she may 

adapt to the new scent of its litter and continue to nurse them. The recovery of 
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the animals was monitored hourly for 24 hours to assure that no complications 

arose form the surgery.  

3.2.3 Echocardiography Evaluation of the Aorta-Caval Shunt and of Cardiac Size 

and Function 

One week after surgery, the rabbits were returned to the lab for evaluation by 

ultrasound and echocardiography. A timeline of the events is indicated in figure 

3-2. The presence of an aorta-caval shunt was determined using color Doppler 

ultrasound at 7 and 13 days post-surgery. A 15 mHz probe, attached to the 

Acuson Sequoia 512 ultrasound imaging system was used (Siemens medical). 

Rabbits were anesthetised with gaseous isofluorane (1-2%, oxygen flow rate of 

2-3 mL/min). After achieving unconsciousness, rabbits were placed on a warming 

table set at 370C and continued on isofluorane (1-2%, oxygen flow rate of 2-3 

mL/min) via a nose cone. The abdomen hair on the rabbit was removed with 

Nair hair removing cream. Warmed ultrasound gel was applied to the 

abdomen and the probe is orientated longitudinally in order to capture flow 

direction of the aorta and IVC (fig 3-3). From this view, the diameter of the aorta 

and IVC were measured and often the patent shunt(s) was also visible (fig 3-3C 

and D). If and when the patent shunt is visible, the probe is turned 900 to the 

longitudinal axis at the shunt to better visualize the shunting of blood from the 

aorta to the IVC (fig 3-3B). In this view, turbulence between the two vessels also 

verified the presence of a shunt.    
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The rabbit’s chest was also cleared to skin with Nair hair removing cream. 

Ultrasound gel was placed on the chest and probe was used to achieve a short 

and long-axis view from which the following measurements were made to assess 

cardiac hypertrophy (fig 3-4): left ventricular internal diameter (diastole) (LVIDd), 

right ventricular internal diameter (diastole) (RVIDd), right ventricular end-

diastolic area, and ejection fraction (%EF). 

Cardiac hypertrophy was also assessed by wet ventricular weights and 

normalized to body weight.  

3.3 Results 

3.3.1 Shunt Success Rates were Different Between the Two Models 

With the two models of hypertrophy, model A produced a successful shunt at 

the rate of 18% while 68% of the shunts closed by 13 days after the surgery 

(table 3-1). On the other hand, 72% of the animals receiving model B shunt 

procedure had a persistent shunt 13 days after the surgery and shunt closer 

occurred at the rate of 13 % in these animals. Death rates in models A and B 

were similar between the two groups occurring at 14% and 15%, respectively. 

Pre-mature death was often attributed to intra-operative or peri-operative 

exsanguinations. Animals were terminated pre-maturely due to post-surgical 

complications. These complications include hindlimb ischemia, urinary 

incontinence, and diarrhea that were identified at the day of the first 
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echocardiography. In the course of the model development, these morbid 

conditions were lessened by decreasing aorta clamp time and minimizing the 

amount of cyanoacrylic glue applied.  

3.3.2 Shunt Patency Detection by Ultrasound Increased IVC Diameter 

Ultrasound of the abdominal vessels showed and increased volume to the IVC by 

its distension. The average IVC diameter in the sham group from model A is 2.84 

± 0.27 (table 3-2) and that from model B is 2.42 ± 0.15 mm (table 3-3). The two 

models developed were compared to their individual sham groups as the surgical 

procedures were performed at different times and by different surgeons 

between the two models and cannot be compared to each other. Nonetheless, 

the IVC from model A animals (4.62 ± 0.53 mm) were significantly greater than 

that from the sham group (Table 3-2, P<0.05). Similarly model B shunt 

significantly increased the IVC diameter to 3.38 ± 0.11 mm (table 3-3, P<0.05). 

Visualization of the shunt is demonstrated in figure 3-3 whereby model A (fig 3-

3C) produced a single shunt and model B (fig 3-3D) produced two to three 

shunts. The enlarged IVCs are comparatively larger than the diameter of that 

found in the respective sham animals (fig 3-3A).  

3.3.3 Volume-overload Cardiac Hypertrophy Resulted from the Shunt Procedure 

Echocardiography, demonstrated in figure 3-4, showed bi-ventricular 

enlargement in shunted animals (table 3-2 and 3-3). The diastolic left ventricular 
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internal diameter (LVIDd) from models A (9.7 ± 0.2 mm) and B (8.7 ± 0.3 mm) 

were significantly increased compared to their respective shams (8.6 ± 0.1 and 

7.83 ± 0.3 mm, respectively). As echocardiographic assessments were performed 

by differing operators between the two models, the assessment of the right 

ventricle RV were different. However, RV enlargement is present in both models. 

RV diastolic area (Area:d) was calculated for model A to demonstrate that RV 

was enlarged by increased volume return (46.9 ± 2.9 vs 34.4 ± 6.8 mm2, P<0.05). 

Similarly, in model B, RV internal diameter at diastole (RVID,d) was increased in 

the shunted animals (3.4 ± 0.1 vs 3.2 ± 0.2 mm, P<0.05).  

Despite the dilated ventricles, LV posterior wall (LVPW) was not increased in 

either model. Cardiac hypertrophy was also assessed by heart weight normalized 

to body weight (HW:BW). While body weight did not change between the 

shunted and sham groups, HW:BW were significantly increased in both models 

of hypertrophy (A: 6.6 ±  0.5; B: 4.7 ± 0.3) compared to the sham controls (A: 5.6 

± 0.4; B: 4.2 ± 0.1, P<0.05). However, of interest, is that while the shunt in model 

A did not alter ejection fraction (%EF) (60.3 ± 1.4 vs 57.6 ± 1.1 %), model B shunt 

decreased %EF significantly (67.4 ± 3.0 vs 75.4 ± 1.1%, P<0.05).   

3.4 Discussion 

Cardiac hypertrophy, though may develop secondary to a CHD, has been rarely 

studied in regards to cardiac metabolism and tolerance to ischemia-reperfusion. 

Although cardiac hypertrophy results in the newborn piglet model of ductus 
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arteriosus, the ability to quantify metabolism and validate the molecular changes 

was limited by the size of the heart. The rabbit heart model had been used 

extensively to study neonatal cardiac metabolism (22-29). Its size and ease of 

manipulation makes it convenient as an animal model to generate neonatal 

cardiac hypertrophy as well as to study its metabolism via the isolated working 

heart model. In the two neonatal models developed here, cardiac hypertrophy is 

reproducible by aorto-caval shunt(s) to cause volume-overload hypertrophy that 

increases the LV and RV internal diameters and increases HW:BW ratio.  

The present neonatal volume-overload cardiac hypertrophy models are 

adaptations of a prior rat model. In the adult rat, a single needle puncture 

generating the aorto-caval shunt altered hemodynamics and produced sufficient 

cardiac hypertrophy (30). However, in the neonatal rabbit, by ultrasound 

assessment, it seemed that shunt closure was frequent in model A resulting in an 

18% shunt patency rate. It is likely that the developing rabbit is highly resilient 

and is capable of healing the shunt. To add, as the rabbit grows in length and 

weight, the single shunt fistula may no longer be approximated and the shift 

between two vessels would occlude the fistula easily. Attempts of using a larger 

gauge needle or lengthen the amount of time the needle stays in the fistula 

failed to improve success rate of model A. It was not until three punctures into 

the IVC were attempted that shunt patency rates increased to 72%; hence, the 

production of model B. By ultrasound, this procedure readily produced two to 

three visible shunts between the two vessels. Model B decreased the rate of 
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shunt closure without affecting the morbidity/mortality rate. However, the 

mechanism by which the fistulas remained patent was not examined.  

As stated, these two models were not produced during the same time period nor 

by the same surgeons. Consequently, the data gathered between the two groups 

cannot be statistically compared. Nonetheless, both models produced cardiac 

hypertrophy consistent with volume-overload hypertrophy whereby bi-

ventricular dilation and increased heart weights were not accompanied by a 

thickening of the LVPW in model B. However, though the numerical values 

between the two models are incomparable, as differing echocardiographers 

performed the studies, model B seemed to cause systolic dysfunction while 

model A did not. Varying degrees of cardiac hypertrophy result from differing 

cardiac lesions; therefore, model B represents a more severe phenotype. It may 

be of interest to consider the two different techniques when examining varying 

types of CHDs and the degree to which they cause cardiac hypertrophy.  

It should also be noted that the RV was examined by different means between 

the two models. RVIDd, though examined in model B, was not examined in 

model A. This is largely due to the experimental nature of measuring RVIDd in 

the 2D m-mode. Meanwhile, within the study of model A, the RV area:d was 

estimated instead. However, neither of these parameters are truly accurate in 

clinical studies (31). The study of both model was highly dependent on the 

precision of measurements and comparison to their respective control subjects. 
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These value are rarely attained in the human equivalent via 2D 

echocardiography as alternate modes of imaging are available to better capture 

RV parameters and functionality. These modes of imaging, such as 3D 

echocardiography or cardiac magnetic resonance imaging (CMR), are not readily 

accessible, even clinically. Therefore, little information in regards the prognostic 

value of the RVID is available. However, in the development of the volume-

overload hypertrophy models, it is important to assess RV function and dilation 

as the initial increase in volume return enters into the right side of the heart. The 

model has a global impact and measuring only the LV would have limited the 

insight into the consequences of global volume-overload. Interestingly, the 

prognostic value RV assessment is becoming increasingly important. The RV’s 

contribution to pathogenesis has been largely neglected as most attention is 

focused on LV function. RV assessment is growing in its importance as noted in 

several reviews (32-34). Its assessment is a challenge, as in models A and B, due 

to the anatomical location and position of the heart in the human let alone a 

rabbit. RV assessment remains limited due to anatomical and technological 

limitations. However, the evaluation of echocardiographic techniques and 

clinical relevance is beyond the scope of this study.In summary, by this 

technique, a neonatal cardiac hypertrophy model can be produced in a simple 

and consistent manner. This model could be applicable in the studies of 

pathological cardiac hypertrophy to examine the sole impact of cardiac 

hypertrophy on functionality.  
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3.5 Limitations 

In the development of the neonatal volume-overload cardiac hypertrophy 

model, several limitations have arisen and should be considered in the evolution 

of this animal model. One limitation of this model is that although CHDs are 

intra-cardiac lesions, this present model of cardiac hypertrophy is produced by 

an extra-cardiac lesion. Therefore, this model is not a model of CHDs but rather a 

model of neonatal volume-overload cardiac hypertrophy that isolates the 

volume-overload hypertrophic aspect of complex CHDs for evaluation. This 

model, therefore, does not take into consideration the intra-cardiac 

hemodynamic difference between an intra-cardiac lesion versus a extra-cardiac 

lesion. For instance, an intra-cardiac lesion may cause a combination of pressure- 

and volume-overload that results in hypertrophy. Meanwhile, the resultant 

hypertrophy is molecularly and functionally different between that caused by 

pressure- versus volume-overload. Although hypertrophy may occur in both 

cases, the hemodynamic difference from an intra-cardiac lesion may cause 

molecular changes that are not appreciated in the present model. Therefore, 

when undergoing further molecular studies, as with any model, interpretation of 

the data must take into consideration that this model is not a  true model of 

CHD.  

Additionally, a major limitation in this study is that the models are not 

statistically comparable. This is apparent in the sham groups with significantly 
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differing %EF, LVIDd, body weight, and HW:BW ratios. This study was not 

designed to and does not have the power to statistically evaluate the efficacy of 

one method over the other. This study was meant to discuss the progression and 

evolution of surgical techniques to achieve volume-overload hypertrophy. The 

differences between sham groups can be accounted for by several factors. 

Temporal and technical factors contribute to the differences in surgical 

intervention as well as echocardiographic techniques. The two models were 

produced in series by two different surgeons/echocardiographers. This 

difference may be apparent in the echocardiographic data from sham animals. 

Despite the small SEM of several parameters (IVC, RV area, RVIDd, LVIDd, and 

LVPW), the mean averages are dramatically different between the two sham 

groups despite receiving the same sham surgery. Echocardiographic assessment 

is influenced by several factors including the technician, technique, and 

anesthesia. The echographic data from model A and B were attained by differing 

technicians. As this study is likely a first in demonstrating echocardiographic data 

for neonatal rabbits (14- and 21-day-old), no normative or historical data is 

available for comparison to validate echocardiographic techniques. To add, the 

finding here lend itself to conclude that baseline surgical techniques differ to 

impact both the sham and shunt procedures. Ideally, these technical differences 

would be controlled for by utilizing the same surgeon and echocardiographers.  

One technical difference to note is the varying amounts of anesthesia, which 

depends on the size of the animal and susceptibility to anesthesia. Rabbits have 
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a relatively higher sensitivity to anesthesia (35). A high inter-rabbit variability of 

sensitivity to anesthesia further complicates the degree of anesthesia needed to 

attain the necessary echocardiogram. Although the rate of isoflurane and length 

of time of isoflurane anaesthesia was well controlled, the consequent impact on 

heart rate (HR) or respiratory rate was not quantified in either of the two 

models. As anaesthesia has a large impact on HR, monitoring HR during the 

course of anaesthesia and echocardiography would have added to normalize the 

echocardiographic data between the two models.  

One way to control for differences in technique and anesthesia retrospectively is 

to compare the %EF or HR. Or to actively control for respiratory rate and/or HR. 

In these models, anesthesia was controlled mainly by subjective animal response 

in addition to the rate and time of flow. The %EF of the two models cannot be 

statistically compared as the values seem different in the two sham groups. %EF 

is the product of the stoke volume divided by the end diastolic volume. This 

parameter is highly influenced by HR. A higher HR would decrease stroke 

volume. Therefore, deep sedation would depress HR and elevated %EF. In model 

B, a high %EF relative to model A shams may be indicative of better cardiac 

function, but may also indicate a deeper state of anesthesia. Thus, HR would 

have normalized the data gathered from the two models and determine the 

origin of %EF changes. Unfortunately, an electrocardiogram (ECG) from which HR 

data may be easily derived, was not attainable in the rabbit model using the 

Sequoia system. Compared to a human ECG, animal ECGs are often done by 
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immobilizing the rabbit on a self-retaining board with electrodes embedded in 

the board. Although this system is meant to restrain the animal to prevent the 

animal’s motion from disrupting the signal, it decreases the versatility of 

attaining an ECG. It is particularly difficult for a rabbit as its narrowed-shape 

chest limits upper limb extension and therefore prevents the animal from being 

placed at an anatomical position feasible for immobilization on the electrode 

board. In retrospect, such measurement may be attained if the rabbit is in a 

prone position and echocardiography is attained from underneath as the rabbit 

lies with sufficient contact with the electrodes on the board. Another method of 

retrospectively examine HR would have been to quantify HR from the M-mode 

images attained. It would be necessary to reanalyze each image to obtain an 

accurate HR. As data was accumulated over several years, re-analysis may be 

attainable, but not without challenge.  

As the two models developed over a couple of years, it has been difficult to 

maintain the same breeding pair of animals. Although the supplier and breed 

remains the same, the neonatal rabbits used were from different does between 

model A and model B. The necessity to replace the doe that birthed the animals 

for model A was mainly due to old-age. Subsequently, animals for model B were, 

though still of the New Zealand white rabbit breed, from a different doe. It is 

likely that genetic variances may add to the differences between sham groups. In 

fact, significant body weight differences are noticeable between the two groups 

of shams despite being at the same age when weighted and receiving the 
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surgery. Differences in body weight would have also impacted the animals’ 

response to anesthesia. Furthermore, the differences in body weight also 

impacts the differing HW:BW ratios. Of note, in model A, due to the high shunt 

closure rates at 14-days old during the first echocardiographic assessment, 

several of the animals originally receiving shunt surgery were deemed 

unsuccessful and added towards the sham group. Shunting during the interim 

between the surgery until the first echocardiography may have caused 

pathological cardiac hypertrophy despite closure of the shunt. However, 

pathological changes were not detected when evaluating the differences 

between sham animals and shunt animals of model A. Due to the higher shunt 

patency rate in model B, all sham animals received sham surgery and none of the 

animals had prior shunt surgery. Therefore, as animals from model A were later 

deemed as shams due to the loss of a patent shunt, the higher HW:BW ratio in 

model A sham group compared to that in model B may be the result of minor 

cardiac hypertrophy developing prior to the closure of the shunt. Although 

within model A, the cardiological differences between sham and shunt groups 

remain statistically significant and attributable to the presence or absence of a 

patent shunt, the shams may no longer be true shams as compared to model B’s 

sham group.  

In retrospect, normative or historical data, as mentioned, or additional 

quantifiable parameters would have added to establish congruency between the 

two sham groups. For instance, normal LVPW data, unavailable for model A, 
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would have helped verify that the hypertrophy is consistent with that of volume-

overload hypertrophy. Model A’s claim of volume-overload hypertrophy is 

therefore highly dependent enlarged intraventricular dimensions during diastole. 

Wall thickening, the hallmark of pressure-induced hypertrophy, is lacking in 

model A to rule out coincidental findings of pressure-induced hypertrophy. 

LVPW would be additional information that would aid to characterize this model 

as a volume-overload hypertrophy. Hence, as sham groups are characteristically 

different between the two models, it is difficult to assess their relative 

differences. In so, these limitations restrict the extent of this report to be able to 

only demonstrate and report the evolution of developing a neonatal model of 

volume-overload cardiac hypertrophy rather than to comparatively establish the 

models. 
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3.7 Figures 
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Figure 3-1: Schematic of the aorto-caval shunt models A and B. Model A: (1) The 

descending aorta (dAo) was punctured with a 20 gauge needle, penetrating the 

inferior vena cava (IVC). (2) The clamp was placed. (3) The needle was withdrawn 

and drop of cyanoacrylate glue was used to seal the aorta puncture point. (4) 

The clamp was removed. Model B: (5) The needle is withdrawn from just the IVC, 

but through the same hole in the aorta, two other holes are made before the 

hole is sealed as with (3) and (4).  
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Fig 3-1 
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Figure 3-2: Timeline of events. Echocardiography (Echo) 
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Fig 3-2 
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Figure 3-3: Ultrasound of the aorto-caval shunt. The size of the IVC is quantified 

in a A) sham animal. B) When the ultrasound probe is rotated 900 the shunt the 

shunt can also be seen to cause turbulance in the IVC.  A longitudinal view of the 

descending aorta (dAo) and inferior vena cava (IVC) A) in model A where a single 

shunt is visible between the two vessels and in B) model B in which two shunts 

of the three made are visible between the two vessels. To the right of the 

ultrasound image is a graphical representation of the IVC, dAo, shunts, and 

direction of flow through the shunts. 
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Fig 3-3 
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Figure 3-4: Representative M-mode images demonstrating the LVIDd of a A) 

normal 20-day old rabbit heart and B) that of a volume-overloaded heart are 

dramatically different.   
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 Fig 3-4 
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3.8 Tables 

Table 3-1: Success rates of aorto-caval shunt operation 

 

Model A  

(single puncture) 
% 

Model B  

(triple puncture) 
% 

Total number of surgeries 297 
 

47 
 

     Closed shunt 
    

Died/terminated 42 14 7 15 

 

Table 3-2:  Physical and Cardiac Parameters in 20-day-old rabbits with sham or 
model A (single puncture) aorto-caval shunt operation  

 sham shunt 

Number of animals 12 11 

IVC (mm) 2.84 ± 0.27 4.62 ± 0.53 

RV Area:d (mm2) 34.4 ± 6.8 46.9 ± 2.9 * 

LVIDd (mm) 8.6 ± 0.1 9.7 ± 0.2 * 

%EF 57.6 ± 1.1 60.3 ± 1.4 

   

Body weight (g) 360 ± 18 338 ± 17 

Heart weight (mg) 

HW:BW (mg/g) 

2060 ± 120 

5.59 ± 0.37 

2390 ± 110 * 

6.64 ± 0.52 * 

LV, left ventricle; RV, right ventricle; LVIDd, diastolic left ventricular internal 
diameter; %EF, ejection fraction; * indicates a significant difference (p<0.05) 
between sham and shunt. Values are the mean ± SEM 
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Table 3-3: Physical and Cardiac Parameters in 20-day-old rabbits with sham or 
model B (triple puncture) aorto-caval shunt operation  

 Sham  Shunt  

Number of animals  9 13  

IVC (mm)  2.42 ± 0.15  3.38 ± 0.11*  

RVIDd (mm)  3.1 ± 0.2  3.4 ± 0.1*  

LVIDd (mm)  7.8 ± 0.3  8.7 ± 0.3*  

LVPW (mm)  1.8 ± 0.1  1.7 ± 0.1  

%EF  75.4 ± 1.1 67.4 ± 3.0*  

   

Body Weight  422 ± 13  385 ± 28  

Heart Weight (mg) 1703 ± 84 1881 ± 74 

HW:BW (mg/g) 4.2 ± 0.10 4.7 ± 0.3*  

IVC, inferior vena cava; RVIDd, right ventricular internal diameter during diastole 
in millimetre (mm); LVIDd, diastolic left ventricular internal diameter; LVPW, left 
ventricular posterior wall thickness; %EF, ejection fraction; HW:BW, heart weight 
to body weight ratio. * indicates a significant difference (p<0.05) between sham 
and shunt. Values are the mean ± SEM 
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Chapter 4 
Delayed Maturation of Fatty Acid 
β-Oxidation in Hypertrophied 
Neonatal Hearts Compromises 
Cardiac Energetics and Functional 
Recovery from Ischemia 
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Hypothesis: 

If normal neonatal rabbit hearts undergo volume-overload hypertrophy, then its 

metabolism is expected to retain a fetal metabolic profile rather than mature 

into a FA oxidation-dependent metabolism. Increased HIF-1α concomitant with 

decreased PPAR expression should contribute to retention of the fetal-like 

metabolic profile; and this metabolic profile would decrease the rates of ATP 

production causing an ATP deficiency that impedes post-ischemic functional 

recovery. These expected results are likely becuase in adul hearts, cardiac 

hypertrophy causes a reversion to a fetal-like metabolic profile 
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4.1 Introduction 

One of every 100 children is born with a congenital heart defect. Cardiac 

hypertrophy can occur secondary to volume/pressure overload due to defects 

such as ventricular septal defects, atrial septal defects, or a patent ductus 

arteriosus representing 29, 21, and 10%, respectively, of all congenital heart 

diseases (1). These defects often undergo surgical repair that requires a 

motionless and bloodless field achieved by arresting the heart, which subjects 

the heart to a period of ischemia.  Maturation of energy metabolism in the 

newborn heart is not complete until after birth.  Therefore the response of the 

neonatal heart to ischemia may be different from the adult heart.  Adding to 

that, hypertrophy may alter the normal course of metabolic maturation in the 

neonatal heart via changes in gene and protein expression. Thus, cardiac 

hypertrophy-related changes in cardiac energy metabolism in the neonatal heart 

may also impact the heart’s tolerance to ischemia.  

Shortly after birth, the heart rapidly develops the ability to metabolize fatty 

acids, while dramatically decreasing glycolytic rates (2-4).  This metabolic 

transition occurs in many mammals including rabbits and pigs.  In 1-day-old 

rabbit hearts, glycolysis contributes to nearly half of the total cardiac ATP 

production.  By 7-days old, glycolysis contributes <10% of the hearts energy 

requirements (5,6).  In contrast, in 1-day old rabbit hearts, fatty acid oxidation 
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provides <10% of total ATP production; by 7-day of age, it provides >50% (7,8).  

Decreased glycolysis following birth partly occurs by allosteric inhibition on 

upstream regulators due to increased fatty acid oxidation (4,6,9,10).  

Transcriptionally, decreased hypoxia-inducible factor-1α (HIF-1α) expression 

may also contribute to decreased glycolysis.  HIF-1α regulates expression of 

genes that favor anaerobic glycolysis.  In normal cardiac maturation, HIF-1α 

mRNA/protein levels drop (11), resulting in decreased glycolytic enzyme 

expression/activities (4,6,9).  Simultaneously, increased acetyl-CoA from fatty 

acid oxidation inhibits pyruvate dehydrogenase (PDH), the first committed 

enzymatic step in glucose oxidation.  Cardiac glucose oxidation rates remain 

low following birth due to low glycolysis and PDH activity (8,12,13).  

In the adult heart, cardiac hypertrophy is associated with a reversion to a fetal 

metabolic profile (14,15) causing decreased fatty acid oxidation (16,17) and 

increased glycolytic rates (16,18,19).  These metabolic changes correlate to 

altered expression/activity of key energy metabolic enzymes (20-24).  While 

adult cardiac hypertrophy results in a fetal-like metabolic phenotype (25), the 

effect(s) of hypertrophy on the newborn heart, in the midst of a fetal-to-adult 

transition, is unclear.  We previously showed that newborn cardiac hypertrophy 

in pig hearts delays the maturation of key fatty acid oxidation enzymes (26).  

However, the effects of hypertrophy on energy metabolic rates in the newborn 

heart has not been directly determined.  Since energy substrate preference can 
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have profound impact on ischemic tolerance (27,28), it is important to 

understand the effect(s) of cardiac hypertrophy on energy substrate metabolism 

in the newborn heart.  

To examine energy metabolism in hypertrophied newborn hearts, we developed 

a volume-overload hypertrophy model in newborn rabbit hearts.  Our model 

produces bi-ventricular cardiac hypertrophy in 21-day-old rabbits, which is 

relevant to ventricular septal defects, atrial septal defects, and patent ductus 

arteriosus pathologies.  Since systolic pressure in the right ventricle remains 

high in the perinatal period and decreases immediately after birth (13), our 

bi-ventricular model is particularly valid in correctly capturing the metabolic and 

functional changes in both ventricles that may occur during the development of 

hypertrophy.  Using a bi-ventricular working heart preparation to measure 

cardiac function and metabolism, we show that the hypertrophied neonatal 

heart metabolism retains a fetal profile causing a severe decrease in overall 

cardiac energy production that compromises post-ischemic functional recovery.  
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4.2 Material and Methods  

4.2.1 Animals 

The University of Alberta adheres to the principles for biomedical research 

involving animals developed by the Council for International Organizations of 

Medical Sciences and complies with Canadian Council of Animal Care guidelines. 

4.2.2 Induction of volume-overload via production of an aorto-caval fistula in 

newborn rabbits 

7-day-old New Zealand White rabbits of either sex (90-200 g) were anesthetized 

with isofluorane (2%) via inhalation.  Animals were placed on their right lateral, 

and a left flank retroperitoineal incision was made to expose the descending 

aorta and the inferior vena cava.  The descending aorta was clamped with a 

micro-clamp 5 mm inferior to the renal blood vessels to cease downstream 

blood flow.  The aorta was punctured with a 20 G needle tip below the 

micro-clamp and a through-and-through fistula generated across the aorta to 

reach and puncture the adjacent wall of inferior vena cava.  The needle was 

then removed and a drop of cyanoacrylic glue was placed on the puncture site 

and allowed to dry, following which the micro-clamp was removed to restore 

blood flow.  Following the surgical procedure animals were monitored for 

recovery hourly over a 24-hour period to assure there were no complications.  
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This produced a volume-overload leading to the development of bi-ventricular 

cardiac hypertrophy in 21-day old rabbits (table 4-1). All animal procedures were 

approved by the University of Alberta Health Sciences Animal Welfare and Policy 

Committee, which adheres to the principles for biomedical research involving 

animals developed by the Council for International Organizations of Medical 

Sciences and complies with Canadian Council of Animal Care guidelines.  

4.2.3 Echocardiography 

Transthoracic echocardiographic assessment was performed using a two 

dimensional / Doppler echocardiographic system (Acuson Sequoia 512 machine 

(Siemens medical solutions, Mountain View, CA) using a 15-Mhz probe on the 

day of 7 and 13 days after surgery.  The left ventricular end-diastolic and 

systolic dimension, the right ventricular end-diastolic and systolic area, heart 

rate and shunt flow between the abdominal artery and vena cava were 

recorded.  If the fistula between abdominal aorta and inferior vena cava 

persisted and cardiac hypertrophy developed, the animals were included in the 

hypertrophy group.  All animals in which the shunt between the aorta and the 

inferior vena cava closed before day 7 after the surgery were defined as 

sham-operated animals. 
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4.2.4 Isolated Bi-ventricular Heart Perfusion Model 

At 14 days post-surgery, 21-day-old rabbits were anesthetized with 

Na-pentobarbital (60 mg/kg body weight) and hearts were excised and 

cannulated and retrogradely (Langandorff) perfused with Krebs-Henseleit buffer 

(370C, pH=7.4, gassed with 95 % O2/5 % CO2 mixture).  During 15 minutes of 

retrograde perfusion, the superior vena cava (SVC), the left atria, and pulmonary 

artery were cannulated and the inferior vena cava was ligated.  Left ventricular 

work was initiated at the end of the 15-minute retrograde perfusion by opening 

flow into the left atria and aortic afterload line and terminating the retrograde 

perfusion.  Right ventricular load was added by opening SVC flow thereby 

producing a bi-ventricular working heart preparation.  Hearts were subjected to 

30 min left ventricular perfusion (clamped SVC cannula) followed by 30 min 

bi-ventricular perfusion (opened SVC cannula).  Hearts were perfused with 

modified Krebs-Henseleit solution containing 2.5 mM Ca2+, 5.5mM glucose, 0.8 

mM palmitate prebound to 3% bovine serum albumin, 0.5 mM lactate and 100 

µU/mL insulin.  The preload for the left and right atria were set at 12.5 mmHg 

and 7.5 mmHg, respectively.  Left ventricular afterload was set at 35 mmHg and 

a right ventricular afterload at 4.5 mmHg.  At the end of the perfusion 

protocols, left ventricular, right ventricular and septal tissues were separated 

and rapidly frozen in liquid N2 and stored at -800C for further biochemical 

analysis.  Glycolysis, glucose oxidation, lactate oxidation, and palmitate 
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oxidation were measured as described (29,30). In some studies, hearts were 

subjected an initial 15 min left ventricular working heart, followed by 20 minutes 

of bi-ventricular perfusion, a 25 min period of isothermal, no-flow global 

ischemia followed by 30 minutes of bi-ventricular aerobic reperfusion. 

ATP production rates from glycolysis, glucose oxidation, lactate oxidation and 

palmitate oxidation were calculated, using the values of 2 mol ATP per mol of 

glucose passing through glycolysis, 31 mol ATP per mol of glucose oxidized, 18 

mol ATP per mol of lactate oxidized and 105 mol ATP per of palmitate oxidized. 

These numbers are derived based on using P/O ratios of 2.5 for NADH and 1.5 

for FADH2 (31,32). 

4.2.5 Mechanical Measurements in Isolated Rabbit Bi-ventricular Working Heart 

Heart rate and systolic and diastolic pressures were measured using a Gould P21 

pressure transducer attached to the aortic and pulmonary outflow line.  Left 

and right cardiac output and aortic and pulmonary flow were measured by using 

ultrasonic flow probes (Transonic T206) placed in the left atrial and SVC inflow 

line and aortic and pulmonary out flow line, respectively.  Left and right 

ventricular work were calculated as (cardiac output • peak systolic pressure • 

10-2) and served as continuous index of left and right ventricular mechanical 

function. 
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4.2.6 Tissue Sample Preparation for Immunoblot Analysis 

Each sample of frozen ventricular tissue (~20 mg) was combined with 

homogenization buffer containing 50 mM Tris•HCl (pH 8 at 4°C), 1 mM EDTA, 

10% (wt/vol) glycerol, 0.02% (wt/vol) Brij-35, 1 mM dithiothrietol (DTT), and 

protease and phosphatase inhibitors (Sigma) and homogenized for 30s using a 

Polytron Homogenizer. Samples were centrigued at 800 g for 10 min. The 

supernatant was boiled in protein sample buffer solution (62.5 mM Tris-HCl, 6 M 

Urea, 10% glycerol, 2 % sodium dodecyl sulfate, 0.003 % bromophenol blue, and 

5 % 2-betamercaptoethanol) for 5 min. Protein concentration of homogenates 

was determined using the Bradford protein assay kit (Bio-Rad) and normalized to 

1 µg/µL to load onto the SDS-PAGE gel and ran as Dyck et al., 2000 (33). 

4.2.7 Immunoblot Analysis 

Denatured samples of heart tissue homogenate were subjected to SDS-PAGE and 

transferred to nitrocellulose membranes as previously described (33). 

Membranes were blocked in 10% fat-free milk for 1 hour and probed with 

anti-AMP-activated protein kinase (AMPK) (Cell Signaling Technologies), 

anti-phospho-threonine 172 AMPK (Cell Signaling Technologies), anti-MCD 

(University of Alberta), anti-HIF-1α (Cell Signaling Technologies) (using nuclear 

fraction of cell homogenates), anti-αtubulin (Cell Signaling Technologies) (using 

nuclear fraction of cell homogenates), or anti-actin (Santa Cruz Biotechnology) 
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antibodies in 5% fatty acid-free BSA/PBS.  After thoroughly washing, 

membranes are incubated in a peroxidase-conjugated goat anti-rabbit or 

anti-mouse secondary antibody in 5% fat-free milk/PBS. After further washing, 

antibodies were visualized using the enhanced chemiluminescence Western blot 

detection kit (Perkin Elmer) and quantified using Quantity One (4.4.0) software 

(Bio-Rad Laboratories).  

4.2.8 Pyruvate Dehydrogenase Activity Assay 

Pyruvate Dehydrogenase (PDH) activity was measured as in Constantin-Teodosiu 

et al., (34). For active PDH activity, frozen heart tissue (~20 mg) was 

homogenized in 1:10 buffer containing 200 mM sucrose, 50 mM KCl, 5 mM 

MgCl2, 5 mM EGTA, 50 mM Tris HCl, 50 mM NaF, 5 mM dicholoroacetate, and 

0.1% Triton X-100 (pH 7.8). For total PDH activity, homogenization was done 

with 1:10 tissue to buffer, which contained 200 mM sucrose, 50 mM KCl, 5 mM 

MgCl2, 5 mM EGTA, 50 mM Tris HCl, 10 mM glucose, and 4.5 U/mL hexokinase. 

Active PDH activity. Warm (370C) assay buffer (150 mM Tris-HCl, 0.75 mM EDTA, 

1.5 mM MgCl2, 0.75 mM NAD+, 0.75 mM CoA grade 1, and 1.5 mM thiamine 

pyrophosphate) was added to samples. The reaction was initiated by the 

addition of pyruvate to a final concentration of 1 mM and incubated at room 

temperature (RT) for 10 min. The reaction was stopped with perchloric acid (80 

mM). The acid was neutralized with KHCO3. The samples were then centrifuged 
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at 10000 x g for 3 min. Total PDH activity. Samples were incubated with a 

pre-incubation reagent (200 mM sucrose, 50 mM KCl, 5 mM EGTA, 50 mM 

Tris-HCl, 24 mM CaCl2, 600 mM MgCl2, 125 mM dichloroacetic acid, 10 mM 

glucose, 18 U/mL hexokinase) added at a 1:20 dilution for 15 min at 370C. Warm 

(370C) assay buffer was added. The reaction was initiated with the addition of 

pyruvate/triton to a final concentration of 1 mM/0.003% tritonX-100 and 

incubated for 10 min at RT. Reactions were terminated with perchloric acid and 

centrifuged as above. Resulting supernatants from active and total samples were 

used to determine acetyl-CoA content as acetyl-CoA was converted to 

[14C]-citrate. [14C]-oxaloacetate was formed by reacting 50 mM (pH 7.8) HEPES, 2 

mM EDTA, 2 mM α-ketoglutarate, 1.25 mM aspartate, and a total of 0.045 µCi of 

[14C]-aspartate catalyzed by glutamic-oxaloacetic transaminase (16.8 kU - 42kU ) 

for 20 min at RT. To 200 µL aliquot of each sample was added dithiothreitol (0.83 

mM) and CuSO4-potassium acetate mixture (0.03 mM and 12 mM) and 

incubated for 30 min at RT. EDTA (4.6 mM, pH 7.4) was then added an mixture 

incubated for 5 min at RT. 20 µL of the [14C]-oxaloacetate reaction mixture was 

also added along with a total of 0.5 U of citrate synthase. The mixture was 

allowed to react for 20 min at RT and terminated with perchloric acid (60 mM) 

and cooled on ice for 10 min. The reaction was then neutralized with KOH (67 

mM). EDTA (5.3 mM) was also added. The unreacted [14C]-oxaloacetate was 

removed by the reverse reaction whereby the oxaloacetate is reconverted to 
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aspartate with the addition of a glutamate/glutamic-oxalacetic transaminase 

solution (6.6 mM glutamate; 0.8-2.0 U glutamic-oxalacetic transaminase) 

incubated for 20 min at RT. 1 mL of Dowex slurry (1:2 w/v) was added to each 

reaction mixture and mixture vortexed every 10 min for 40 min. The mixture is 

then centrifuged at 3500 rpm for 5 min to separate out the Dowex beats. The 

supernatant was retrieved and added to scintillation fluid and radioactivity 

quantified via a scintillation counter. The amount of acetyl CoA was determined 

by comparison of acetyl CoA standard curves run in paallel in each experiment. 

4.2.9 Citrate Synthase Activity Assay 

According to the method from Seres (35), tissue homogenates were prepared as 

for immunoblot assays. The sample was added to the reaction mixture 

containing 92 mM Tris-HCl, 0.91 mM EDTA, and 0.91 mM MgCl2, pH 8.2), 0.3 mM 

acetyl-CoA, and 0.1 mM dithionitrobenzoic acid (DNTB) to a final volume of 0.2 

mL. Activity was spectrophotometrically quantified as the reaction occurred. 

Reaction was initiated with oxaloacetic acid (0.5 mM). Absorbance in the 

reaction is detected at 412 nm for 2 min. Citrate synthase activity was calculated 

with the following formula: 

activity = 
[(∆A412/min) x 0.2 mL] 

[13.6 ε for DNTB x 0.552 path-length of 96 well plate used for measurement x tissue wt] 
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4.2.10 β-hydroxyacyl CoA Dehydrogenase Activity Assay (β-HAD) 

Tissue homogenates were prepared as described above (Tissue Sample 

Preparation for Immunoblot Analysis).  The sample was added to a reaction 

mixture containing: 50 mM imidazole (pH 7.4) and 0.15 mM NADH.  

Acetoacetyl-CoA (0.1 mM) was added to initiate the reaction.  The final volume 

of the reaction was 0.2 ml. Activity was quantified spectrophotometrically as the 

reaction occurred by measuring absorbance at 340 nm for 5 min.. β-HAD activity 

was calculated with the following formula. 

 

β-HAD activity = 
[(∆A340/min) x 0.2 mL] 

[6.22 ε for NADH x 0.552 path-length of 96 well plate used for measurement x tissue wt] 

 

4.2.11 Malonyl-CoA Dehydrogenase (MCD) Activity Assay 

Ventricular tissue samples were homogenized in a buffer containing 75 mM KCl, 

20 mM sucrose, 10 mM HEPES, 1 mM EGTA, 20 mM NaF, and 5 mM protease 

inhibitor (Sigma). According to the established method found in (36,37),to 

initiate the MCD assay, heart homogenates were incubated in a 210-µl assay 

buffer (0.1 M Tris, pH 8, 0.5 mM dithiothreitol, 1 mM malonyl-CoA) for 10 min at 

37°C, in the presence or absence of NaF (50 mM) and NaPPi
 (5 mM). Adding 40 

µL of perchloric acid (0.5 mM) stopped the reaction. The acid was neutralized 



198 

 

with 10 µl of 2.2 M KHCO3 (pH 10) and centrifuged at 10,000 g for 5 min to 

remove precipitated proteins. Incubating heart sample with malonyl-CoA 

converted malonyl-CoA to acetyl-CoA, which was then combined with 

[14C]oxaloacetate (0.17 µCi/ml) to produce [14C]citrate. N-ethylmaleimide was 

present in all reactions to remove excess CoA remaining in order to prevent the 

conversion of non-malonyl-CoA derived acetyl-CoA by other enzymes in the 

non-purified MCD assay sample in the latter stages of the reaction.  Sodium 

glutamate (6.8 mM) and aspartate aminotransferase (0.533 µU/µl) were added 

to remove unreacted [14C]oxaloacetate during a 20-min incubation at room 

temperature. A negative control of water, to which all reagents were added 

accordingly, was performed alongside samples to account for possible inhibitory 

effects of N-ethylmaleimide and alkylating effects of GOT. However, any 

inhibitory effect on MCD itself is not expected as N-ethylmaleimide was not 

added during the reaction whereby MCD converts malonyl-CoA to acetyl-CoA.  

The solution was then stirred in a 1:2 suspension of Dowex AG 50W-8X resin 

(100-200 mesh) and centrifuged at 400 g for 10 min. The supernatant fraction 

was counted for [14C]citrate. An acetyl-CoA concentration standard curve was 

run with each experiment and used to quantify sample acetyl-CoA.  
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4.2.12 Peroxisome Proliferator Activated Receptor (PPAR)α mRNA Expression 

PPARα mRNA expression was determined by reverse transcription of total RNA 

followed by quantitative PCR (qPCR) analysis. Total RNA was extracted from 

1-day old whole hearts and left and right ventricles of 7-, 21-day-old heart and 

21-day old hypertrophied hearts, as above using TRI reagent (Qiagen) according 

to manufacturer’s kit. RNA is then quantified spectrophotometrically at 260 nm. 

Reverse transcription was then performed on 1 ug of total RNA using 100 IU of 

reverse transcriptase (Qiagen) with 100 ng of random hexanucleotide primers in 

a 20 µL reaction volume. PCR cycles were then followed with 1 µL of the reverse 

transcription product with 0.4 mmol/L of each dNTP, 25 pmol specific primers, 

PCR buffer, and 1.25 U of Taq DNA polymerase. 2 min of denaturation at 940C 

was followed by amplification of 30 cycles: 30s at 940C, 35 s at 530C, and 40 s at 

720C, then maintained for 7 min at 720C. qPCR was then performed using 12.5 µL 

Sybr-Green Jump Start Taq Readymix (Sigma-Aldrich), 5 µL oligonucleotides, 7.5 

µL of cDNA. qPCR of ribosomal rRNA 18s was performed as the endogenous 

control.  
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Rabbit PPARα primer sequence: 

 Sequence Start bp Stop bp Tm 

Forward Primer TGCACCCACTGTTGCAAGA 212 230 58 

Reverse Primer CGGCCTACCATCTCAGGAAA 274 255 59 

Prove ATCTACAGAGACATGTACTGAT 232 253 69 

Eukaryotic 18S rRNA Endogenous Control (FAM™ Dye/MGB Probe, Non-Primer 

Limited; Part Number: 4352930E) 

4.2.13 Statistical analysis 

Data are expressed as means ± SEM.  The significance of differences for 

multiple comparisons was estimated by one-way analysis of variance (ANOVA).  

If significant, selected data sets were compared by Bonferroni’s multiple 

comparison test.  The significance of differences between two groups was 

estimated by unpaired, two-tailed Student’s t-test where appropriate.  

Differences were considered significant at P < 0.05. 

4.3 Results 

4.3.1 Establishing and Assessing Cardiac Hypertrophy by Echocardiography  

An abdominal aorto-caval fistula was produced in 7-day old rabbits to increase 

volume returned to the right ventricle (RV).  Aorto-caval fistula patency, thus 

volume-overload, was confirmed in 14-day and 20-day old rabbits utilizing color 
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Doppler echocardiography to demonstrate turbulent blood flow (fig 4-1A), which 

was absent in sham-operated animals.  In volume-overload animals, at 20-days 

old, a significant increase in left-ventricular internal diameter (by 13%) (fig 

4-1B-D, table 4-1), left ventricular (LV) volume (by 33%) (table 4-1), and end 

diastolic of RV area (by 36%) (table 4-1) was seen. Body weight was similar 

between the volume-overload and sham groups (table 4-1).  In contrast, heart 

weight and heart weight to body weight ratio were significantly increased by 

16% and 19%, respectively, in volume-overload compared to the sham group 

(table 4-1), indicative of cardiac hypertrophy.  Heart rate, LV ejection fraction, 

and RV % fractional area change in 20-day old rabbits were similar between the 

two groups.  

4.3.2 Aerobic Cardiac Function in Isolated Bi-ventricular Working Hearts  

Control hearts were isolated from animals at 21 days of age subjected to sham 

surgery while hypertrophied hearts were isolated from animals in which 

volume-overload was produced secondary to a patent aorto-caval fistula. With 

aerobic bi-ventricular perfusion, cardiac hypertrophy did not alter cardiac 

function, consistent with in vivo echocardiographic studies. No differences in LV 

work (fig 4-2A) or cardiac output (fig 4-2C) were observed between 

hypertrophied and control hearts, regardless of left-ventricular or bi-ventricular 

mode.  A trend toward a decrease in LV work and cardiac output was observed 
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in control hearts perfused in bi-ventricular mode; but the difference did not 

reach significance.  LV stroke volume was also similar between hypertrophied 

and control groups when perfused in the left-ventricular mode. However, 

hypertrophied hearts had significantly increased LV stroke volume when 

perfused in the bi-ventricular mode (fig 4-2B). Heart rates were similar between 

hypertrophied and control hearts during left-ventricular perfusions, but were 

significantly increased in control hearts during the bi-ventricular perfusion (fig 

4-2D).       

4.3.3 Impact of Ischemia on Hypertrophied Hearts  

Although cardiac hypertrophy did not affect bi-ventricular aerobic function 

compared to controls when perfused in 0.8 mM palmitate (fig 4-2 and table 4-2), 

it did affect functional recovery from ischemia (table 4-2). While the 

hypertrophied heart adapted to the volume-overload during aerobic perfusion, 

the ischemic-reperfusion recovery was only 52% of the function seen in the 

control hearts.  The hearts exposed to 25 minutes of ischemia were given 1.2 

mM palmitate rather than 0.8 mM as hypertrophied hearts cannot recover with 

0.8 mM palmitate (data not shown). Therefore, 1.2 mM palmitate increases 

substrate availability in order to resolve differences in recovery between control 

and hypertrophied hearts.  This significant functional decrease during recovery 

was accompanied by a corresponding increase in the AMP:ATP ratio in the RV. 
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Though an increase in AMP:ATP is present in the LV, the difference was 

insignificant. However, the significantly higher AMP:ATP in the RV compared to 

controls (table 4-2) may underlie the impaired ischemia-reperfusion recovery.  

4.3.4 Metabolism in Aerobically-Perfused Hypertrophied Newborn Rabbit Hearts 

Cardiac hypertrophy markedly decreased palmitate oxidation rates (by 57%) 

compared to controls during left-ventricular and bi-ventricular perfusions (Fig 

4-3A).  In contrast, glycolytic rates increased 246% and 172% during 

left-ventricular and bi-ventricular perfusion, respectively, in hypertrophied 

hearts (fig 4-3B). Glucose oxidation rates were similar in the two groups during 

left-ventricular perfusion. Hypertrophied hearts failed to increase glucose 

oxidation, whereas these rates increased to 148% in control hearts during 

bi-ventricular perfusion (fig 4-3D).  Lactate oxidation rates were similar 

between the two groups (fig 4-3C).  Active PDH activity was not diminished in 

LV or RV of hypertrophied versus controls (table 4-3).  In fact, total PDH activity 

is increased in the RV. 

In control hearts, fatty acid oxidation was the predominant ATP source providing 

>75% of ATP production in left-ventricular and bi-ventricular modes (table 4-3).  

Glucose oxidation was the second most important source of ATP (11-16%).  

Consistent with hypertrophy-altered energy metabolism, ATP production rates 

decreased by 42% and 38% in hypertrophied hearts compared to controls during 
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left-ventricular and bi-ventricular perfusion, respectively (fig 4-3E).  

Contribution of glycolysis increased in hypertrophied hearts to 27.2% (table 4-3). 

Overall decrease in ATP production, mainly due to the dramatic drop in fatty acid 

oxidation, suggests that volume-overload cardiac hypertrophy compromises 

cardiac energetics.  In support of this, acetyl-CoA content, which increased with 

age in control hearts (1-21 days of age), did not increase in hypertrophied hearts 

(fig 4-3F).    

4.3.5 Control of Fatty Acid Oxidation in Hypertrophied Hearts 

Decreased malonyl CoA levels following birth is an important factor in normal 

maturational increase in cardiac fatty acid oxidation rates (38).  Consistent with 

our previous reports (13,26), there was maturational increase in MCD activity 

during the neonatal period (1-21 days of age) in the LV and RV (fig 4-4A).  This 

increase is attenuated in hypertrophied RVs.  Interestingly, MCD activity and 

expression did not differ between hypertrophied and control LVs (fig 4-4B). 

While MCD expression did not differ between hypertrophied and control RV (fig 

4-4B), MCD activity is significantly lower in hypertrophied RVs compared to 

control (fig 4-4A).  Whereas malonyl-CoA content decreased in the LV of 

control hearts, this decrease was attenuated in hypertrophied hearts (fig 4-4C).  

Malonyl-CoA content decreased in the RV of hypertrophied and control hearts 

over the neonatal period (1-21 days of age).  AMP-activated protein kinase 
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(AMPK) phosphorylation levels were assayed in RV and LV (fig 4-5). While no 

significant differences between the hypertrophied and control LVs and RVs were 

detected, RV phospho-AMPK increased in control hearts (21-day-old) versus 

7-day old hearts (p <0.05).   

In the post-natal period, increased mitochondrial biogenesis increases 

mitochondrial TCA cycle activity and fatty acid oxidation capacity.  Increases in 

TCA cycle enzyme activity, citrate synthase, occurred between 7- and 21-days of 

age in control hearts (table 4-4). Similarly, β-hydroxyacyl CoA dehydrogenase 

(β-HAD), a fatty acid β-oxidative enzyme, also increased in its activity.  

Hypertrophy reverted citrate synthase and β-HAD activities to that in 7-day-old 

control hearts (table 4-4).   

4.3.6 HIF-1α Expression and PPARα Expression and Activity in Control and 

Hypertrophied Hearts 

As with the normal maturational decrease in glycolysis (6), HIF-1α expression 

decreased in neonatal RV, but not in the LV between 1- and 21-days of age (fig 

4-6A).  In hypertrophied hearts, HIF-1α expression in RVs regressed to levels 

seen in the immediate newborn period (1- and 7-days). HIF-1α expression did 

not change in the hypertrophied LV.  In contrast, peroxisome proliferator 

activated receptor (PPAR)α, which activates the transcription of enzymes 

involved in fatty acid oxidation, showed reciprocal expression to that of HIF-1α. 
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LV PPARα mRNA expression remains low from 1 to 7-days old (1.6 ± 0.2 AU and 

4.4 ± 1.2 AU, respectively) (fig 4-6B). By 21-days old, LV PPARα mRNA expression 

increases dramatically to 26.6 ± 6.0 AU (p<0.05 compared to 1- and 7-day-old 

hearts).  Hypertrophy is associated with relatively lower PPARα mRNA 

expression levels in the LV (1.9 ± 0.5 AU), levels seen in 1- and 7-day-old hearts. 

Hypertrophy has similar effect on RV PPARα mRNA expression. RV PPARα mRNA 

expression remains low in 1-, 7-, and to 21-days of age (1.6 ± 0.2, 1.4 ± 0.2, and 

1.0 ± 0.1 AU, respectively). Hypertrophy is associated with significantly lower 

PPARα mRNA levels in the RV at 0.4 ± 0.17 AU (p < 0.05).  

4.4 Discussion 

Newborn animal models of cardiac hypertrophy are limited and the direct effects 

of hypertrophy on energy substrate preference in the newborn heart are poorly 

understood. Cardiac hypertrophy is an ongoing remodeling process. This study 

has found a number of novel observations at a single time point of this 

remodeling process in the neonatal heart via the bi-ventricular working heart 

preparation. First, mild neonatal cardiac hypertrophy is not associated with 

significant alterations in aerobic cardiac function (in vivo or in vitro).  However, 

the hypertrophy sufficiently altered neonatal cardiac energy metabolism 

including a substantial decrease in cardiac fatty acid oxidation rates and increase 

in glycolytic rates. Meanwhile, glucose and lactate oxidation do not increase in 
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response to the decreased fatty acid oxidation.  This inflexibility in 

carbohydrate oxidation in response to lower fatty acid metabolic rates results in 

a decrease in overall ATP production in hypertrophied neonatal hearts. Cardiac 

energetics are compromised and therefore compromises recovery from 

ischemia.   

Although the hypertrophied hearts produce ATP at a lower rate while 

performing the same amount of work as a normal heart, these changes are not 

compatible with ischemia-reperfusion.  When subjected to ischemia, 

hypertrophied cardiac functional recovery is significantly hampered.  Though 

some literature indicate that neonatal hearts are more ischemic tolerant (39), we 

demonstrate that the hypertrophied neonatal heart has less ischemic tolerance 

due to a metabolic deficit.  This energy deficit is more apparent in the RV where 

the AMP:ATP is higher in hypertrophied neonatal hearts than controls.  The 

difference illustrates the necessity of reserve energy production capacity.  

Hypertrophied neonatal hearts produce ATP at a lower rate than controls to 

perform the same amount of work, but the reserve ATP production capacity in 

controls enables it to better withstand ischemia and reperfusion insults. High 

fatty acid concentrations are cardioprotective to the ischemia-reperfused 

neonatal heart (40). Using 1.2 mM palmitate rather than 0.8 mM was an attempt 

to improve reperfusion recovery to better resolve differences between the two 

groups.  With a defunct fatty acid oxidative pathway and undeveloped 
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alternative metabolic pathways, hypertrophied neonatal hearts, at 1.2 mM 

palmitate, still exhibited lower survival capacity.  The lack of energy production 

reserve may be detrimental to a neonatal hypertrophied heart undergoing 

surgical correction of a congenital heart defect.   

Cardiac fatty acid oxidation increases dramatically in the normal neonatal period 

(2-4).  We found that hypertrophy is associated with markedly decreased fatty 

acid oxidation while glycolysis increased to recapitulate a fetal-like metabolic 

profile.  In the adult heart, decreased fatty acid oxidation rates are reciprocated 

by increased glucose and lactate oxidation rates (27,28).  In the neonatal heart, 

carbohydrate oxidation rates remain low until weaning (2).  Hence, 

carbohydrate oxidation did not increase with the decreased fatty acid oxidation 

in hypertrophied hearts despite increased PDH expression.  This lack of 

“metabolic flexibility” in hypertrophied neonatal hearts may compromise 

post-ischemic cardiac energetics, during which energy demands increase for 

successful recovery.   

Malonyl-CoA regulates fatty acid oxidation in newborn and mature hearts.  

Decreased acetyl-CoA carboxylase (ACC) and high MCD expression/activity 

decrease malonyl-CoA levels in the immediate newborn to increase fatty acid 

oxidation (41). Although, ACC does participate in the final product of 

malonyl-CoA levels, this study focused on MCD and ACC was not examined. MCD 
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was chosen as prior studies demonstrated that ACC expression is not affected 

with maturation/age (38). To add, ACC is highly controlled by AMPK in normal 

cardiac maturation (41) as well as neonatal cardiac hypertrophy (26). Between 1- 

and 7-days of age, AMPK activity rises in the rabbit heart to phosphorylate and 

inhibit ACC and decrease ACC activity (41). In turn, contribution of ACC to the 

malonyl-CoA pool would decrease allowing for the increase in fatty acid 

oxidation. Although ACC activity was not further examined in these experiments, 

the analysis performed on AMPK is an indicator of ACC activity. The AMPK 

expression did not change between control and hypertrophied LV and RV and 

reflects on a likely lack of change to ACC activity. Therefore, focus was placed on 

MCD expression and activity as most responsible for malonyl-CoA level changes 

in the neonatal hearts. 

PPARα regulates MCD transcription (42-44). We demonstrate that with PPARα 

changes, LV MCD expression also increases with age.  However, though LV 

hypertrophy is associated with decreased PPARα expression, MCD expression do 

not fall. This may be because transcriptional response to cardiac hypertrophy 

precedes protein level changes; in so, existing MCD must be degraded to 

decrease its protein levels.   

On the other hand, RV MCD activity decreases with hypertrophy.  Despite the 

decreased activity, RV malonyl-CoA levels do not change from controls.  
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Meanwhile, hypertrophied LV MCD activity, unchanged, is associated with a 

significant rise in malonyl-CoA levels compared to controls.  This is further 

supported by the lower PPARα mRNA levels in RV versus LV; thus, RV fatty acid 

oxidation pathway expression may be less. CPT-1 expression and activity were 

not assayed in this study. However, β-HAD, though not a rate-limiting step in FA 

oxidation, is a surrogate marker of FA oxidative capacity. When expressed at low 

levels, as indicated by a relatively lower activity in the hypertrophied LV, β-HAD 

may also limit the rate of FA oxidation. In contrast, its high expression and/or in 

vitro activity would not necessarily indicate an increase in FA oxidation rates, 

which is subject to other regulatory processes such as that of malonyl-CoA. 

Nonetheless, due to a lag between transcription and protein degradation, high 

malonyl-CoA levels may be needed to regulate continually high FA oxidation 

pathway in the LV. LV palmitate oxidation was low during aerobic perfusion and 

may be the primary contributor to total cardiac palmitate oxidation rates as 

rates did not change with adding RV work in bi-ventricular mode in both groups.  

Thus, RV palmitate oxidation occurs at a low, undetectable rate that requires 

little inhibitory signaling to decrease β-HAD activity. Meanwhile, hypertrophied 

LV’s low palmitate oxidation rates primarily correlate to elevated malonyl-CoA 

levels.   

As the heart matures, HIF-1α expression declines, followed by a decreased 

dependence on glycolysis (11).  Normal RVs showed this maturational decrease 
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in HIF-1α expression. This decline is not replicated in the LV and so glycolytic 

enzymes may still be expressed early in life. The normally low glycolytic rates in 

the neonatal heart may result from allosteric inhibition rather than suppressed 

enzyme expression in the LV.  In the hypertrophied LV, the elevated glycolytic 

rates reflect its release from inhibition from fatty acid oxidation rather than 

upregulated glycolytic pathway. In contrast, as with pressure-overload 

hypertrophy (27), hypertrophied RV HIF-1α expression profile demonstrates the 

hypertrophy-recapitulated fetal profile.  

MCD expression is under PPARα regulation. Therefore, when PPARα 

activity/expression decreases, so does MCD such as that found in PPARα knock 

out mice (45). In contrast, when PPARα activity is increased, as with stimulation 

with a PPARα agonist, MCD mRNA expression increases (42). Now, HIF-1α 

participates in a dynamic relationship with PPARα. Intriguingly, the PPARα gene 

contains a consensus motif that is under HIF-1α transcriptional regulation (46). 

Upon hypoxia-induced HIF-1α nuclear accumulation, HIF-1α binding to the 

consensus sequence on the PPARα gene is increased and PPARα expression and 

binding activity is decreased. Additionally, HIF-1α may also interrupt the 

interaction between PPARα and the retinoid X receptor to prevent PPARα- 

induced transcription (47). This increases lipid accumulation in cardiomyocytes 

and limits FA oxidation (47), an effect that may be attributed to elevated 
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malonyl-CoA content and decreased expression of MCD. Therefore, through its 

reciprocal interaction with PPARα, HIF-1α may influence MCD expression. Here, 

during normal cardiac metabolic maturation, malonyl-CoA levels decreased in 

the LV and the RV from 1-day to 21-days old alongside of increasing MCD 

expression and activity. In the LV, although HIF-1α levels were not altered, 

PPARα mRNA expression increased with normal maturation. In contrast, RV 

HIF-1α levels decreased with normal aging and PPARα mRNA expression was not 

altered. In the LV, MCD expression/activity may be influenced by changes in 

PPARα mRNA expression alone. However, in the RV, the influence of HIF-1α 

expression on the interaction of PPARα activity may contribute to the changes in 

MCD expression without corresponding changes to PPARα expression. 

Meanwhile, cardiac hypertrophy in the neonatal heart downregulates PPARα 

mRNA expression in both the RV and LV, but its impact on MCD expression 

activity can only be appreciated in the RV. Although this finding is associated 

with an increased HIF-1α expression relative to a control 21-day-old heart, 

whether HIF-1α has a direct influence on MCD expression/activity is not defined 

by these experiments. 

4.5 Conclusions 

We demonstrate that volume-overloaded hypertrophied newborn hearts have 

lower fatty acid oxidation and higher glycolysis rates than controls.  Increased 
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energy demands associated with modest elevations in cardiac work are met by a 

substantial increase in glucose oxidation rates only in control hearts. The 

hypertrophy-induced delayed metabolic maturation is detrimental to the 

ischemia-reperfused newborn heart, resulting in an impaired recovery of cardiac 

function.  A diminished ability for ATP production may be detrimental to the 

stressed neonatal heart such as in surgical ischemia. 

4.6 Limitations 

Although our volume-overloaded hypertrophy model attempts to demonstrate 

the repercussions of uncorrected congenital heart defects at birth, our model is 

unable to mimic the exact clinical scenario. Children with ASDs, VSDs, and PDAs 

often are born with, or develop during neonatal life, a certain degree of 

volume-overloaded hypertrophy. Our model, however, is only instigated 7-days 

after birth. In the rabbit model, an array of change occurs in cardiac 

development within the first 7 days of life including metabolic and functional 

changes. Therefore, this model may not fully represent the extent of 

hypertrophied-related metabolic delays as opposed to a reversion of it 

metabolism to a more fetal-metabolic profile. On the other hand, the 

development of cardiac hypertrophy continues from birth throughout the 

neonatal period. This study captures a single critical developmental time point 

and also demonstrates the hypertrophy-postponed maturation of energy 
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metabolism. Therefore, further investigations may include similar assays at 

different developmental time points as the amount of hypertrophy is dependent 

on the quantity of stimulation as well as exposure to the stimulus.   

Part of this study was to examine the impact of neonatal cardiac hypertrophy on 

tolerance to ischemia-reperfusion. Clinically, a neonatal heart would only be 

exposed to ischemia during surgery during which ischemia is induced in a 

controlled manner using cardioplegic solutions. In the present study, the 

neonatal hearts were subjected to an episode of ischemia most closely 

resembling that of ischemic heart disease which is a non-controlled ischemia 

without cardioplegic protection. However, with cardioplegia, neonatal rat hearts 

recover equally well compared to infant and adult rat hearts even after 40 min of 

ischemia (48). In neonatal rabbit hearts, cardioplegia, though found detrimental 

to the neonatal myocardium compared to adult hearts, produced a functional 

recovery of 86% after 2 hours of ischemia (49). Therefore, relative to 

uncontrolled ischemia, cardioplegia extends the neonatal heart’s tolerance to 

ischemia. A controlled ischemia-reperfusion with cardioplegia would have been a 

closer simulation of when a neonatal heart would be exposed to ischemia, but 

the successful cardioprotection of the neonatal rabbit heart may decrease the 

sensitivity of the study to resolve functional differences between the 

experimental and control groups. In order to resolve differences between the 

two group, the hearts were exposed to a shorter period more severe ischemia to 



215 

 

illustrate the impact of ischemia alone on the hypertrophied hearts. To add, by 

decreasing the amount of time needed per heart perfused, this study was able to 

increase the number of animals per group to increase the precision of the 

results. Of interest, the isolated heart perfusions used palmitate as the sole FA 

substrate to evaluate fatty acid β oxidation, even though a variety of FA are 

metabolized in the heart. Palmitate (16:0) and oleate (18:1) are the most 

common fatty acids found in human circulation. Together, palmitate and oleate 

make up ~70% of total noesterfied FA (50,51). Several studies have evaluated 

the relative contributions of differing lengths of FA to FA metabolism. One such 

study demonstrate that short chain FA may compete for free CoA’s and 

consequently inhibit long chain FA, oleate, oxidation leading to a decrease in the 

oleate’s contribution to the pool of acetyl-CoA and malonyl-CoA without altering 

the absolute cellular amount of acetyl-CoA and malonyl-CoA (52). In contrast, 

oleate and palmitate are equally metabolized in the adult heart without 

preference for one or the other (53). In fact, though myocardial extraction of 

oleate may be relatively greater than that for palmitate (50), in healthy humans 

subjects, bodily oxidation rates of palmitate and oleate normalized to their 

plasma concentrations (54). Meanwhile, one study noted that at minimum of 20 

minutes of hypoxia, the myocardium showed a preference for oleate oxidation 

relative to palmitate oxidation (53). In light of these previous studies, the 

present study selected palmitate as the sole long chain FA present in the 
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perfusate buffer for the isolated heart perfusions. This choice was so that 

competition between FAs would not interfere with nor convolute metabolic 

quantification; this is particularly important in a cardiac hypertrophy model in 

which FA metabolism was expected to change. However, exploring the impact of 

hypertrophy on oleate oxidation would be of interest in future studies as 

hypertrophy may represent a state of relative tissue hypoxia.  

Another drawback to this study is that CPT-1 expression was not quantified. 

Multiple attempts were made to quantify changes to CPT-1 isoform expression 

via western blotting using rabbit heart tissues. Unfortunately, detecting the 

protein with the current commercially available L- and M-CPT-1 antibodies has 

been unsuccessful. Therefore, in order to overcome this obstacle, PPARα 

expression was measured as it is a major regulator of expression of proteins 

involved in FA metabolism. As PPARα expression decreases in hypertrophied 

hearts, it acts as a surrogate of decrease pan-expression of proteins involved in 

FA metabolism. Therefore, it is reasonable to infer that CD36, FATP1 and even 

CPT-1 itself are downregulated in these hearts. This would be in line with the 

observation that FA oxidation is lower in the hypertrophied hearts.  Indeed, we 

did observe a decrease in the activity of βHAD, another FA oxidation related 

protein that is regulated by PPARα. Thus, we have reason to believe that the 

decrease in fatty acid oxidation is a consequent of a general decrease in the 

expression of fatty acid oxidation related proteins, including CPT-1, CD36 and 
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FATP. However, assessing the expression and activities of these proteins would 

have been ideal and might be further considered in the future. 

MCD, AMPK, and HIF-1α expressions were evaluated in this study to highlight the 

key regulators of metabolism. Unfortnately, a major drawback encountered in 

these Western blots is the lack of appropriate loading controls. In these studies, 

actin was used; however, as actin content may also change with heart 

maturation of physiological hypertrophy as well as pathological hypertrophy, it is 

not an ideal loading control as demonstrated in the immunoblots (fig 4-4 and 

4-5). In retrospect, an alternative loading control would be the ponceau-stained 

blots. Future comparative studies which cross age groups should consider this 

method as an alternative. As for HIF-1α, a change in loading control was needed 

because HIF-1α was not detected via immunoblots using whole cell lysate. As a 

result, nuclear fractionation concentrated nuclear contents sufficiently to detect 

HIF-1α via immunoblotting. However, to our surprise, several nuclear proteins, 

such as laminin, TATA-binding protein, or histone, were not well detected in the 

immunoblots. This may be due to the antibodies that were used, which were 

raised in rabbits and were immunized against proteins or epitopes from rat or 

mice. Therefore, α-tubulin was used as a marker as the loading control. Although 

this protein is more commonly used as a cytoplasmic loading protein, as the 

nuclear fraction protocol was a nuclear fraction enrichment protocol, it is not 

unexpected to detect a cytoplasmic protein. In contrast, β-actin was difficult to 
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detect in these nuclear enriched fractions. Therefore, α-tubulin was used as the 

loading control against which HIF-1α was compared.  

Lastly, this study has largely focused on FA metabolism because of the 

dependence of the neonatal heart on FA oxidation and its dramatically altered 

rates associated with cardiac hypertrophy. Additionally, previous studies 

demonstrated the efficacy of FA supplementation in improving post-ischemic 

functional recovery. Rates of glycolysis increased dramatically with hypertrophy 

as well. Meanwhile, the mechanics of glucose metabolism has not been studied 

and merits further investigations in future studies to dissect.  
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Figure 4-1: Aorto-caval Fistula Validation and Volume-Overload Cardiac Hypertrophy 

Assessment. A) Schematic view of aorto-caval fistula, descending aorta (dAo), inferior 

vena cava (IVC) and Color-flow Doppler echocardiography confirms the fistula flow 

Transthoracic echocardiography of from B) normal left ventricles from sham-operated 

animals and C) volume-overloaded animals with a dilated left ventricle. D) Correlation 

between body weight and diastolic left ventricular internal diameter (LVIDd) measured 

by M-mode. Right ventricular diameter (RVD), interventricular septal thickness (IVS), 

posterior wall (PW), left ventricular internal diameter (LVID) 
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Fig 4-1 
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Figure 4-2:  Comparison of 21-day-old control and hypertrophy LV cardiac functions 

during 30 min aerobic left ventricular followed by 30 min bi-ventricular perfusion. A) LV 

work (n=32 and n=16 for control and hypertrophy, respectively). B) LV cardiac output. C) 

Heart rate. D) LV stroke volume. The values represent means ± SEM. Differences were 

determined using a one-way ANOVA with Bonferroni post hoc test. *P<0.05, 

significantly different from left ventricular perfusion. †P<0.05, significantly different 

from corresponding 21-day-old control group. 
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Fig 4-2 
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Figure 4-3:  Metabolic Effects of Neonatal Volume-Overload Cardiac Hypertrophy. 

Steady state rates of A) palmitate oxidation (n=7 and n=5 for control and hypertrophy 

hearts, respectively), B) glycolysis (n=35 and n=6, respectively), C) lactate oxidation 

(n=14 and n=9, respectively), and D) glucose oxidation (n=22 and n=4, respectively). 

(□-rates obtained in LV mode. ■- rates obtained in bi-ventricular mode). E) Calculated 

steady state ATP production rate. F) Acetyl-CoA content LV and RV of in 1-, 7-, and 

21-day-old controls versus 21-day-old hypertrophied hearts. Values represent means ± 

SEM. Differences were determined using one-way ANOVA with Bonferroni post hoc test. 

*P<0.05, significantly different from the value in left ventricular perfusion in 21-day-old 

controls. †P=0.058 vs the value in left ventricular perfusion in hypertrophy hearts.  
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Fig 4-3 
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Figure 4-4: MCD Expression and Activity and Malonyl-CoA Levels in Control and 

Hypertrophied Neonatal Hearts. A) MCD activity and B) expression, and C) malonyl-CoA 

content in LV and RV from 1-, 7-, and 21-day-old control versus 21-day-old 

hypertrophied hearts. Values are means ± SEM (n=5). Differences were determined 

using one-way ANOVA with Bonferroni post hoc test. * P<0.05 Significantly different 

from 21-day-old controls. 
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Fig 4-4 
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Figure 4-5: AMPK expression and phosphorylation do not change in hypertrophied 

hearts compared to controls in left (LV) or right (RV) ventricles.  This finding is 

represented by relative ratios of phosphorylated AMPK (P-AMPK) to total AMPK 

(T-AMPK) and their corresponding representative western immunoblots above. * P<0.05 

Significantly different from 21-day-old controls. 
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Fig 4-5 
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Figure 4-6: Cardiac HIF-α expression and PPARα activity change with age and 

hypertrophy. A) HIF-1α expression decreases with age. In hypertrophied hearts, LV and 

RV tissues express HIF-1α levels at that of 1-day-old hearts. B) PPARα mRNA expression 

measured relatively to 18s protein in arbitrary units (AU) increases with age (day 1 and 

21) in RV and LV while hypertrophy decreases expression significantly. *P<0.05 as 

compared with 21-day-old controls. 
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Fig 4-6 
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Figure 4-7: Post-Ischemic Metabolic Rates From Control (□) and Hypertrophied (■) 

Hearts Subjected to 25 minutes of Ischemia. A) Steady state rates of palmitate oxidation 

(n=9 and n=14 for control and hypertrophied hearts, respectively); B) glycolysis (n=8 and 

n=8, respectively); C) glucose oxidation (n=7 and n=11, respectively). D) Calculated 

steady state ATP production rate. Values represent means ± SEM; *P<0.05 vs control. 
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Fig 4-7 
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4.8 Tables 

 

 

 

 

 

 

 

 

 

 

 

Rabbits from the control group underwent sham operation at 7 days of age.  

Rabbits from the hypertrophy group underwent aorto caval fistula operation at 7 

days of age. LVIDd, diastolic left ventricular internal diameter; LV Vol:d, left ventricular 

volume; %EF, ejection fraction; %FAC, %fractional area change. *indicates a significant 

difference (p<0.05) between sham and shunt. Values are the mean ± S.E.M.  

Table 4-1:  Physical and Cardiac Parameters in 20-day-old control and 

hypertrophy rabbits  

 control hypertrophy 

Number of animals 

Body weight (g) 

12 

360 ± 18 

11 

338 ± 17 

Heart weight (g) 

HW / BW (mg/g) 

 

Heart Rate (bpm) 

2.06 ± 0.12 

5.59 ± 0.37 

 

316 ± 6 

2.39 ± 0.11 * 

6.64 ± 0.52 * 

 

305 ± 5 

 

Left Ventricle 

  LVIDd (mm) 

 

 

8.6 ± 0.1 

 

 

9.7 ± 0.2 * 

  LV Vol:d (mm3) 

  Stroke volume 

(mm3) 

406 ± 17 

234 ± 11 

538 ± 20 * 

323 ± 10 * 

  %EF 57.6 ± 1.1 60.3 ± 1.4 

  LV Vol / BW 1.17 ± 0.05 1.62 ± 0.11 * 

Right Ventricle   

  RV Area:d (mm2) 34.4 ± 6.8 46.9 ± 2.9 * 

  RV %FAC 39.2 ± 4.5 39.3 ± 4.5 

  RV Area:d / BW 0.096 ± 0.005 0.129 ± 0.008 * 
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Table 4-2: Cardiac function and corresponding ATP:AMP ratios in 21-day-old control 

and hypertrophy hearts under aerobic bi-ventricular perfusion or ischemic reperfusion  

All cardiac functional work was normalized between RV and LV and measured as 

HRx(AoPSP+ PVPSP) x103 (mmHg • ml • min -1 • 10-2). Aerobic hearts were 

perfused in 0.8 mM palmitate (n=32 and n=16 for control and hypertrophy, 

respectively) while hearts subjected to 25 min of ischemia were perfused in 1.2 

mM palmitate (n=5 and n=5 for control and hypertrophy, respectively). Data is 

reported as group mean`s ± SEM. * indicates a significant difference (P<0.05) vs 

control. 

 

 

 

 Aerobic Perfusion Ischemia Reperfusion 

21-day-old Control Hypertrophy Control Hypertrophy 

Bi-ventricular 

Aerobic work 
18.42±0.33 18.21±0.55 20.70±1.03 18.13±1.03 

Reperfusion - - 17.69±1.20 9.25±0.98* 

     

LV AMP:ATP 0.051±0.004 0.078±0.015* 0.052±0.009 0.077±0.006 

RV AMP:ATP 0.084±0.019 0.095±0.015 0.067±0.009 0.149±0.031* 
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Table 4-3: Percent contribution to ATP production 

      

Palmitate 

Oxidation  

Glucose 

Oxidation  Glycolysis 

Lactate 

Oxidation  

Control  Left Ventricle  80.5  11.5  6.7  1.3  

 

Bi-ventricular  76.4  16.2  6.2  1.2  

Hypertrophy  Left Ventricle 51.5  19.1  27.2  2.2  

 

Bi-ventricular  59.9  20.3  17.5  2.3  

Percent contribution to ATP production from palmitate oxidation, glucose oxidation, 

glycolysis, and lactate oxidation during left ventricular and bi-ventricular perfusion in 

21-day-old hypertrophy and control hearts.  Palmitate oxidation is the predominant 

source of ATP contributing the greatest portion.  However, in hypertrophied hearts, 

palmitate oxidation provides proportionally less ATP than control hearts. Glucose 

oxidation ATP contribution seconds to the proportion from palmitate oxidation.  While 

glycolysis and lactate oxidation contribute minimally to total ATP in control hearts, 

glycolysis is marked increased in hypertrophied hearts.  Glycolysis makes a greater 

contribution to total ATP production in the hypertrophied hearts. 
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Table 4-4: PDH, citrate synthase and βHAD activity in 1-day, 7-day, 21-day control and 

21-day hypertrophy 

   1 day 

 

 

7day 21 days  

     Control Hypertrophy 

PDH activity  

(nmol•gwet 

wt-1•min-1) 

LV Total 1.12±0.13 0.75±0.07*

 

1.40±0.0

 

1.06±0.06

 
Active 0.45±0.1

 

0.57±0.03* 0.88±0.0

 

0.80±0.06

 
(Ratio) 0.48±0.0

 

0.69±0.05† 0.63±0.0

 

0.81±0.09

 
RV Total  1.05±0.07 1.22±0.0

 

1.60±0.06

 Active  0.43±0.10 0.47±0.1

 

0.78±0.09

 
(Ratio)  0.46±0.11 0.48±0.1

 

0.49±0.05 

Citrate Syntase 

(μmol•gwet wt-1) 

LV  6.7± 1.0* 7.1±0.8* 13.6±1.0 10.4±1.7† 

RV   8.9±0.9 9.4±1.6 12.4±1.3 

βHAD  

(μmol•gwet wt-1) 

LV  0.33±0.1

 

0.71±0.06*

 

1.44±0.1

 

1.18±0.13

 
RV   0.75±0.11* 1.12±0.0

 

0.79±0.04

 Pyruvate dehydrogenase (PDH), hydroxyacyl dehydrogenase (HAD), LV left 

ventricle, RV right ventricle, wt weight, Data are group means ± SEM. * indicates 

a significant difference (P<0.05) vs. sham; † indicates significant difference 

(P<0.05) vs 1 day; ‡ indicates significant difference (P<0.05) vs 7 day.  
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Hypothesis: 

Since neonatal cardiac hypertrophy downregulates the heart’s enzymatic 

capacity to metabolize FA causing a deficit in ATP production rates that is 

detrimental to post-ischemic contractile recovery, GW7647, a PPARα agonist, is 

expected to upregulate the expression the FA oxidation pathway. In so, FA 

oxidation and ATP production rates would increase ATP available to overcome 

the energy deficit related to cardiac hypertrophy during ischemia-reperfusion 
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5.1 Introduction 

Unlike adult cardiovascular disease, rarely is there an alternative to surgical 

correction for neonatal congenital heart defects (CHDs). Such surgical repair is a 

lengthy process which requires the neonatal heart be arrested subjecting the 

heart to global ischemic periods of more than an hour (1). The length of ischemic 

exposure corresponds to the degree of post-ischemic injury and consequent 

contractile dysfunction in pediatric patients (2-4). Despite advances in surgical 

skills and techniques (5, 6), insufficient cardioprotection continues to contribute 

greatly to post-surgical mortality (7-11). Contractile dysfunction, which manifests 

in up to 20% of these patients (12), is the most common cause of post-surgical 

death (13-15).  

Altered cardiovascular hemodynamics due to the structural CHD often causes 

secondary cardiac hypertrophy. We have recently demonstrated in a model of 

volume-overload hypertrophy that neonatal cardiac hypertrophy retains a fetal-

like metabolic profile (unpublished data). Although in vivo and in vitro 

baseline/aerobic function are normal, we showed that the hypertrophied 

neonatal heart recovers to only 52% of the post-ischemic function of sham-

operated 21-day-old hearts. The diminished contractile recovery was attributed 

to a deficit in energy production on account of a retained fetal metabolic profile.  

As part of this fetal metabolic profile, like adult cardiac hypertrophy, peroxisome 

proliferator agonist receptor (PPAR)α expression decreased relative to a normal 
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neonatal heart. This transcription factor controls the expression of genes 

involved in fatty acid (FA) metabolism, from FA uptake, transport, to oxidation. 

These target genes include lipoprotein lipase (LPL) (16-18), CD36/FA translocase 

(19), carnitine palmitoyl-transferase (CPT)-1 (20-23), and malonyl-CoA 

decarboxylase (MCD) (23, 24). Simultaneously, PPARα activates the expression of 

pyruvate dehydrogenase kinase (PDK) 4, which phosphorylates and inhibits 

pyruvate dehydrogenase, the first committed step to pyruvate oxidation (23). 

Therefore, altered PPARα expression also impacts on glucose metabolism.  

Hypoxia-inducible factor (HIF)-α is a transcription factor controlling the 

transcription of key glucose metabolic enzymes such as GLUT1 (25), lactate 

dehydrogenase (LDH)-A (26, 27), Phosphofructose kinse (PFK)-2 (28) and 

monocarboxylate transporter (MCT)-4 (29, 30). As PPARα expression/activity 

correlate reciprocally to HIF-1α expression/activity, glucose metabolism is 

further regulated by PPARα through it relationship with HIF-1α, which is 

downregulated by an increase in PPARα expression. In PPARα overexpressing 

mice, the FA oxidation pathway is upregulated while glucose transport and 

glycolytic pathways are downregulated (31, 32).  

During the normal neonatal period, the heart rapidly matures to metabolize FAs 

and derives most of its needed ATP from FA oxidation with minor contributions 

from glycolysis and lactate oxidation (33-38). During maturation PPARα is 

upregulated in the heart (39, 40). Due to its high dependence on FA oxidation, 
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high fat perfusion of the neonatal heart increases its tolerance to ischemia-

reperfusion in normal 7-day-old rabbit hearts (41). This phenomenon contrasts 

the detriments of FA oxidation in the adult heart in which increased FA oxidation 

inhibits glucose oxidation to perpetuate injurious acidosis during reperfusion 

(42). In the hypertrophied neonatal heart, as FA oxidation is downregulated due 

to decreased PPARα expression/activity, it is incompletely compensated by 

increased glycolysis. In turn, despite a high-fat perfusion, post-ischemic 

functional recovery is a fraction to that of a normal heart (unpublished data). 

Although excessive PPARα activity in normal hearts causes cardiac toxicity and 

cardiac hypertrophy (43, 44), the administration of rosiglitazone, a PPARγ 

agonist, averted cardiac hypertrophy in adult high-fat diet-induced cardiac 

hypertrophy (45). In rats, a PPARα agonist inhibited the progression from 

hypertrophy to heart failure following coronary artery ligation (46). Others have 

demonstrated the prevention of cardiac hypertrophy increases survival of adult 

animal models of pathological cardiac hypertrophy (47, 48).  

GW7647 is a PPARα agonist that upregulates the components of the FA 

metabolic pathway. Since neonatal cardiac hypertrophy downregulates PPARα 

expression, and consequently the heart’s enzymatic capacity to metabolize FA, 

we hypothesize that chronic treatment with GW7647 would increase FA 

oxidation in hypertrophied neonatal hearts to increase ATP synthesis and 

availability to overcome the energy deficit. Consequently, the restored ATP 
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producing capacity will improve post-ischemic functional recovery. In this study, 

a previously established volume-overload neonatal cardiac hypertrophy model is 

administered GW7647 for two weeks after the induction of volume-overload to 

demonstrate that increased FA oxidation improves the hypertrophied heart’s 

tolerance to ischemia-reperfusion.  

5.2 Material and Methods 

5.2.1 Animals 

The University of Alberta adheres to the principles for biomedical research 

involving animals developed by the Council for International Organizations of 

Medical Sciences and complies with Canadian Council of Animal Care guidelines. 

5.2.2 Induction of Volume-overload via Production of an Aorto-caval Fistula in 

Neonatal Rabbits and GW7647 Treatment 

The aorto-caval fistula was produced as described previously (chapter 3, Model 

B). New Zealand White rabbits of either sex (7-day-old, 90-200 g) were 

anesthetized with inhaled isofluorane (2%).  A left flank retroperitoineal incision 

was made to expose the descending aorta and the inferior vena cava.  The 

descending aorta was clamped with a micro-clamp inferior to the renal blood 

vessels to cease blood flow.  The aorta was punctured once with a 20 G needle 

tip below the micro-clamp and 3 through-and-through fistulas were generated 

across the aorta and inferior vena cava (IVC).  The needle was then removed and 
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a drop of cyanoacrylic glue was placed on the puncture site, following which the 

micro-clamp was removed to restore blood flow.  Following the surgical 

procedure animals were monitored for recovery over a 24-hour period. This 

produced a volume overload bi-ventricular cardiac hypertrophy in 21-day old 

rabbits (table 1).  

From 1 day post-surgery (8-days old) until 14 days post-surgery (day of working 

heart perfusion), rabbits are given an intraperitoneal injection of GW7647 (EC50 

= 6 nmol/L for PPARα and 1.1 μmol/L for PPARγ (49) Cayman Chemical) twice a 

day (3 mg/kg/day) dissolved in DMSO and diluted with normal saline or the 

vehicle. Echocardiography was performed on post-surgical days 7 and 13 as 

previously established. 

5.2.3 Isolated Bi-ventricular Heart Perfusion Model 

As with previous perfusion, post-surgery, 21-day-old rabbits were anesthetized 

with Na-pentobarbital (60 mg/kg body weight) and hearts were excised and 

cannulated and retrogradely (Langandorff) perfused with Krebs-Henseleit buffer 

(370C, pH=7.4, gassed with 95 % O2/5 % CO2 mixture).  During 15 minutes of 

retrograde perfusion, the superior vena cava (SVC), the left atria, and pulmonary 

artery were cannulated and the IVC was ligated.  Left ventricular (LV) work was 

initiated at the end of the 15-minute retrograde perfusion by opening flow into 

the left atria and aortic afterload line and perfused as LV working model for 15 

min.  Right ventricular (RV) load was added by opening SVC flow. The heart is 
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perfused as a bi-ventricular working preparation for 20 min followed by 25 min 

of global, no flow, normothermic ischemia (fig 5-1A). Bi-ventricular reperfusion 

for 30 min followed. Hearts were perfused with modified Krebs-Henseleit 

solution containing 2.5 mM Ca2+, 5.5mM glucose, 1.2 mM palmitate prebound to 

3% bovine serum albumin, 0.5 mM lactate and 100 µU/mL insulin.  The preload 

for the left and right atria were set at 12.5 mmHg and 7.5 mmHg, respectively.  

LV afterload was set at 35 mmHg and a RV afterload at 4.5 mmHg.  At the end of 

the perfusion protocols, LV, RV, and septal tissues were separated and rapidly 

frozen in liquid N2 and stored at -80ºC for further biochemical analyses. 

Glycolysis, glucose oxidation, lactate oxidation, and palmitate oxidation were 

measured as described (42, 50). For further details, please refer to section 4.2 

material and methods.  

5.2.4 Tissue Sample Preparation for Immunoblot Analysis 

Frozen ventricular tissue (~20 mg)  was homogenized in homogenization buffer 

(containing 50 mM Tris•HCl (pH 8 at 4°C), 1 mM EDTA, 10% (wt/vol) glycerol, 

0.02% (wt/vol) Brij-35, 1 mM dithiothrietol (DTT), and protease and phosphatase 

inhibitors (Sigma)). Samples were then homogenized for 30s using a Polytron 

Homogenizer. Samples were centrigued at 800 g for 10 min. The supernatant 

was boiled at 950C in protein sample buffer solution (62.5 mM Tris-HCl, 6 M 

Urea, 10% glycerol, 2 % sodium dodecyl sulfate, 0.003 % bromophenol blue, and 

5 % 2-betamercaptoethanol) for 5 min. Protein concentration of homogenates 
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was determined using the Bradford protein assay kit (Bio-Rad) and normalized to 

1 µg/µL to load into the SDS-PAGE gel and separated by molecular weight (51). 

The separated proteins were then electrophoretically transferred onto a 

nitrocellulose membrane, which was probed with primary antibodies against 

malonyl-CoA decarboxylase (MCD), HIF-1α (nuclear), phospho-acetyl-CoA 

carboxylase (P-ACC), total-ACC (T-ACC), adipose triglyceride lipase (ATGL), Akt, 

and GLUT4.  

5.2.5 PPARα mRNA Expression 

PPARα mRNA expression was determined by reverse transcription of total RNA 

followed by quantitative PCR (qPCR) analysis. Total RNA was extracted from the 

LV and RV of 21-day-old heart and 21-day old hypertrophied hearts (GW7647-

treated and non-treated), as above using TRI reagent (Qiagen) according to 

manufacturer’s kit. RNA is then quantified spectrophotometrically at 260 nm. 

Reverse transcription was then performed on 1 ug of total RNA using 100 IU of 

reverse transcriptase (Qiagen) with 100 ng of random hexanucleoties primers in 

a 20 µL reaction volume. PCR cycles were then followed with 1 µL of the reverse 

transcription product with 0.4 mmol/L of each dNTP, 25 pmol specific primers, 

PCR buffer, and 1.25 U of Taq DNA polymerase. 2 min of denaturation at 940C 

was followed by amplification of 30 cycles: 30s at 940C, 35 s at 530C, and 40 s at 

720C, then maintained for 7 min at 720C. qPCR was then performed using 12.5 µL 

Sybr-Green Jump Start Taq Readymix (Sigma-Aldrich), 5 µL oligonucleotides, 7.5 
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µL of cDNA. qPCR of ribosomal rRNA 18s was performed as the endogenous 

control.  

5.2.6 Triacylglycerol (TG) Quantification 

20 mg of frozen tissue sample was homogenized in 20x chloroform:methanol 

(2:1) mixture  for 30 sec. 0.2X the volume of methanol was then added and 

sample vortexed well before the samples were centrifuged for 10 min at 3500 

rpm. The supernatant was collected and its volume recorded. To this 

supernatant, 0.2X the volume of 0.04% CaCl2 was added and allowed to separate 

into 2 phases. Samples were then centrifuged again at 2400 rpm for 20 min. The 

upper phase was removed and the bottom phase was washed three times with 

150 µL of pure solvent (chloroform, methanol, and water mixture) added to the 

bottom phase and centrifuged again at 2400 rpm for 20 min. The upper phase 

was removed and 50 µL of methanol was added to the lower phase and sample 

was heated to 600C and dried under a stream of N2 gas. Once dried, sample was 

re-dissolved in 50 µL of 3:2 tertbutyl alcohol:triton X-100/methyl alcohol (1:1) 

mixture and left overnight. TG concentrations were determined by a Wako 

Triglyceride M kit on the following day.  

5.2.7 Carnitine Palmitoyl Transferase-1 (CPT-1) Activity Assay 

Frozen cardiac tissue was homogenized as above and centrifuged at 15000xg for 

30 min with supernatant removed. Pellets with the mitochondrial fraction were 
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reconstituted with 30 µL of buffer containing 75 mM KCl, 20 mM sucrose, 10 mM 

HEPES, 1 mM EGTA (pH 7.5). A protein assay was performed, as above for 

western blots. To 100 µg of the mitochondrial fraction 37.5 µL of 1 mM palmitol-

CoA (dissolved in 25 mM KH2PO4, pH 5.3) and 250 µL of incubation buffer (150 

mM KCl, 100 mM mannitol, 50 mM HEPES [pH 7.3], 4 mM NaCN,0.4 mM EGTA, 1 

mM dithiothreitol) was added. Samples were incubated for 3 min. 10 µL of 10 

mM L-carnitine with L-[methyl-3H] carnitine (1/100 dilution) is added and 

incubated for 6 min, during which the reaction is linear. The reaction is stopped 

with 100 µL of concentrated HCl. 1.4 mL 1-butanol saturated water is then added 

and an additional 1 mL of 1-butanol is added to extract the radiolabelled 3H-

palmitoyl-carnitine, samples vortexed and centrifuged for 7 min at 3500 rpm. 

Extraction was repeated twice and 500 µL of each sample is subjected to 

scintillation counting.   

5.3 Results 

5.3.1 The Effects of GW7647 Treatment 

Through an aorto-caval shunt, volume returning to the right side of the heart 

was increased to induce a volume-overload hypertrophy. In order to verify that 

an increased volume return occurred in animals that received shunt surgery, 

color Doppler ultrasound was used to examine the abdominal IVC  and aorta. 

The physical shunt was readily visualized as verified by communication from the 

aorta to the IVC which generated turbulent flow. The flexibility and lack of 
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musculature of the IVC allowed the increased volume return to distend the IVC 

which significantly increased IVC diameter in shunted animals (vehicle-: 3.38 ± 

0.11 mm and GW7647-treated: 3.53 ± 0.09 mm) when compared to sham-

operated, control animals (2.42 ± 0.15 mm, P<0.05) (table 5-1). Elaborated in 

table 5-1, 2D echocardiography showed that LV (LVIDd) and RV (RVIDd) internal 

diameters during diastole were increased in the two groups receiving shunt 

surgery compared to sham-operated, control animals. The increased internatl 

diameter indicates global cardiac volume-overload. As the LV posterior wall 

(LVPW) is not thickened, these findings in the shunted animals are consistent 

with eccentric cardiac hypertrophy. Furthermore, while body weight were 

comparable across the three groups of animals, heart to body weight (HW:BW) 

ratio is significantly greater in the two shunt-operated groups (vehicle-: 4.7 ± 0.3; 

GW7647-treated: 4.8 ± 0.2; and control: 4.2 ± 0.1, P<0.05) and further illustrates 

the extent of cardiac hypertrophy. LV, septum, and RV weight to body weights 

are also reported in table 5-1.   

EF% is decreased significantly in the vehicle-treated hypertrophied hearts (67.4 ± 

3.0) compared to the sham-operated animals (75.4 ± 1.1, P<0.05). GW7647 

treatment did not alter the physical parameters (IVC diameter, RVIDd, LVIDd, 

LVPW, and HW:BW) of hypertrophied hearts (table 5-1). However, EF% of the 

hypertrophied hearts was improved by the GW7647 treatment (76.5 ± 2.5 %).  
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5.3.2 GW7647 Rescues Post-ischemic Cardiac Dysfunction in Hypertrophied 

Hearts 

Our lab has found that cardiac hypertrophy in the neonatal rabbit heart 

diminishes post-ischemic functional recovery associated with an energy deficit 

(unpublished data). Although aerobic LV function (unpublished data) or bi-

ventricular function were no different between hypertrophied (vehicle- or 

GW7647-treated) and normal hearts, post-ischemic functional recovery is 

severely diminished in hypertrophied hearts (fig 5-1B). The percent recovery (fig 

5-1C) of hypertrophied hearts is significantly less than that of control hearts 

(56.4 ± 8.9% vs 80.2 ± 4.7%, respectively). GW7647 treatment restored 

functional recovery (fig 5-1A and B) of hypertrophied hearts (83.6 ± 6.4 %) to 

levels seen in control hearts without affecting aerobic function prior to the 

ischemic episode.  

5.3.3 GW7647 Increased ATP Production Rates 

Neonatal cardiac hypertrophy is associated with marked decreased FA oxidation 

rates and increased glycolytic rates as compared to age-matched control hearts 

(fig 5-2A and C); but rates of glucose oxidation are unaltered (fig 5-2B). Due to 

increased rates of glycolysis, and without equally increased glucose oxidation 

rates, H+’s were produced in excess. In aerobic perfusion (pre-ischemia), 

excessive H+ production (fig 5-2D) did not seem to affect cardiac function. 

However, during ischemia-reperfusion, unable to oxidize glucose or FA, the 
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hypertrophied heart relied on glycolysis at rates which persists into reperfusion 

(fig 5-2C). Uncoupled from glucose oxidation, H+ production from increased 

glycolysis rates was exacerbated during post-ischemic reperfusion (fig 5-2D).  

GW7647 is an agonist that increases PPARα activity and hence increases the 

transcription of enzymes involved in FA metabolism. Improved functional 

recovery of hypertrophied neonatal hearts by treating with GW7647 was 

associated with increased rates of FA oxidation (fig 5-1A and 5-2A). These rates 

of FA oxidation were accompanied by decreased rates of glycolysis (fig 5-2C) with 

no changes to glucose oxidation rates (fig 5-2B). The increased ability to oxidize 

FA persisted during post-ischemic reperfusion. As rates of glycolysis were 

suppressed, H+ production rates were significantly decreased to lower H+ load 

(fig 5-2D).   

Hypertrophied hearts had an ATP production deficit as indicated by decreased 

steady state ATP production rates at pre- and post-ischemia, compared to 

control hearts (fig 5-3A). ATP production rates were elevated, mainly from FA 

oxidation, by GW7647 treatment of hypertrophied hearts. GW7647 also 

increased pre- and post-ischemic tricarboxylic acid cycle (TCA) activity (fig 5-3B) 

when compared to vehicle-treated hypertrophied and control hearts.  

 

 



263 
 

5.3.4 GW7647 Altered Gene Transcription 

Cardiac hypertrophy significantly decreased LV PPARα mRNA expression by 32% 

(P<0.05, fig 5-4A). However, unlike the LV, RV PPARα expression was increased 

by 78% in hypertrophied hearts (P<0.05). GW7647 increases PPARα activity and 

is not expected to alter PPARα expression directly; so, while GW7647 did not 

affect LV PPARα expression, compared to controls, GW7647 increased RV 

expression by 20% (P<0.05).  

HIF-1α expressional changes, on the other hand, have been negatively 

associated with PPARα expression/activity. As hypertrophy decreased LV PPARα 

expression, HIF-1α protein expression was significantly increased compared to 

controls (fig 5-4B). Hypertrophy also significantly increased RV HIF-1α expression 

compared to controls regardless of relative PPARα expression. Overall, elevated 

HIF-1α protein levels corroborate with elevated glycolysis rates in hypertrophied 

hearts (fig 5-2C). GW7647 is associated with significantly decreased LV HIF-1α 

expression in hypertrophied hearts compared to levels found in vehicle-treated 

hypertrophied hearts. These levels are similar to those found in control hearts 

(fig 5-4B). RV HIF-1α was not affected by GW7647 treatment compared to 

vehicle-treated hypertrophied or control hearts.  
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5.3.5 GW7647 Removed CPT-1 Inhibition in Hypertrophied Hearts 

The total CPT-1 activity was assayed and represents CPT-1 uninhibited activity 

(fig 5-5A). This uninhibited, total CPT-1 activity may be correlated to total 

expression as well. Cardiac hypertrophy did not alter LV or RV CPT-1 

expression/activity (1.14 ± 0.09 and 1.67 ± 0.13 μmol•mg-1•min-1, respectively) 

compared to control hearts (0.9 ± 0.13 and 1.75 ±0.21 μmol•mg-1•min-1, 

respectively). GW7647 treatment of hypertrophied hearts is associated with 

significantly increased total CPT-1 activity in both LV and RV (1.55 ± 0.20 and 

1.93 ± 0.11 μmol•mg-1•min-1, respectively) compared to control and vehicle-

treated hypertrophied hearts (fig 5-5A).  

LV malonyl-CoA levels were not altered by hypertrophy in vehicle-treated hearts 

compared to control hearts (fig 5-5B), but GW7647 treatment decreased its 

levels (fig 5-5B). On the other hand, malonyl-CoA levels were significantly 

increased in the hypertrophied RV which GW7647 treatment also normalized 

back to control levels. 

Malonyl-CoA levels are the result of the balance between acetyl-CoA carboxylase 

(ACC) synthesis and malonyl-CoA decarboxylase (MCD) degradation. MCD 

protein levels did not change in the LV between the three groups (fig 5-6A). 

Therefore, changes to malonyl-CoA levels are likely dependent on ACC 

expression/activity. LV hypertrophy did not increase ACC expression or 

phosphorylation compared to control hearts (fig 5-6B) correlating to the 
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unaltered malonyl-CoA levels in the hypertrophied LV compared to control 

hearts (fig 5-5A). However, in the presence of normal MCD expression, total ACC 

expression of the LV was significantly decreased in the GW7464-treated hearts 

when compared to vehicle-treated hypertrophied hearts. This finding 

corroborated with low LV malonyl-CoA levels in GW7647-treated hearts.  

Contrary to the LV, hypertrophy significantly decreased RV MCD expression 

compared to control hearts (fig 5-6A). In spite of simultaneous decreased T-ACC 

expression (fig 5-6B), malonyl-CoA levels are significantly elevated in these 

hearts when compared to controls. On the other hand, GW7647, though not to 

control levels, is associated with restored MCD expression to exceed that of 

vehicle-treated hypertrophied hearts. To add, T-ACC levels remained significantly 

decreased in the RV with GW7647 compared to vehicle.  

5.3.6 Intracellular Triacylglycerol (TG) Storage Altered by Hypertrophy and 

GW7647 treatment 

In the hypertrophied neonatal hearts, LPL mRNA is significantly down-regulated 

compared to controls (fig 5-7A). GW7647 did not significantly alter LV LPL 

transcription in hypertrophied hearts. In contrast, RV LPL mRNA transcription did 

not differ between control and hypertrophied hearts. However, GW7647 

increased LPL mRNA expression in the RV (fig 5-7A).  
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In the presence of hypertrophy, both the LV and RV have significantly decreased 

ATGL protein expression compared to control hearts (fig 5-7B). This correlated to 

elevated TG content in hypertrophied hearts (fig 5-7C) compared to controls. In 

the LV, with GW7647, increased FA oxidation rates correlated to significantly 

increased ATGL expression and decreased TG stores. On the other hand, RV 

ATGL expression did not increase and remained at levels similar to those in 

vehicle-treated hypertrophied hearts (fig 5-7B). However, TG storage was 

decreased with GW7647 treatment (fig 5-7C). Therefore, different mechanisms 

govern TG pool dynamics between the LV and RV, but less FA are being stored as 

TG with GW7647 treatment compared to vehicle-treated hypertrophied hearts.   

5.3.7 Glucose Uptake and Metabolism 

Glucose metabolism can be regarded in two parts: glycolysis and oxidative 

phosphorylation. Both parts are dependent on glucose uptake, governed by 

GLUT1 and GLUT4 translocation. In adult cardiac hypertrophy, in which insulin 

resistance develops, GLUT4 is downregulated relative to GLUT1 expression (52). 

Similarly, GLUT4 expression is downregulated in the hypertrophied neonatal RV, 

but not in the LV, when compared to controls (fig 5-8A). GLUT1 expression is 

upregulated in the hypertrophied LV and RV (fig 5-8B). Therefore, a reciprocal 

relationship between GLUT4 and GLUT1 expression is maintained in the RV 

whereby when GLUT4 was downregulated, GLUT1 expression increased (fig 5-

8B). GW7647 treatment, though maintained elevated GLUT1 expression in the 
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LV, downregulated its expression in the RV simultaneous to an increase in RV 

GLUT4 expression. LV GLUT4 expression is not altered with GW7647 treatment.  

GLUT4 translocation, though not examined in these hearts, is determined by the 

propensity of the insulin signalling pathway. Insulin signals GLUT4 translocation 

via AKT. AKT expression is significantly increased in the LV of hypertrophied 

hearts but unaltered in the RV compared to control hearts (fig 5-8C). 

Downstream to Akt signalling, although not statistically significant, there was a 

trend towards decreased AMPK phosphorylation in hypertrophied LV (fig 5-8D). 

A statistically significant decreased in P-AMPK is apparent in the RV. GW7647 

treatment did not alter the LV AKT expression, but increased P-AMPK. 

Interestingly, GW7647 is associated with upregulated AKT expressions in the RV 

compared to vehicle-treated hypertrophied hearts, but P-AMPK did not increase 

significantly with GW7647 treatment.  

Glucose uptake signalling aside, glucose oxidation is directly affect by GW7647 

treatment because as PPARα activity is increased, PDK4 expression is expected 

to elevate and modulate glucose metabolism as part of the Randle cycle. Glucose 

oxidation rates did not change throughout the ischemia-reperfusion protocol. 

This phenomenon is likely due to the metabolic immaturity of these neonatal 

hearts (53, 54). The insulin signalling pathway is still developing in the heart at 

this time point. The immature glucose metabolic pathway in the neonatal heart 

is apparent in PDH expression. In spite of hypertrophy-related decrease in LV 
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active PDH activity (fig 5-9A), glucose oxidation rates were no different from that 

of control hearts (fig 5-2B). RV active PDH activity remained at similar levels in 

hypertrophied hearts compared to controls. Therefore, regardless of the impact 

GW7647 has on altered PDK4 expression (fig 5-9C) and PDH activity, glucose 

oxidation, at such low rates, cannot be altered by PDK4 expression/activity. 

Nonetheless, GW7647 does increase PDK4 expression, non-significantly in the 

LV, but significantly in the RV as compared to the control hearts.   

5.4 Discussion 

In addition to the normal adaptations to ex-utero hemodynamics, a CHD causes 

pathological hemodynamic stress. Therefore, neonatal cardiac hypertrophy may 

develop secondary to a CHD. The coinciding altered cardiac metabolism was 

previously demonstrated to cause an energy deficiency that deters appropriate 

recovery during ischemia reperfusion. In the present study, the administration of 

GW7647, a PPARα agonist, 1) normalized and improved post-ischemic recovery 

of hypertrophied neonatal hearts. 2) The rescued phenotype was associated with 

increased FA oxidation and decreased glycolysis. 3) These metabolic changes are 

associated with altered allosteric and expressional control of the FA metabolic 

pathway.  
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5.4.1 The Hypertrophied Neonatal Heart and Tolerance to Ischemia-Reperfusion 

Whether neonatal hearts are more tolerant of ischemia-reperfusion injury 

relative to an adult heart has been a topic of debate for over three decades, but 

often the models examined are normal hearts and cannot be compared to the 

clinical correlate. Yet, several studies on normal neonatal hearts demonstrate 

that improving post-ischemic recovery is possible (41, 55). In this neonatal model 

of cardiac hypertrophy, hypertrophy decreases tolerance to ischemia-

reperfusion and may be attributed to a decrease in ATP availability that is 

rectified in the present study by GW7647 therapy. Simultaneously, cardiac 

hypertrophy is also associated with excessive H+ production that may have 

contributed to poorer post-ischemic recovery.  

Hypertrophy downregulates PPARα expression in the neonatal heart to produce 

a similar metabolic profile to that of PPARα null mice. Both glucose oxidation 

and glycolysis increase in the PPARα null mice, while palmitate oxidation rates 

decrease significantly compared to WT controls (56, 57). Yet, hearts from these 

PPARα null mice are more tolerant of an ischemic episode (57). Apart from 

species differences, contrasting responses to ischemia may be largely related to 

an energy deficit associated with age-related metabolic maturity and juxtaposing 

cardiac hypertrophy. Unlike the adult hearts, TCA activity is decreased in 

hypertrophied neonatal hearts as acetyl-CoA production lost from decreased FA 

oxidation was not compensated for by upregulated glucose oxidation. In 
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contrast, in the adult mice, although percent contribution to the TCA cycle from 

FA and glucose oxidation change dramatically, the total acetyl-CoA produced did 

not change. This compensatory mechanism is found in the normal heart as well 

(36).  

The immediate newborn heart is largely dependent on glycolysis (34) and 

switches to a dependence on FA oxidation in the newborn period (33) as rates of 

glucose oxidation remain low (58). Cardiac hypertrophy magnifies this metabolic 

inflexibility found in the neonatal heart that may contribute to poor post-

ischemic recovery. GW7647 may be cardioprotective as it prevents the loss of 

ability to metabolize FA and helps overcome the deficit in producing sufficient 

ATP during reperfusion. In fact, GW7647 increases TCA cycle activity and ATP 

production rates to levels exceeding those of the normal neonatal heart. Now, 

the increased ATP production rates may represent a degree of ATP wasting 

during aerobic perfusion as cardiac function is not different between the two 

groups (fig 5-1B). However, during reperfusion, increased ATP production rates 

may be necessary for the improved functional recovery derived from GW7647. 

An ATP production deficit is detrimental because poor contractile recovery is, in 

part, due to diversion of ATP to non-contractile purposes of rectifying the post-

ischemic ionic imbalance instigated by acidosis. Wittnich et al demonstrated that 

H+ production is higher in the normal neonatal heart compared to the adult 

heart and that its buffering capacity is weaker as well (59). Although the 
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mechanisms of increased H+ production and its impact on functional recovery 

were not assessed, it was assumed more detrimental relative to an adult heart. 

In fact, normal 7-day-old rabbit hearts are more tolerant to ischemia with a 87% 

post-ischemic functional recovery compared to an adult heart, which recovered 

to only 47% (60). In contrast to normal hearts, the mismatched elevated rates of 

glycolysis to low rates of glucose oxidation in hypertrophied hearts augments H+ 

production in neonatal hearts. Therefore, this clinically-relevant hypertrophy 

model may help illustrate the detriments of acidosis and ischemia in the 

neonatal heart. To add, these high baseline H+ production rates are further 

amplified by ischemia. GW7647 did not alter overall glucose oxidation or pre-

ischemic H+ production rates, but FA oxidation rates were increased and 

paralleled to decreased post-ischemic rates of glycolysis thereby decreasing 

post-ischemic H+ production. In adult hearts, high fat perfusions inhibit glucose 

oxidation more so than glycolysis (42). As neonatal hearts are less able to oxidize 

glucose owing to its underdeveloped pyruvate oxidative capacity, increased FA 

oxidation rates seem to inhibit glycolysis more so than pyruvate oxidation. 

Therefore, unlike the detriments of high fat in adult hearts, high FA oxidation 

rates increase ATP availability for functional recovery to rectify the ionic 

imbalance as well as inhibit H+ production from glycolysis in the neonatal heart.   

Hence, GW7647 treatment produced two metabolic advantages to offset 

ischemia-reperfusion injury: 1) by increasing ATP production capacity through 

increasing FA oxidation and 2) depressed rates of glycolysis and H+ production.  
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5.4.2 GW7647 Normalizes the Regulatory Pathway on FA Oxidation in 

Hypertrophied Neonatal Myocardium 

FA metabolism maturation in the neonatal heart is partially driven by increased 

substrate availability from dietary FA in milk (35). Simultaneously, PPARα mRNA 

increases over the neonatal period (61). FAs are PPARα-activating ligands and 

the coinciding increase in FA concentrations to PPARα expression upregulates 

the FA metabolic pathway. Indeed, increased FA oxidation rates occur 

simultaneously to increased MCD activity (53), CPT-1 activity (53) and expression 

(62), and CPT-2 activity (62). Mitochondrial FA uptake is therefore increased to 

accelerate FA oxidation in the neonatal period. In hypertrophied neonatal heart, 

this developmental transition does not seem to occur.  

In hypertrophied neonatal hearts, although LV PPARα mRNA markedly decreases 

compared to controls, RV PPARα levels are actually elevated. As with the 

biochemical profile of PPARα null mice and adult hypertrophied hearts (56, 63, 

64), malonyl-CoA levels remain high in the LV. Despite elevated PPARα mRNA, 

malonyl-CoA levels are elevated in the RV. However, total CPT-1 activity remains 

constant between hypertrophied and normal hearts. Accordingly, MCD nor ACC 

expression changed in these hypertrophied LVs but MCD expression decreased 

significantly as with ACC inactivation in the hypertrophied RV. Therefore, in the 

RV, though malonyl-CoA synthesis may decrease by decreased active ACC, it is 

likely that degradation decreased sufficiently to maintain elevated malonyl-CoA 
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levels to inhibit CPT-1 and consequently, FA oxidation. This demonstrates that 

though the metabolic switch in the hypertrophied myocardium is closely tied to 

PPARα expression/activity in adult hearts, a discrepancy is present in the 

neonatal heart between the LV and RV (65, 66). Nonetheless, an increase in 

acute inhibition of CPT-1 FA transport is present in both the LV and RV as 

malonyl-CoA contents are elevated. However, the chronic changes are apparent 

only in the RV. The resulting energy deficit is similar to that found in adult PPARα 

null mice; and likewise, the energy deficit did not affect aerobic function (67).  

Metabolic remodelling in the hypertrophied hearts, though increases aerobic 

efficiency, also decreases ability to compensate and generate sufficient ATP in 

response to additional stress. PPARα knockout mice do not have myocardial 

hypertrophy, but when subjected to stimuli, the cardiac dysfunctional in these 

mice is intensified (68-70). Overexpressing GLUT1 compensated for the 

downregulated FA metabolism in these PPARα null mice; consequently, ischemic 

stress tolerance was restored. Neonatal cardiac hypertrophy treated with 

GW7647 had normalized functional response to additional stress. In GW7647-

treated hearts, PPARα expression does not increase dramatically, but the 

expected increase in PPARα activity is linked to restored the energy deficit by 

decreasing malonyl-CoA and upregulating FA oxidation. In the hypertrophied LV, 

lowered malonyl-CoA levels are attributed to a downregulation of ACC 

expression while MCD expression is unaffected. Therefore, malonyl-CoA may be 

produced at a lower rate relative to controls and vehicle-treated hypertrophied 
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hearts. In contrast, RV malonyl-CoA levels decrease due to increased MCD 

expression with little effect on ACC, which would increase malonyl-CoA 

degradation while rates of synthesis remains constant.  

These finding support the notion that LV and RV metabolism are different (71). 

MCD and ACC expressions may differ between the two ventricles, but elevated 

malonyl-CoA remains the key effector regulating FA metabolism in the neonatal 

heart in both ventricles. Bi-ventricular perfusion was an attempt to resolve the 

metabolic difference between two ventricles, but this set up merely assessed 

global cardiac metabolism to improve upon the physiological relevance 

compared to the LV working heart preparation (50). RV metabolism is dependent 

on that of the LV so that the measurements of individual ventricular metabolic 

rates remain unattainable at this time. Until the metabolism of individual 

ventricles can be resolved, differing metabolic rates between the two ventricles 

cannot be measured. Suggestions that either ventricle is more susceptible to 

dysfunction (71) still cannot be validated. In fact, equally elevated levels of 

malonyl-CoA suggest that FA oxidation in both ventricles could be equally 

inhibited. What is clear is that the restored expression of the metabolic pathway 

and its regulatory components (MCD and ACC) is associated with normalized 

cardiac metabolism and improved post-ischemic functional recovery.  
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5.4.3 GW7647 Altered FA Uptake and Utilization 

In hypertrophied rat hearts treated with WY-14643, a PPARα agonist, PPARα-

regulated genes were upregulated (72) similarly to findings in the present study. 

Although in the ex vivo working heart, PPARα agonism decreased aerobic 

contractile function, these rat hearts were perfused with only 0.4 mM oleate. 

Here, GW7647 increased the hypertrophied neonatal hearts’ ability to extract 

both exogenous and endogenous FA for the increased FA metabolism. At rest, 

much of the FAs taken up into cardiomyocytes are not immediately oxidized but 

rather diverted into myocardial TG stores before redirected for oxidation (73). 

The size of TG stores is determined by the rate of FA uptake and synthesis into 

TG and the rate of TG hydrolysis. The heart acquires FA from circulating non-

esterfied albumin-bound FA and FA from the hydrolysis of TGs associated in 

plasma lipoproteins. The latter reaction is governed by LPL expression. 

ATGL has been suggested as the rate-limiting step in the first step of TG 

hydrolysis into diacylglyceride and one FA and is responsible for basal TG 

degradation (74, 75). Aside from adipose tissue, ATGL is also expressed in the 

adrenals, testis, skeletal, and cardiac muscle (76, 77). In the neonatal    

hypertrophied hearts, ATGL is significantly decreased in both ventricles. While 

TG levels remain constant in the RV, the decreased ATGL expression correlates to 

increase TG levels in the LV. This correlates to a decreased ability to mobilize fat 

stores despite the increased energy demands of ischemia-reperfusion. 
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Like TG levels, RV LPL mRNA expression did not change in hypertrophied hearts, 

yet it decreases in the hypertrophied LV. Low LPL expression in the native RV 

may be due to lower energy demands requiring less substrate compared to the 

LV. Therefore, when RV is hypertrophied, as cardiac metabolism becomes more 

dependent on glycolysis, at a pre-existing low level, LPL expression may not be 

altered. Overall, substrate availability may remain limited as the enzyme require 

to derive the needed FA is expressed at a low rate.  

LV ATGL levels and RV LPL levels increased while LV and RV TG stores decreased 

under GW7647 treatment compared to vehicle-treated hearts. Although the 

extracellular expulsion of LPL is required for it to increase exogenous FA 

extraction, only LPL mRNA levels were examined here. Increased LPL mRNA 

expression may increase the GW7647-treated hearts’ ability to extract FA from 

circulation to increase substrate availability of FA oxidation. Overall FA cycling in 

the TG pool normalized to that of control RV and LV when hearts were treated 

with GW7647. This shows an increased cycling of extracellular FA into the 

endogenous pool.   Studies of extracellular LPL concentration/activity and serum 

free FA would be needed to verify increased extracellular activity and uptake in 

neonatal rabbits. However, in mice, GW7647 significant decreased serum free FA 

levels (78). To add, in order to prevent substrate limitation, the neonatal hearts 

were perfused with 1.2 mM palmitate. In WY-14643-treated hypertrophied 

hearts, heart may have been substrate-limited even during aerobic working 

hearts perfusions using only 0.4 mM oleate bound to 3% BSA (72), which limited 
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its aerobic function in contrast findings in the present study. Therefore, it is 

reasonable to suggest that increased FA oxidation rates are associated with 

appropriate increased intra- and extra-cellular FA extraction in hypertrophied 

hearts treated with GW7647.  

5.4.4 GW7647 Suppresses HIF-1α and Downstream Effectors 

In contrast to FA metabolism, glycolysis was downregulated by GW7647. PPARα 

expression is reciprocally related to HIF-1α expression (79, 80). To no surprise, 

neonatal cardiac hypertrophy upregulates HIF-1α, particularly in the RV. HIF-1α 

upregulates enzymes involved in the glycolytic pathway as well as enzymes 

which inhibit glucose oxidation. Specifically, HIF-1α upregulates pyruvate 

dehydrogenase kinase 1 (PDK1) to phosphorylate and inhibit PDH and ultimately 

block glycolytic products from entering the TCA cycle (81, 82). In hypertrophied 

neonatal hearts, decreased LV active PDH activity was found despite a decrease 

in PDK4 mRNA expression. GW7647 treatment maintained the levels of active 

PDH activity in the LV, with no changes to the RV, but decreases total PDH 

expression/activity. In the GW7647-treated hypertrophy LV, PDK4 mRNA levels 

did not significantly change, but in the RV, it was upregulated compared to 

normal hearts. Therefore, possible mechanisms by which GW7647 decreases 

glycolysis is via 1) PPARα’s dynamic relationship with HIF-1α and 2) PPARα-

upregulated inhibitory enzymes, such as PDK4. However, as glucose oxidation is 

natively low, it remains low regardless of PDK4 expression. The disjoint between 
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altered PDH expression/activity exemplifies the immaturity of the pyruvate 

oxidation pathway in the neonatal heart. This finding is validated by previous 

findings of a gradual increase in citrate synthase activity between 1, 7, and 21 

days of age in the rabbit heart both in the LV and RV (unpublished data). 

However, the exact mechanism that limits pyruvate oxidation in the neonatal 

heart has yet to be fully elucidated. From this study, PDH does not appear to be 

rate-limiting to pyruvate oxidation in the neonatal heart.  

Increased HIF-1α caused cardiac steatosis via upregulating the HIF-1α-PPARγ 

axis, a suggested molecular mechanism that accounts for the integration of 

glycolysis and TG synthesis in cardiomyopathy-related steatosis (79). In models 

of adult cardiac hypertrophy, cardiac steatosis correlates to increased apoptosis 

(83, 84). Despite overlapping functions, a difference between PPARγ and PPARα 

is that PPARγ is associated with TG synthesis, while PPARα is associated with FA 

oxidation. In the hypertrophied neonatal heart, TG accumulation occurs in the LV 

while remaining the same as normal hearts in the RV. Whether TG accumulation 

adds to the in vivo systolic dysfunction, although not explored here, has been 

hypothesized to physically interrupt contractile function. In vivo cardiac function 

was salvaged with GW7647 treatment, which also caused a decreased TG 

accumulation in both the LV and the RV. The decrease in intra-myocardial lipids 

has been shown to improve contractile function (85). Therefore, as with adults, 

decreased TG accumulation seems to benefit the hypertrophied neonatal heart. 
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To what extent TG accumulation harms the vehicle-treated hypertrophy heart 

was not explored in this study, but would be of great interest to understand.  

5.4.5 GW7647 Effects on Cardiac Hypertrophy and Implications on Cardiac 

Surgery 

GW7647 corrected the altered metabolism and improves IR tolerance but have 

no affect on the course of cardiac hypertrophy. Similarly, adult hLpLGPI  

transgenic mice treated with rosiglitazone had lowered ANP and BNP levels and 

a normal cardiac lipid profile, but the cardiomyopathy was not reverted (86). 

Permanently LAD-ligated rats treated with a PPARδ agonist also had normalized 

cardiac lipid profiles and energy metabolism, yet cardiac dysfunction was still 

present (87). In the present study, GW7647 treatment improved in vivo cardiac 

function by restoring ejection fraction, but it did not alter the course of cardiac 

remodelling in the continued presence of a volume-overload. Unlike the adult 

heart where damage is permanent, when the physical CHD is surgically 

corrected, remodelling will occur to adapt to the altered hemodynamic. Energy 

metabolism should evolve after energy demand changes. Therefore, surgical 

correction is expected to alter, or perhaps, correct the metabolic derangement 

in the hypertrophied heart as cardiomyocytes remodel after the improved 

hemodynamics.  

However, prior to surgery, the hypertrophied neonatal heart is energy deficient 

and less tolerant to added stress. Limited perioperative cardioprotection remains 
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a major contributor to mortality following surgical repair of CHDs (7, 9).  

Contractile dysfunction manifests in 20% of pediatric patients following CHD 

surgery (12), and is the most common cause of post-surgical death (13, 14). 

Inotropic support stimulates cardiac contractility at the expense of depleting 

acetyl-CoA at rates that exceed the hearts ability to regenerate it (54). In normal 

neonatal rabbit hearts, the energy demands in response to an inotrope 

cardiostimulation are met by an increase in both glucose and FA metabolism 

(54).  Since neonatal hypertrophied hearts are in an energy deficient state, it is 

likely that inotrope therapy would detrimentally exacerbate the energy deficit 

leading to dire states. Hearts from adult PPARα null mice are unable to 

compensate when challenged with an increased workload (56, 67). As with 

adults (88), the necessity of corrective surgery for CHDs in children is a predictor 

of morbidity/mortality(89). When PPARα-null mice simultaneously over-

expressed GLUT1, glucose uptake and oxidation were upregulated and the 

rescue phenotype surmounted the inability to respond to increased workload 

(67). However, neonatal hearts have a preference for FA over glucose oxidation 

(55). Aside from protection against IR injury, GW7647 treatment of the 

hypertrophied heart may increase a hypertrophied heart’s tolerance to inotrope 

support that may be required for non-metabolic heart failure. It would be 

interesting to further examine energy economy of hypertrophied hearts when 

challenged with an inotrope and whether GW7647 treatment would improve its 

response to curb the morbidity/mortality associated with its use. Therefore, 
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acute GW7647 treatment is an appealing option to overcome the temporary 

limitations of surgery and cardiac hypertrophy in the immediate reperfusion 

period as well as for peri-operative treatments of cardiac dysfunction.  

5.5 Conclusion 

Neonates with CHDs often develop secondary cardiac hypertrophy. Here and 

previously, we have demonstrated that neonatal cardiac hypertrophy causes the 

retention of the fetal metabolic profile. Furthermore, we have demonstrated 

that this glycolysis-dependent metabolism, an energy deficient state, is 

incompatible with ischemia-reperfusion and decreases post-ischemic functional 

recovery significantly compared to control hearts. GW7647 upregulates FA 

oxidation and suppresses glycolysis to increase ATP production capacity, to 

improve post-ischemic functional recovery to levels seen in a normal heart. The 

restoration of normal cardiac metabolism was associated with upregulated 

expression of key enzymes in the FA oxidation pathway as well as those involved 

in the regulation of malonyl-CoA to prevent CPT-1 inhibition. Therefore, GW7647 

may be a viable acute peri-operative treatment for neonates undergoing 

corrective cardiac surgery.  

5.6 Limitations 

Although the study was performed to the best of our abilities and based on 

current knowledge of neonatal cardiac hypertrophy, the limitations should be 
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acknowledged. The isolated working heart model is of particular limitation to 

this study. GW7647 was systemically administered for 14 days, but the end point 

was an ex vivo study of cardiac metabolism. While functional recovery from 

ischemia improved with the GW7647 treatment, the global impact of this agonist 

was not assayed. Although these animals do not have significant weight changes, 

it would have been of interest to examine GW7647’s effect on muscle and liver 

metabolism as well as blood lipid levels. In the isolated heart model, systemic 

circulation and global influence are removed; however, clinically, as a child’s 

heart recovers from ischemia, the circulating metabolites and hormones would 

influence cardiac functional recovery as well. Circulating fatty acid levels, 

potentially impacted by peripheral effects of GW7647, would also influence 

metabolic and subsequently functional recovery from ischemia. While the 

isolated working heart model demonstrates cardiac metabolic changes in 

isolation, it would be of interest to explore in vivo factors such as serum FFA 

levels, peripheral TG storage, and plasma hormonal levels in order to understand 

the global influence of GW7647 in the neonate animal.  

The rabbit model is a hurdle to attaining protein expression profile. Numerous 

antibodies are raised in rabbit hosts, which increases the cross reactivity of the 

antibody. Monoclonal antibodies appear to produce better results. Monoclonal 

antibodies originate from a reaction to a single epitope of an antigen of interest. 

Therefore, these antibodies are highly specific. The likelihood of the monoclonal 

antibody cross reacting with proteins with similar binding sides decreases as 
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opposed to polyclonal antibodies. Polyclonal antibodies, though raised against 

the same antigen, are derived from pooling antibodies from several sources. 

These antibodies may react to different epitopes. While these antibodies have 

increased sensitivity to the antigen compared to a monoclonal antibody, its 

specificity decreases. In fact, polyclonal antibodies may have an increased 

chance of cross reacting to another protein that may share a similar sequence. 

Alternatively, when possible, antibodies raised in mice or rats were used.  

However, certain proteins remained non-amenable to Western blotting. 

Therefore, in attempts to elucidate a more detailed metabolic and expressional 

profile in these hearts, mRNA expression was also evaluated. In light of the 

limitations of RT-PCR, in combination with other evidence, this study attempted 

to illustrate the impact of cardiac hypertrophy on neonatal heart metabolism 

and the effects of PPARα agonism. In order to provide further evidence to 

validate mRNA expressional data, it would be preferred to demonstrate the 

same changes in another animal model from which protein expression can be 

easily demonstrated.  

Enzyme activity was another method this study pursued. In contrast to the 

primary study on neonatal cardiac hypertrophy in chapter 4, this present study 

assayed CPT-1 activity to illustrate cardiac hypertrophy on CPT-1 expressional 

changes via uninhibited activity assay. This method overcame the limitation of 

CPT-1 Western blotting. Thus, enzyme activity assays were a means to 
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overcoming limitations of antibody availability and tissue compatibility. 

However, as enzyme activity assays are much more complicated and time 

consuming, the present study was limited by number of assays that may be 

performed in a timely fashion. To add, of these assays, numerous of them are 

surrogate markers and remain quite artificial. For instance, for CPT-1 activity, the 

present study was unable to determine the degree of inhibition it undergoes 

from mal-CoA. CPT-1 is not irreversibly inhibited by mal-CoA, which is labile and 

prone to degradation during the processing of the tissue for protein extraction. 

Therefore, this assay determined only the total, uninhibited, CPT-1 activity in 

vitro. Nonetheless, future studies using the same animal model should find 

enzyme activity assays an asset. 

This study partly dussected the glucose and FA transport in the hypertrophied 

and GW7647-treated hypertrophied neonatal hearts via the expression patterns 

of LPL, GLUT1, GLUT4. Although the findings are interesting, the translocation of 

these proteins was not assayed. The results demonstrated the chronic impact of 

hypertrophy and GW7647 agonism, but the whether hypertrophy or GW7647 

treatment impacts the acute translocation process is an aspect not examined. As 

the translocation of these proteins play an important part to their efficacy, 

further investigation into their transport would elucidate a more meaningful role 

in their expressional changes.  
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Figure 5-1: Bi-ventricular Perfusion of 21-day-old Rabbit Hearts. A) Schematic of 

the perfusion protocol. B) Normalized LV and RV functions based on (HR x 

(AoPSP + PVPSP)) demonstrating the effects of hypertrophy (triangle, n = 13) and 

hypertrophy treated with GW7647 (grey circle, n = 8) compared to control (open 

circle, n = 20) when given 25 min of global no flow ischemia. C) Percent recovery 

comparing functional recovery after 30 min reperfusion to post-ischemic 

function at 35 min. Hypertrophy decreased LV and RV function during 30 min 

reperfusion, significantly *(P<0.05), when compared to control hearts. GW7647 

reverts the decreased function caused by hypertrophy during reperfusion.   
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Figure 5-2: Pre-Ischemic and Post-ischemic Metabolic Rates Measured During Bi-

ventricular Isolated Heart Perfusions. A) cardiac hypertrophy (■, n = 16) 

decreases pre-ischemic and post-ischemic palmitate oxidation rates when 

compared to control animals (□, n = 13, p < 0.05). GW7647 treatment (■, n = 24) 

recovers the palmitate oxidation rates in hypertrophied hearts to levels seen in 

control hearts. B) Hypertrophied hearts (n = 11) had increased pre-ischemia 

glycolysis rates. Control (n = 16) and hypertrophied (n = 11) hearts had elevated 

post-ischemic glycolytic rates, but GW7647-treated hypertrophied hearts (n = 9) 

did not have altered glycolytic rates from pre-ischemia. C) Neither pre-ischemia 

or post-ischemia glucose oxidation rates change in normal (n = 7), cardiac 

hypertrophy (n = 11), or GW7647-treated cardiac hypertrophy animals (n = 5). D) 

Calculated proton production using the formula (H+ production = 2x(average  

rate of glycolysis) – (rate of glucose oxidation)). H+ production rates are 

significantly higher during post-ischemic recovery compared to the pre-ischemic 

rates in control, hypertrophy, and hypertrophy treated with GW7647 hearts. * 

compared to pre-ischemia or post-ischemia control, ‡ compared to pre-ischemia 

or post-ischemia hypertrophy, † compared to the pre-ischemia value within the 

same treatment group, P<0.05 
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Figure 5-3: Calculated Steady State ATP and Acetyl-CoA Production Rates of 

Control, Hypertrophied, and GW7647-Treated Hypertrophied Hearts. A) 

Calculated steady state ATP production rates from palmitate oxidation (■, 105 

mol ATP per of palmitate oxidized), glucose oxidation (□, 31 mol ATP per mol of 

glucose oxidized), and glycolysis (■, 2 mol ATP per mol of glucose passing 

through glycolysis); and B) calculated acetyl-CoA contribution to tricarboxylic 

(acid) cycle from glucose oxidation (□, 2 mol of acetyl-CoA per mol glucose 

oxidized) and palmitate oxidation (■, 8 mol of acetyl-CoA per mol of palmitate 

oxidized) during pre- and post-ischemia for control, hypertrophy, and 

hypertrophy treated with GW7647 compound hearts.  
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308 
 

 

 

 

 

 

 

Figure 5-4: Expression of PPARα and HIF-1α in Control, Hypertrophied, and 

GW7647-Treated Hypertrophied Hearts. A) Relative PPARα mRNA expression 

normalized to 18s expression and B) relative HIF-1α protein expression in the LV 

and RV of control, hypertrophy, and GW7647 treated hypertrophied hearts. 

Arbitrary unit (AU); *compared control, † compared to the hypertrophy, P<0.05  
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Fig 5-4 
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Figure 5-5: GW7647 Removes CPT-1 Inhibition in Hypertrophied Hearts. A) 

GW76474 (■) increases total LV and RV CPT-1 activity in hypertrophied hearts 

compared to control (□) and untreated hypertrophied hearts (■). B) LV and RV 

malonyl-CoA levels are decreased by GW7647 treatment of hypertrophied 

hearts. *compared control, † compared to the hypertrophy, P<0.05 
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Fig 5-5 
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Figure 5-6: Malonyl-CoA Levels are Reflective of Collective Changes in MCD and 

ACC. A) MCD protein concentrations expressed in relative ratios  to α-tubulin 

(arbitrary units, AU) and B) relative protein expression of total ACC (T-ACC, □), 

phospho-ACC (P-ACC, ), and C) phospho:total ACC ratio. Arbitrary unit (AU); 

*compared control, † compared to the hypertrophy, P<0.05 

 

 

 

 

 

 



313 
 

 

 

 

 

 

 

Fig 5-6 
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Figure 5-7: GW7647 Decreases Triacylglycerol Pools in the LV and RV Relative to 

Altered Enzyme Expression. A) Relative mRNA expression of CD36 normalized to 

18s and B) relative ATGL protein expression change reflect the C) size of 

triacylglycerol pools in the LV and RV. Arbitrary unit (AU);*compared control, † 

compared to the hypertrophy, P<0.05 
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Fig 5-7 
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Figure 5-8: Effects of Hypertrophy and GW7647 Treatment on Regulators of 

Glucose Metabolism in the LV and RV in Control, Hypertrophied, and GW7647-

Treated Hypertrophied Hearts. A) Relative GLUT4 , B) GLUT1, C) AKT protein 

expressions, and D) phospho:total AMPK ratio in the LV and RV to show changes 

to the insulin-glucose uptake axis. Arbitrary unit (AU);*compared control, † 

compared to the hypertrophy, P<0.05  
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Figure 5-9: The Rate-Limiting Step to Glucose Oxidation is Controlled by PDH 

Activity. A) Active PDH activity (□), total PDH activity ( ), B) active:total PDH 

activity ratio and D) relative PDK4 mRNA expression normalized to 18s. Arbitrary 

unit (AU);*compared control, † compared to the hypertrophy, P<0.05  
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Fig 5-9 
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5.9 Tables 
 
Table 5-1: Physical and Cardiac Parameters in vehicle- or GW7647-treated 20-
day-old rabbits with of sham or aorto-caval fistula operation  

 Sham  Hypertrophy  GW7647  

n  9 13  7 

IVC (mm)  2.42 ± 0.15  3.38 ± 0.11*  3.53 ± 0.09*  

RVIDd (mm)  3.15 ± 0.16  3.42 ± 0.11*  3.71 ± 0.13*  

LVIDd (mm)  7.83 ± 0.31  8.74 ± 0.28*  8.79 ± 0.31*  

LVPW (mm)  1.76 ± 0.09  1.66 ± 0.07  1.84 ± 0.11  

%EF  75.4 ± 1.1 67.4 ± 3.0*  76.5 ± 2.5†  

    

Body Weight  422 ± 13  385 ± 28  422 ± 11  

HW:BW (mg/g)  4.2 ± 0.10 4.7 ± 0.3*  4.8 ± 0.2*  

LV:BW (mg/g) 1.85 ± 0.07 1.93 ± 0.11 2.12 ± 0.08* 

SEP:BW (mg/g) 1.52 ± 0.07 1.60 ± 0.11 1.66 ± 0.06 

RV:BW (mg/g) 0.86 ± 0.03 1.07 ± 0.09* 1.02 ± 0.04* 

Diameter of the inferior vena cava (IVC) in millimetres (mm); right ventricular 

internal diameter during diastole (RVIDd); left ventricular internal diameter 

during diastole (LVIDd); left ventricular posterior wall thickness (LVPW); percent 

ejection fraction (%EF); body weight (BW);  left ventricle (LV); septum (SEP); right 

ventricle (RV); * vs control; † vs hypertrophy; P>0.05. 
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Pediatric cardiac surgery is a 20th century accomplishment (1,2) and has evolved 

over the past 100 or so years. During this development, although the principle 

defect causing the abnormal hemodynamics could be corrected, morbidity and 

mortality remained high. These corrective surgeries often require the neonatal 

heart to be arrested and exposed to ischemia to achieve the 

bloodless/motionless field of operation. These periods of ischemia can often 

exceed an hour. Post-surgical functional recovery depends not only on optimal 

intra-operative cardioprotection and techniques, peri-operative interventions 

are also vital (3-8). Post-surgical contractile dysfunction can manifest in up to 

20% of pediatric patients following CHD surgery (9), and is the most common 

cause of post-surgical death (10,11).  ~4% of mortality from pediatric cardiac 

surgery can be attributed to poor cardioprotection (5,12-15). Furthermore, post-

surgical contractile dysfunction is largely related to ischemia. Several reports 

have demonstrated that prolonged ischemia increases lactate release, which in 

turn, correlates to higher rates of mortality and morbidity (16-20). Metabolic 

manipulation is a novel approach to reduce post-ischemic injury. It has been 

predominantly targeted against adult cardiac ischemia-reperfusion injury. 

Neonatal hearts are also subjected to ischemia-reperfusion during corrective 

surgery. However, as even the normal neonatal cardiac metabolism differs 

dramatically from that of the adult heart, the metabolic approach to 

cardioprotection in the neonatal heart may differ from that of the adult. 
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Furthermore, CHD may induce cardiac hypertrophy-related metabolic changes 

that further alter cardioprotective strategies employed in the neonatal heart.  

6.1 Increasing FA Oxidation Improved Normal Neonatal Cardiac 

Post-ischemic Contractile Recovery 

The prominence of FA oxidation in the developing neonatal myocardium has 

been demonstrated in several studies (21-24). This maturational dependence 

occurs as malonyl-CoA levels decline in the newborn period to release the 

inhibition on CPT-1 (23) and FA substrate supply increases from nursing (25); 

meanwhile, glucose metabolism contribute less to ATP production. To these 

findings, our studies of cardiac maturation adds that rabbit LV and RV MCD 

expression and activity also increased during the neonatal period between 1 to 

21 days of age (fig 4-4).  This further degraded and lowered malonyl-CoA levels in 

both ventricles to prevent the inhibition of CPT-1. Although a previous study did 

demonstrate the decline in malonyl-CoA levels in a 6-week-old rabbit heart, 

these rabbits are closer to an adolescent animal and falls neither in the neonatal 

period nor adulthood (26). With 21-day-old rabbit hearts, the normal dramatic 

decline in malonyl-CoA is apparent by three weeks of age. The rapid maturation 

of FA oxidation and decrease in glycolysis can be correlated to an increased 

PPARα expression and reciprocal decreased HIF-1α expression to illustrate the 

changes in transcriptional control that accompany these metabolic changes (fig 

4-6).  
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With these changes to the neonatal heart, it was therefore surprising to find that 

supra-physiological levels of insulin stimulate FA oxidation further rather than 

the hypothesized inhibition of FA oxidation through decreasing AMPK and ACC 

phosphorylation. The combined product of high fat (1.2 mM palmitate) that 

caused a disjoint between AMPK and ACC signalling and the increased plasma 

membrane CD36 was linked to the improved post-ischemic contractile recovery 

in the neonatal heart. Whether other cardioprotective pathways were elicited to 

increase contractile function and therefore drive an increase in FA oxidation 

require further studies. However, as demonstrated previously, (22,27)  as well as 

here, lowered steady state ATP production rates in the neonatal heart is 

associated with worsen post-ischemic recovery. This energy deficit can be 

rescued by increasing FA oxidation (22) or pyruvate oxidation (28). In contrast, 

dichloroacetate (DCA) was unable to improve contractile recovery (27). It was 

thought that though glucose oxidation rates were increased from basal rates in 

the 7-day-old rabbit heart, the increased rates were incomparable to those in 

the 6-week-old rabbit heart, in which DCA did improve contractile recovery (27). 

Therefore, the authors suggested that the increased glucose oxidation rates 

remained insufficient to the amount of ATP needed in the post-ischemic period.  

DCA, at the dosage used, may not have sufficiently stimulated glucose oxidation, 

but pyruvate supplementation has been shown to improve post-ischemic 

contractile function in neonatal rabbit hearts (28). Although in this latter study, 

no substrate metabolic rates were assessed, PDH activity was increased 
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significantly in the presence of pyruvate. The malate/aspartate shuttle capacity 

decreases dramatically in the neonatal period (29) to minimize anapleurotic flux 

in the neonatal heart. Therefore, assuming minimal anapleurotic flux, it may be 

said that increased glucose oxidation rates achieved by DCA stimulation was only 

a fifth of the PDH activity caused by pyruvate supplementation when glucose 

oxidation is equated to PDH activity stoichiometrically (27,28). Although DCA 

was unable improve contractile recovery, increasing glucose oxidation, such as 

by pyruvate supplementation, represents a method of metabolic manipulation 

to improve neonatal post-ischemic recovery.  However, augmenting FA oxidation 

offers further advantage over increasing glucose oxidation rates as post-ischemic 

circulating FAs are elevated, which exposes the myocardium to high FA levels 

(30). Furthermore, whether strict peri-operative glycemic control increases post-

operative morbidity and mortality has been controversial (31-35). Therefore, 

augmenting FA oxidation is a viable cardioprotective strategy for neonatal 

cardiac ischemia. 

6.2 A Model of Neonatal Cardiac Pathological Hypertrophy 

Surgical intervention to correct CHDs necessitated the need to understand 

neonatal cardiac ischemia and reperfusion. However, a drawback persists in that 

most studies used normal neonatal hearts not subjected to pathological 

remodelling. Pathological cardiac hypertrophy can develop secondary to CHDs. 

According to Health Canada and the Heart and Stroke Foundation, CHDs are the 
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most common structural anomalies with an incidence of 1 in 100 newborns (36). 

Globally, 1 million children are born with a CHD (37). Of the various CHDs, 

ventricular septal (VSD) and atrial septal defects (ASD) are the most prominent 

representing 29% and 21% of all CHDs, which can lead to volume-overload 

cardiac hypertrophy (38).  

Adult cardiac hypertrophy reverts cardiac metabolism towards a fetal-like 

metabolic profile dependent largely on glycolysis (39,40). This reversion is due to 

a decrease in oxidative phosphorylation. In a neonatal piglet model of patent 

ductus arteriosus, volume-overload resulted in cardiac hypertrophy 

accompanied by a decrease in AMPK expression corresponding to continually 

high ACC activity despite maturation (41). Normally, AMPK expression and 

activity increases during the neonatal period and corresponds to high rates of FA 

oxidation (42). ACC activity as well as malonyl-CoA levels remained higher in 

these hypertrophied hearts suggesting that FA oxidation rates were likely 

suppressed and the maturation of cardiac metabolism was delayed. However, 

metabolic rates were not assayed in these hearts. Therefore, a relevant model of 

neonatal cardiac hypertrophy is vital to elucidate the underlying mechanism 

involved in the remodelling process as well as whether cardiac metabolism was 

actually affected. 

This neonatal cardiac hypertrophy model here most closely represents CHDs 

with left-to-right lesions such as ASD, VSD, and large patent ductus arteriosus 
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(43). VSDs and ASDs may stand alone or be a part of more complex 

malformations and is therefore difficult to standardize hypertrophy. As ASDs and 

VSDs are the most prominent CHDs, this model is applicable to a large portion 

clinical cases. Furthermore, as minor ASDs and VSDs may close spontaneously, 

practitioners often would choose to delay surgical intervention. However, the 

continuous volume overload during this wait time may generate cardiac 

hypertrophy. Moreover, should the child require surgery despite the wait, the 

surgeon may be operating on a hypertrophied heart. A model of neonatal 

cardiac hypertrophy may be useful to elucidate the metabolic and molecular 

aspects of newborn heart hypertrophy in order to ensure operational safety and 

success.  

However, this model is not without limitations. Inducing the fistula at 7-days 

postnatally is not true to a CHD as a degree of maturation has taken place.  

However, newborn rabbits are not fully mature until after weaning (12 weeks). 

Furthermore, in rabbit hearts, maturational metabolic remodelling continues 

even into 10 and 14 days after birth (24). This model, hence, is a model that 

interrupts the maturational process, but produces relevant cardiac hypertrophy 

and metabolic remodelling.  

A second limit is where the aorto-caval fistula is not a cardiac defect as it is an 

extra-cardiac lesion. As with many peripheral pressure and volume overload 

cardiac hypertrophy models (44,45), our volume overload model generates 
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sufficient volume overload hypertrophy. However, this design prevents it from 

representing a specific type of CHD, rather, it represents the aspect of volume-

overload hypertrophy common to multiple defects such as atrio-ventricular 

septal defects (AVSD). With AVSD as an example, although the present model 

lacks the valvular defects associated with AVSD, the biventricularr45t 

hypertrophy is present and an important aspect to understand as it may be the 

cause for a 27% post-op LV dysfunction in a multi-center study (46). 

Furthermore, mortality rates from AVSD alone remain between 8.7 to 21.7% 

(47,48). Studying cardiac hypertrophy and metabolism in isolation from complex 

defects permits a wide-application of the model as well as unconfounding 

understanding of hypertrophic cardiac metabolism.  

In addition to the animal model of neonatal cardiac hypertrophy, the 

metabolism and cardiac function were assessed using a bi-ventricular working 

heart model. This model allows flow through and therefore functional 

assessment of both the LV and the RV. This is crucial in understanding the 

neonatal heart because fetal circulation is dependent on the RV.  Hemodynamic 

changes at birth increase pressure and flow to the LV so that the systemic 

circulation becomes dependent on the LV rather than the RV. However, in 

volume-overload hypertrophy, increase volume return to the RV alters its post-

natal response. In fact, in the present model of neonatal cardiac hypertrophy, bi-

ventricular hypertrophy occurs. Hence, assessing global function and metabolism 



329 
 

becomes a more accurate and holistic approach to understanding hypertrophy 

cardiac metabolism.  

6.3 Neonatal Cardiac Hypertrophy Alters Cardiac Metabolism  

Although much emphasis is placed on neonatal cardiac FA oxidation, cardiac 

hypertrophy is associated with a retained fetal-metabolic profile in the neonatal 

myocardium. The decreased rates of FA oxidation are reciprocated with 

increased rates of glycolysis. These changes involve are both chronic and acute 

mechanisms.  

In both studies from chapters 4 and 5, chronic changes in metabolism originated 

in changes in the transcriptional control of cardiac metabolism in both the LV 

and RV, namely reciprocal changes in PPARα and HIF-1α. These transcriptional 

changes diverted the normal maturation towards a more glucose-centered 

metabolism. Consistent with adult cardiac hypertrophy, these hypertrophic 

neonatal hearts had notably higher rates of glycolysis accompanied by increased 

GLUT1 expression and downregulated GLUT4 expression (fig 5-8). Meanwhile, 

without changes to rates of glucose oxidation, total PDH activities in both studies 

were decreased  in the LV and increased in the RV in chapter 4 but was not 

changed in chapter 5 (table 4-4 and fig 5-9). The diversity in results may be due 

to a number of factors including the severity of hypertrophy. To add, these 

studies examine only one time point in the course of the development of 

hypertrophy and may not have captured at time point when the changes have 
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occurred in both models. Nonetheless, in the latter study, LV PDK4 expression 

was found decreased and corresponded to decreased PDH phosphorylation. This 

transcriptional change is due to a decreased expression of PPARα in the 

hypertrophied heart as PPARα regulates PDK4 expression (49,50).  

The decreased inhibition did not result in changes in glucose oxidation rates and 

is likely a product of further inhibition on glucose oxidation by other mechanisms 

not examined here. One possibility is that hypertrophy outstrips a heart of its 

circulatory supply to cause a relative hypoxic state. This partly contributes to the 

upregulation of HIF-1α in hypertrophied hearts. In a relatively hypoxic 

environment, the heart downregulates its oxidative phosphorylation capacity, 

including both glucose and FA oxidation, without affecting PDH activity or 

expression. Alternatively, the finding that glucose oxidation rates remain the 

same between sham-operated and control hearts suggests that a portion of the 

glucose oxidation pathway has yet to mature. In comparison, in adult PPARα null 

mice, although rates of FA oxidation are significantly downregulated causing a 

dramatic decrease in its contribution to the acetyl-CoA pool, glucose oxidation is 

upregulated to compensate for the loss and therefore the total amount of 

acetyl-CoA is no different in these PPARα null mice compared to wild type mice 

(51). Therefore, the dichotomous phenotypes between the adult heart and the 

neonatal heart suggests that an element of the Randle cycle has yet to mature in 

the neonatal heart in order that glucose oxidation increases to compensate for 

lost acetyl-CoA contributions from FA oxidation.  
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Of the acute regulatory signals, malonyl-CoA has been shown to strongly 

correlate to rates FA oxidation in myocardium (26,52-54). Though malonyl-CoA 

inhibition is a type of acute metabolic control, as the expression of the enzymes 

involved in malonyl-CoA metabolism were changed, a somewhat chronic 

response resulted in these studies. The aerobic perfusion of the hypertrophied 

neonatal heart showed no change to cardiac function, but overall steady state 

ATP production rates were decreased (chapters 4 and 5). This was attributed to 

increased malonyl-CoA levels in the LV while having no measurable effect on RV 

malonyl-CoA levels (fig 4-4). When not challenged with added load, this new 

equilibrium between ATP supply and demand in the two ventricles seems to 

sustain aerobic work. However, RV malonyl-CoA levels were later found 

increased in the vehicle-treated IR-perfused hypertrophied hearts in chapter 5. 

The later study of cardiac hypertrophy also showed signs of in vivo cardiac 

dysfunction with a lowered %EF (Table 5-1) compared to that in chapter 4 (Table 

4-1). The differences between in vivo cardiac function suggest that when RV 

malonyl-CoA levels are also increased alongside of that of the LV, systolic 

dysfunction may result. This possibility is juxtaposed to normal maturation 

during which the RV is involuting as the LV grows increasingly dominant. To what 

degree the two ventricles rely on each other was not explored in these studies, 

but the results presented here suggest that a change in RV acute metabolic 

control in conjunction to that found in the LV is associated in vivo systolic 

dysfunction.  
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A second difference between the two studies that may account for the 

discrepancy is that the latter study was an analysis of hearts subjected to 

ischemia and reperfusion that may have altered the demands on individual 

ventricles. In a study of neonatal piglet hearts, differences in metabolic 

intermediates as well as enzymatic activities were found between the LV and RV 

in aerobically and ischemia-reperfused perfused hearts (55). Studies in chapters 

4 and 5 further emphasize the metabolic differences between the two ventricles, 

even though the metabolic rates cannot be differentiated between the two 

ventricles. Despite metabolic differences, the interdependence between the two 

ventricles amounts to global cardiac dysfunction when challenged with ischemic 

stress. The rescue treatment with GW7647 involved augmenting malonyl-CoA 

removal in both ventricles. Incidentally, these changes were achieved by 

differing mechanisms between the two ventricles.  

6.4 Rescuing the Ischemic-Reperfused Neonatal Heart 

Previous studies as well as chapter 5 have demonstrated that metabolic 

manipulation is a viable therapy for normal neonatal heart subjected to ischemic 

reperfusion (22,28). However, hypertrophied neonatal hearts, a more likely 

clinical scenario compared to normal hearts, has demonstrated a deranged 

metabolic profile that may or may not respond to substrate supplementation. 

These hypertrophied neonatal hearts have lowered ability to oxidize FA and non-

compensatory glucose metabolism, despite elevated rates of glycolysis. In 
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chapter 4, the hypertrophied neonatal heart was unable to recover from 

ischemia when perfused with only 0.8 mM palmitate; yet, when given 1.2 mM 

palmitate, these hearts were able recover. Although FA supplementation 

improves function recovery, supplementation alone is insufficient as functional 

recovery of the hypertrophied neonatal heart is only a fraction of that of a 

normal heart supplemented with FA. Due to the non-compensatory rates of 

glucose metabolism and post-surgically elevated circulating FA levels, restoring 

the FA oxidation capacity in these hypertrophied hearts is a clinically-relevant 

therapeutic option.  

GW7647, a PPARα agonist, was expected to increase PPARα activity without 

altering PPARα expression. Interestingly, while that remained true for the 

hypertrophied LV, in the RV, PPARα expression was further increased by 

GW7647 treatment relative to the vehicle-treated hearts. In contrast, others 

have shown that chronic PPARα activation downregulates PPARα expression in 

spite of increased expression of target genes (56). In the present study, 

downstream mRNA, activity, or expression of target genes were upregulated and 

include: CPT-1 (shown by increased total CPT-1 activity), MCD, LPL, and PDK4. 

Furthermore, to the best of knowledge, this study showed for the first time an 

upregulation of AGTL is associated with PPARα activation. Whether or not AGTL 

is a target gene of PPARα requires further exploration. Nonetheless, GW7647 

treatment restored the expression of key components to FA metabolism in the 

hypertrophied neonatal heart.  
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The restored capacity to mobilize, uptake, and oxidize FA proved beneficial to 

the ischemia-reperfused hypertrophied neonatal heart at relevant FA levels (1.2 

mM palmitate). Functional improvements were evident as post-ischemic 

functional recovery was restored to normal levels despite the persistent cardiac 

hypertrophy. The accompanied metabolic profile of increased rates of FA 

oxidation and decreased rates of glycolysis suggests that the functional 

improvements are due to increased FA utilization and a consequent suppression 

of glycolysis. However, in order to definitively determine the effects of PPARα 

agonism, it would be prudent to define the effects GW7647 through inhibition 

studies to demonstrate that when PPARα or elements of the PPARα 

transcriptional complex which would include the receptor, retinoid X receptor 

(RXR), and its co-activator, PGC-1α, are downregulated, the effects of GW7647 

are lost.  

From these studies, restoration of FA oxidation capacity can become a key 

component to rescuing the hypertrophied neonatal heart from ischemic-

reperfusion injury that occurs during cardiac surgery. Although PPARα  agonism 

does not prevent cardiac hypertrophy in the neonatal heart, as an interim 

treatment, PPARα agonism may be a method to improve surgical outcome. 

Whether this treatment prolongs survival or improve survival would require 

further studies and understanding of long term effects. 
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6.5 Conclusion 

Unlike adult cardiac hypertrophy whereby the instigating pathology is unlikely to 

be corrected, neonatal cardiac pathological lesions may be surgically corrected 

and normal hemodynamics restored. This model demonstrates that hypertrophy 

secondary to a physical lesion can, alone, alter cardiac metabolism in the 

neonatal heart. In adult cardiac hypertrophy, modifying cardiac metabolism 

improves post-ischemic functional recovery. In fact, PPARγ agonist reverses 

hypertrophy in the adult heart. Whether correcting the CHD and normalization 

hemodynamics would normalize metabolism in the neonatal heart, has not been 

explored. However, this question implicates the importance of these studies on 

hypertrophied neonatal cardiac hypertrophy.  

However, in the interim between surgical correction and immediate post-surgical 

recovery, the neonatal myocardium is subjected to several hurdles that can 

potentially be metabolically modified: 1) hypertrophy-related altered cardiac 

metabolism that is associated with less tolerance to added stress, 2) surgical 

ischemia, and 3) inotrope challenge/support. 

In both normal neonatal hearts and hypertrophied neonatal hearts, a FA-

centered metabolism has been clearly demarcated in these studies. A decreased 

tolerance to ischemia-reperfusion is associated with decreased ability to 

metabolize FA in these neonatal hearts. In contrast, acute or chronic treatments 

to augment FA oxidation rates are associated with improved post-ischemic 
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recovery. These studies demonstrate that by increasing rates of FA oxidation, 

limitations to ATP production are surmounted. Therefore, metabolic 

manipulation of FA oxidation potentially provides peri-operative 

cardioprotection and buffering for added stress, which would increase energy 

demands.  

6.6 Future directions 

Studies of the biochemistry and anatomy of the neonatal heart has produced a 

wealth of knowledge that aids the development of cardioprotective strategies 

for pediatric cardiac surgery. However, little is known of neonatal cardiac 

hypertrophy and its impact on surgical cardioprotective strategies and survival. A 

clinically relevant model of neonatal cardiac hypertrophy was developed in these 

studies to commence a new generation of neonatal cardiac ischemic-reperfusion 

studies. However, these studies only represent a small fraction of the applicable 

knowledge needed to improve surgical outcome. Areas such as drug use and 

their interaction with a hypertrophied neonatal heart have yet to be explored.  

For instance, to prompt further studies of drug use in neonatal hearts, these 

studies have shown that contrary to the hypothesis, supra-physiological levels of 

insulin is cardioprotective to the ischemia-reperfused neonatal heart. However, 

the study was performed in normal 7-day-old rabbit hearts and caused an 

increase in FA oxidation. While evidence to claim that improved post-ischemic 

recovery is driven by an increase in FA oxidation, it would be of interest to test 
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such hypothesis with hypertrophied neonatal hearts. As these hearts have 

downregulated FA metabolic components, supra-physiological levels of insulin 

may fail to increase FA oxidation. Should the benefits of insulin be related to its 

ability to augment FA oxidation, hypertrophied hearts may not demonstrate an 

equal response to supra-physiological levels of insulin. Of interest, however, is 

that long-term benefits of high-dose insulin has been demonstrated in adult 

hearts (57). An acute dose of supra-physiological level insulin was administered 

as part of a glucose-insulin-potassium regiment after a percutaneous coronary 

intervention (PCI). At 6 months follow-up, patients treated with the high dose 

GIK showed improved cardiac function, cardiac index, and lessened cardiac 

remodelling. Therefore, the application of insulin in hypertrophied neonatal 

hearts may be of interest as an immediate treatment as well as its chronic 

outcomes.  

In addition to insulin, cardio-stimulants, such as isoproterenol or dobutamine, 

are often used during the peri-surgical period. However, as they are cardio-

stimulatory, they increase energy demands. In a study of the effects of 

isoproterenol on neonatal hearts, rates of both FA oxidation and glucose 

metabolism are increased so that the rate of acetyl-CoA consumption exceeds 

the rates at which it can be generated (58). Therefore, as energy demand 

increases by these cardio-stimulatory agents, it would not be surprising if in 

hypertrophied hearts, these agents are detrimental. The decreased ATP 

producing capacity would limit the efficacy of cardio-stimulation whether 
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metabolism drives cardiac function as an energy deficit would result. This 

possible detriment is emphasized by the correlation that increased inotropic 

support is associated with poor post-surgical outcome and high mortality rates 

(59). Validating these clinical findings by dissecting the molecular mechanisms 

underlying the detriments of inotrope support in a clinically-relevant model of 

neonatal cardiac hypertrophy seems appropriate. 

Further understanding of the realities of neonatal cardiac hypertrophy and its 

treatment beyond surgical correction of the CHD will better define the treatment 

approach for neonatal patients.  
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