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Abstract

Energy substrate utilization in the heart is both altered by- and contributes to- the
pathophysiology of heart disease. For example, there is an increased reliance on fatty
acid oxidation for energy production in conditions such as diabetes, diabetic
cardiomyopathy, and during reperfusion of ischemic hearts. Fatty acids are less efficient
energy substrates than glucose, and an increased use of fatty acids can increase the
burden on energetically compromised hearts, contributing to cardiac dysfunction.
Therefore, understanding the relationship between metabolism of fatty acids and
glucose, the two major substrates competing for energy production in the heart, is
essential to providing the knowledge required for developing new metabolic treatments
to treat heart disease. Such therapies depend on targeting and modifying regulatory
steps in this integrated relationship. To this aim, I explored in this thesis potential points
of regulation of glucose and fatty acid oxidation at different levels and through several
approaches. These included control of mitochondrial uptake of fatty acyl coenzyme A
(CoA), mitochondrial calcium control of cardiac energy metabolism, control of fatty
acid supply through endothelial cells, as well as the effects of a liver-secreted energy-
modifying peptide hormone, adropin, on the regulation of fatty acid and glucose

oxidation.

I first focused on exploring one regulatory process for mitochondrial fatty acid uptake,
and hence oxidation, by investigating a potential cytosolic localization of an important
metabolic enzyme, carnitine acetyltransferase (CrAT), known to reside in the
mitochondrial and peroxisomal matrices. We found evidence of partial localization of

CrAT in the cytosol of cardiomyocytes. This cytosolic CrAT could indirectly affect



malonyl-CoA turnover in the cytosol, thereby influencing malonyl-CoA control of
mitochondrial uptake of long-chain fatty acyl-CoAs and their subsequent mitochondrial
oxidation. These results add to our knowledge of the importance of CrAT in the
regulation of cardiac energy metabolism through a previously undiscovered cytosolic

activity.

We then assessed what changes in cardiac energy metabolism ensue in response to
impairment of mitochondrial calcium uptake, which is presumed to control cellular
glucose oxidation. This was studied in a transgenic mouse model with a cardiac-specific
deficiency of the mitochondrial calcium uniporter (MCU) channel protein, the primary
gate for calcium influx through the inner mitochondrial membrane. Contrary to our
expectations, MCU deficient mouse hearts showed higher cardiac work and uninhibited
glucose oxidation rates, and when subjected to an inotrope challenge they displayed a
normal rise in glucose oxidation but a greater stimulation of fatty acid oxidation. The
underlying mechanism involved a stimulatory hyperacetylation of malonyl-CoA
carboxylase, the enzyme responsible for degradation of the fatty acid oxidation
inhibitor, malonyl-CoA. Our novel findings disagree with the previously proposed

importance of MCU activity in the regulation of mitochondrial glucose oxidation.

To explore endothelial transport and supply of fatty acids to cardiomyocytes in the
control of myocardial energy metabolism, we tested the recent proposal that impaired
endothelial autophagy impairs trans-endothelial trafficking of fatty acids to neighboring
cardiomyocytes. The autophagy-related protein 7 (ATG7) is an essential component of
cellular autophagosome formation. Based on this, we utilized endothelial-specific

ATG7 knockout (EC-ATG7"") mice to investigate the effect of impaired endothelial



autophagy on cardiac energy metabolism in hearts subjected to both aerobic and
ischemia/reperfusion (I/R) conditions. EC-ATG7~ mouse hearts exhibited greater
insulin-induced reduction of fatty acid oxidation compared to wild-type hearts, which
was more marked under I/R conditions. Consistent with impaired fatty acid availability
to the myocardial cells, EC-ATG7"" hearts contained significantly lower triacylglycerol
content, the major fatty acid storage form, compared to wild-type littermates. These
results support an important role of endothelial autophagy in cardiomyocyte fatty acid

metabolism.

We then investigated the effects of a liver-secreted factor, adropin, on cardiac energy
metabolism. Intraperitoneal adropin injections both enhanced insulin signaling and
cardiac function. Interestingly, acute adropin administration to isolated perfused hearts
promoted glucose oxidation and insulin signalling, suggesting a direct and acute action
of adropin, possibly through an undiscovered receptor. We propose adropin as a
metabolic modulator and a potentially important target for the treatment of cardiac

disease associated with impaired insulin sensitivity.

Overall, the results presented in this thesis provide novel insights into the control of
cardiac fatty acid and glucose metabolism at different levels. Such information can
broaden our scientific knowledge and help devise new therapeutic interventions aiming

at optimizing energy homeostasis in heart disease.
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Introduction




CHAPTER 1

Introduction

1.1 Introduction

Understanding cardiac energy metabolism is essential for our perception of how the
heart functions in health and disease. For instance, an increased reliance on fatty acid
oxidation for energy production can impair cardiac efficiency whenever oxygen is
limited or in situations when cardiac function is compromised (1-3). This leads to
further impairment of cardiac function (1,4,5). One example where alterations in energy
metabolism contribute to poor contractile function is cardiac ischemia. Ischemia
decreases cardiac energy production, compromises cardiac efficiency and leads to
conditions that augment fatty acid utilization during the reperfusion period (2,5). The
increase in fatty acid oxidation is accompanied by suppression of glucose oxidation
while glycolysis is not proportionally suppressed, leading to lactate and proton
production which contributes to the observed contractile dysfunction (1,2,5). Another
condition where cardiac efficiency is perturbed is insulin resistance occurring in the
hearts of diabetics and obese individuals. Insulin resistance is associated with impaired
uptake and metabolism of glucose with increased reliance on fatty acid oxidation as a
source of energy due to several factors including elevated levels of circulating fatty
acids and up-regulation of proteins involved in fatty acid uptake, transport and
oxidation (1). While some of these metabolic alterations occur secondary to defective

insulin signaling (6), some are a result of local myocardial derangements (4). This thesis



focuses on control of glucose and fatty acid oxidation in the heart with experimental
investigation of novel approaches to positively alter energy metabolism in the heart and
consequently enhance cardiac efficiency. This chapter introduces energy metabolism in
the heart and some points at which cardiac glucose and fatty acid oxidation can be

regulated.

1.2 Myocardial fatty acid metabolism

The heart has a high energy demand and under normal conditions the mitochondrial
oxidation of fatty acids accounts for about 70% of energy production in the heart (1).
Fatty acid oxidation is the process of degrading fatty acids into acetyl-CoA molecules
that eventually lead to the production of ATP through mitochondrial oxidative
phosphorylation (Figure 1.1). Fatty acids gain access to cardiomyocytes either through
passive diffusion (short to medium carbon chain) or through facilitated transport by
protein carriers in the cell membrane, which consist mainly of fatty acid translocase
(FAT/CD36), plasma membrane fatty acid binding protein (FABPpm), and fatty acid
transporter protein (FATP) 1/6 (7). Endogenous triacylglycerol (TAG) functions as
stores that provide another source of fatty acids (8). Once in the cytosol, fatty acids are
esterified to free coenzyme A (CoA) by a family of fatty acyl CoA synthetase (FACS)
enzymes, a process that requires the hydrolysis of two high energy phosphate bonds
from ATP. Fatty acyl-CoAs are then ready to be used in the synthesis of several lipid
intermediates (e.g. diacylglycerol (DAG), triacylglycerol (TAG), ceramides, and
membrane lipids) or to be directed to the outer mitochondrial membrane where, if their

carbon chain is short to medium, they can directly diffuse into the mitochondria or, if



having a long carbon chain, carnitine palmitoyltransferase I (CPT I) catalyzes what is
considered the first step in long-chain fatty acid oxidation (1). CPT I transfers long
chain acyl moieties to carnitine creating acylcarnitines, which are able to traverse the
inner mitochondrial membrane through the carrier protein, carnitine/acylcarnitine
translocase (CACT) to the mitochondrial matrix (9,10). Noteworthy, CPT I is
susceptible to potent allosteric inhibition by malonyl-CoA and this step constitutes a
bottle neck in the process of fatty acid oxidation (11-14). In turn, malonyl-CoA is
produced by acetyl-CoA carboxylase (ACC) and degraded by malonyl-CoA
decarboxylase (MCD) in the cytosol and its levels depend on a balance between the two

processes (9,10,13,14).

Following admittance to the mitochondria, carnitine palmitoyltransferase 11 (CPT II)
located on the inner mitochondrial membrane with its active site facing the matrix,
transfers the long-chain fatty acyl moiety back to CoA (10). Thereafter in the
mitochondrial matrix, the acyl CoA is subjected to B-oxidation. This process involves a
series of sequential reactions catalyzed by enzymes with isoforms targeting very long-,
long, medium, and short-chain acyl-CoA molecules. These are generally named: acyl-
CoA-dehydrogenase; enoyl-CoA hydratase; 3-L-hydroxyacyl-CoA dehydrogenase; and
3-ketoacyl-CoA thiolase. Mono- and poly-unsaturated fatty acids require auxiliary
enzymes, 2,4-dienoyl-CoA reductase and enoyl-CoA isomerase to produce a trans
double-bond before the above enzymes are able to process the acyl-CoA (15). The net
products for each cycle of fatty acid oxidation are one molecule of each of the
following: acetyl-CoA, the reduced form of flavin adenine dinucleotide (FADH,), the

reduced form of nicotinamide dinucleotide (NADH), and an acyl-CoA molecule that is



two carbons shorter. The electron energy stored in FADH, and NADH can be directly
used by the electron transport chain (ETC) to produce ATP by the process of oxidative
phosphorylation, while acetyl-CoA can enter the tricarboxylic acid (TCA) cycle for
further processing and FADH,/NADH production (1). There are several factors
affecting the rates of fatty acid oxidation including plasma concentrations of fatty acids,
intracellular malonyl-CoA levels, allosteric, transcriptional, and post-translational
control of the enzymes of uptake and transport through cellular membranes as well as
mitochondrial B-oxidation enzymes, all of which are governed by many interplaying

processes and factors (16).

1.2.1 Malonyl-CoA control of fatty acid oxidation

Allosteric inhibition of CPT I by malonyl-CoA is a key mechanism by which
mitochondrial fatty acid uptake, and hence oxidation, is regulated (10-13,17-19). Two
isoforms of ACC are expressed in the myocardium, ACC 1 and ACC 2, with the latter
predominating (20-24). There is direct evidence that ACC activity is inversely related to
cardiac fatty acid oxidation (25-29). Similarly, ACC activity and malonyl-CoA levels
regulate skeletal muscle fatty acid oxidation (30-32). AMP kinase (AMPK)
phosphorylation of ACC inactivates it and thus leads to reduction of malonyl-CoA
levels and increased fatty acid oxidation (33-35). AMPK is a serine/threonine kinase
that is activated by increased AMP levels and thus acts as a sensor of metabolic stresses
associated with ATP degradation to AMP, as well as declines in the
phosphocreatine/creatine (Cr/PCr) ratio (33,35,36). AMPK not only plays a key role in
the regulation of fatty acid oxidation, but also in regulating glucose uptake and

glycolysis (26,37-43). Other factors in the absence of changes in AMP/ATP and Cr/PCr



ratios can affect myocardial AMPK activity, including the inhibitory action of insulin
on AMPK (44,45). The myocardium also displays high expression and activity of MCD
(46). Several studies have demonstrated an association between increased MCD activity
and acceleration of fatty acid oxidation rates in different physiological and pathological
conditions, including fasting, diabetes, ischemia, and newborn heart development
(37,46-48). In this thesis, I propose a role of another cellular enzyme, carnitine
acetyltransferase (CrAT), in the ACC- malonyl-CoA axis control of fatty acid

oxidation. This will be discussed below.

1.3 Myocardial Glucose metabolism

Glucose represents the second major substrate used by the heart to produce energy
through the process of glycolysis and glucose oxidation (Figure 1.2). The first step in
this process involves the uptake of glucose by the cell through the two main glucose
transporter proteins, GLUT 1 and GLUT 4, with the latter being recruited to the
sarcolemmal membrane by insulin to promote glucose metabolism (49). Once inside the
cytosol, glucose is phosphorylated and thus sequestered inside the cell, by the action of
hexokinase I or II, to produce glucose-6-phosphate (50,51). Hexokinase II is the
predominant isoform of hexokinase in the mature heart (50,51). Afterwards, glucose-6-
phosphate is either directed towards glycogen storage, is catabolized by the process of
glycolysis, or enters the pentose phosphate pathway. In glycolysis, phosphofructokinase
1 (PFKI1) catalyzes an irreversible step after which glucose must continue through
glycolysis (51). It also represents a key regulatory site for glycolysis, as the enzyme is

sensitive to control by several metabolites, nucleotides, and ions. Stimulators include
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AMP, ADP, Pi, and fructose 2,6-bisphosphate, whereas inhibitors include citrate, ATP,
and protons (51,52). The net products of glycolysis for one mole of glucose metabolized
are 2 moles of each of ATP, NADH, protons, and pyruvate. Thereafter, pyruvate has
two main fates, either to enter the mitochondria and be oxidized or to be converted to
lactate in the cytosol by the action of lactate dehydrogenase which simultaneously
regenerates the oxidized form of nicotinamide dinucleotide (NAD") necessary for
glycolysis to continue (53). A third minor pathway is carboxylation to form
oxaloacetate or malate through anaplerotic reactions (54). Conversion of pyruvate to
lactate occurs under anaerobic conditions or in cases of inhibited mitochondrial

pyruvate oxidation, such as what occurs in diabetes (53,55).

Pyruvate is transported into the mitochondria by means of the pyruvate mitochondrial
carrier (56,57). Subsequently, most of the mitochondrial pyruvate is oxidatively
decarboxylated by the pyruvate dehydrogenase (PDH) complex, producing acetyl-CoA
which mainly then feeds into the TCA cycle (51,52). PDH catalyzes the irreversible and
primary regulatory step in glucose oxidation (58,59). In humans, the enzyme complex
consists of a total of 96 subunits arranged in three enzymes: pyruvate decarboxylase
(E1), dihydrolipoamide acetyltransferase (E2), and dihydrolipoamide dehydrogenase
(E3) (60). The activity of PDH is regulated by product/substrate levels (i.e.
NADH/NAD" and/or acetyl-CoA/CoA inhibits PDH) and by two enzymes: a kinase
(PDH kinase, PDK) and a phosphatase (PDH phosphatase, PDHP) that are tightly and
loosely bound, respectively, to the E2 unit and exert inactivating phosphorylation and
activating de-phosphorylation, respectively, on any of three specific serine residues in

the Ela subunit (59,60). NADH, acetyl-CoA and ATP stimulate PDK, whereas NAD",



CoA, ADP, and pyruvate inhibit it. PDHP, in turn, is stimulated by Ca*" and Mg2+
(52,59,61). If glycolysis is fully coupled to glucose (pyruvate) oxidation, an average of
31 ATP molecules is generated by the complete oxidation of one molecule of glucose

(62).

1.4 The Randle cycle

The Randle cycle is a reciprocal inhibitory relationship between glucose and fatty acid
oxidation (63) (Figure 1.3). According to the Randle cycle, fatty acids and glucose
compete as energy substrates for the production of ATP. Increasing fatty acid oxidation
can inhibit glucose oxidation through at least two mechanisms. First, the cytosolic
glycolytic enzyme phosphofructokinase is under inhibitory control by citrate produced
in the TCA cycle. Cellular citrate levels, in turn, are proportional to the rate of acetyl-
CoA production mainly by fatty acid oxidation. Second, PDH is inhibited by NADH
produced by fatty acid oxidation and an increase in the acetyl-CoA/CoA ratio, both
through product inhibition (acetyl-CoA being a product of PDH) and through
stimulating the inhibitory phosphorylation by PDK (52,63). Conversely, glucose
oxidation-derived NADH can inhibit both acyl-CoA dehydrogenase and 3-hydroxyacyl-
CoA dehydrogenase, enzymes of B-oxidation (52). Furthermore, the acetyl-CoA
generated by glucose oxidation can also control B-oxidation through inhibition of 3-
ketoacyl-CoA thiolase (52). Therefore, fatty acids and glucose oxidation rates appear to
have an inverse relationship in many cell types, particularly cardiomyocytes. In this
context, it is worth mentioning that although fatty acid oxidation has a greater ability to

produce ATP compared to glucose, this comes at the expense of using more oxygen and
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the futile wasting of ATP energy on non-contractile processes such as TAG synthesis
and hydrolysis (1,3,52). Accordingly, fatty acids are considered less efficient energy
substrates than glucose and a great reliance on their oxidation can decrease mechanical

efficiency in the heart.

1.5 The carnitine system

The reversible transformation of free carnitine to acylcarnitines, and hence the
localization or transport of acyl moieties among intracellular compartments and
intracellular trafficking of fatty acids, is dependent on the activities of several
transferase enzymes that are widely but unevenly distributed throughout the cytosol and
cellular organelles (64). These distinct proteins are members of the carnitine
acyltransferase family or the carnitine system, which play central and integrative roles
in cell metabolism (Figure 1.4). The enzymes CPT I and CPT II, as well as the
transporter protein CACT, are briefly discussed above in the context of fatty acid
metabolism. The inability of cardiomyocytes to effectively synthesize L-carnitine (65),
the essential metabolite/substrate of these enzymes and transport proteins, necessitates
an efficient muscular extraction of carnitine from the blood against a high concentration
gradient. This is provided by a sarcolemmal transporter namely, the organic cation Na'-
dependent transporter 2 (OCTN2) (66). Each of the acyltransferase enzymes shows
properties that fit the specific reaction it performs in terms of its localization, the length
of acyl group it transfers, and the regulatory mechanism of its activity. Carnitine
octanoyltransferase (COT) is another member of this system. It is known to exist only

in peroxisomes and preferentially interacts with medium chain acyl-CoA esters and is
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assumed to provide a mechanism through which acyl moieties are transported out of the

peroxisomal core (67).

1.5.1 Carnitine acetyltransferase: function and location

An important component of the carnitine system is CrAT. It is structurally and
functionally related to the other carnitine acyltransferases with a molecular weight of
about 70 kDa and specificity toward short chain acyl groups (68,69). Although
identified early, it is the least characterized of the carnitine acyltransferases. The main
action of CrAT is to catalyze the reversible transfer of acetyl group between free CoA
and carnitine (70). Substrate specificity of mitochondrial CrAT includes short- and
medium-chain acyl-CoAs (C2 to C10) and some branched-chain amino acid (BCAA)
oxidation intermediates to produce acylcarnitines that are exported out of cells and
appear in the blood of patients of different inborn errors of metabolism displaying
impaired fatty acid and BCAA oxidation (71). As the mitochondrial and peroxisomal
membranes are impermeable to acetyl-CoA, CrAT in peroxisomes and mitochondria is
thought to assist in exporting short chain acyl groups (e.g. acetyl- and propionyl- groups
produced by peroxisomal or mitochondrial fatty acid oxidation and mitochondrial
pyruvate and ketone oxidation) out of these organelles by transferring these acyl groups
from CoA esters to carnitine (72). In this regard, it is proposed to provide an alternative
means of exporting acetyl moieties (as acetylcarnitine) in addition to the acetate form
(produced by peroxisomal acyl-CoA thioesterases or TCA cycle) to the cytosol

eventually supporting malonyl-CoA production (71,72).

CrAT is known to be localized in the mitochondrial matrix and peroxisomes. However,

it has also been proposed to exist in the endoplasmic reticulum and nucleus (67). In a
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study on Aspergillus nidulans, a fungus widely used in studying eukaryotic cell biology,
a cytoplasmic CrAT encoded by the facC gene was found to produce cytosolic acetyl-
CoA while another gene: acuJ gene was found to encode another CrAT localized either
in mitochondria or peroxisomes depending on its N- or C-terminal targeting sequence
(73). This finding appears particularly interesting as a putative mammalian cytosolic
CrAT can complete the circle after exporting excess acetyl moieties produced in
mitochondria to the cytosol by regenerating acetyl-CoA in the cytosol which can serve
as a substrate for the production of the potent fatty acid oxidation inhibitor, malonyl-

CoA (Figure 1.3).

In humans, mitochondrial and peroxisomal CrAT are encoded by the same gene, with
alternative splicing resulting in different variants targeted to either of the subcellular
organelles (74). According to the protein knowledge base UniProtKB (UniProt #
P43155) (75), three CrAT variants exist in humans as a result of three different mRNA
splice variants that encode slightly different amino acid sequences (75). Only two of
these form functional isoenzymes and are localized to either mitochondria or
peroxisomes depending on the presence of an N-terminal mitochondria signal sequence
in the larger variant (canonical CrAT, 626 amino acids) or the influence of the C-
terminal peroxisomal signal sequence (AKL) in the shorter isoenzyme (splice variant,
605 amino acids) lacking the mitochondrial signal sequence (74,75). The 21 a.a N-
terminal mitochondrial targeting sequence: MLAFAARTVVKPLGFLKPFSL in human
CrAT isoform 1 is similar (but not identical) to that in the canonical murine CrAT
isoform: MLAFAARTVVKPLGLLKPSSL (UniProt # P47934, also total 626 amino

acids). Accordingly, this murine CrAT isoform is also expected to be localized to the
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mitochondria. Similarly, another murine CrAT sequence (UniProt # H7BX88, total 605
a.a) is very similar to the human isoform 2 mentioned above and contains the same C-
terminal peroxisomal signal sequence (AKL) while lacking the 1-21 N-terminal
mitochondrial targeting sequence explained earlier. The two murine CrAT isoforms,
similar to the human’s corresponding isoforms, are encoded by the same gene.
Interestingly, the mitochondrial signal seems to dominate and prevent peroxisomal
localization which implies that the peroxisomal signal is relatively weak and may not be
totally efficient thus leaving some “peroxisomal” CrAT behind in the cytosol. However,

such a theory requires sufficient investigation.

Previous studies from our research group proposed regeneration of cytosolic acetyl-
CoA from acetylcarnitine by means of a proposed cytosolic CrAT which can lead to a
rise in malonyl-CoA levels and CPT I inhibition, regulating the rates of fatty acid
oxidation with corresponding changes in glucose oxidation (29,76). However in order to
play this role, CrAT must exist in the cytosol of the cardiomyocyte without being
contained in a membranous vesicle and to have free access to cytosolic acetylcarnitines.
However, the presence of a cytosolic CrAT activity was previously questioned in a
study on rat cardiomyocytes (77). The results of that study attributed 5-11% of the total
cellular activity of CrAT to the cytosolic fraction and that activity was considered
insignificant and insufficient to sustain flux of acetyl-CoA to the ACC-mediated
malonyl-CoA production (77). In contrast, we find the above activity to be sufficient to
supply the substrate for the production of malonyl-CoA bearing in mind the turnover
rates of malonyl-CoA and the sensitivity of the predominant ACC isoform in the heart

(ACC2) to acetyl-CoA concentrations (29,76). Moreover, heart CPT I is extremely
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sensitive to the smallest change in malonyl-CoA concentration. The 1Csy of CPT I for
malonyl-CoA = 100nM (29,78). Therefore, small changes in cytosolic acetyl-CoA
concentration could theoretically lead to a strong inhibition of CPT I and fatty acid

oxidation (29).

1.5.2 Metabolic roles of carnitine acetyltransferase

Recently, CrAT is increasingly being viewed as a key component of energy metabolic
regulation in skeletal muscles and seems to be actively involved in energy substrate
selection, insulin sensitivity and carbohydrate metabolism. The interplay between
carnitine and CoA pools and the modulation of acetyl-CoA/CoA ratio in myocytes have
been discussed by studies in our, as well as other, laboratories. This included studies
involving carnitine supplementation to isolated mitochondria, myocytes, hearts or
skeletal muscles, or more recently by using modulation of CrAT expression in skeletal
muscle cells through knocking down or knocking out the enzyme (29,79-87). It is now
widely accepted that CrAT plays a key role in the modulation of the mitochondrial
acetyl-CoA/CoA ratio by acting as a buffer system that prevents the accumulation of
acetyl-CoA which can inhibit PDH activity and pyruvate (or glucose) oxidation (Figure
1.3) (80,87). Furthermore, the continuous regeneration of free CoA is essential for
supporting many mitochondrial enzymatic processes (88). To emphasize a role for
CrAT in acetyl-CoA buffering, a hyperpolarized *C magnetic resonance study
investigated the immediate fate of infused [2-C] pyruvate in rat hearts (80). The data
suggested that half of the PDH-derived acetyl-CoA quickly (within 50 s.) cycles
through CrAT into the acetylcarnitine pool prior to re-conversion to acetyl-CoA and

incorporation into the TCA cycle. This indicates that the acetylcarnitine pool acts like a
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storage pool that can accommodate any excess in acetyl-CoA production by PDH, and
can also quickly provide acetyl-CoA to the TCA cycle when needed, all through the

dynamic actions of CrAT (80).

This important regulatory action of CrAT on myocardial glucose oxidation was shown
by early experimental studies conducted in our lab on isolated working rat hearts.
Carnitine loading to normal, ischemic, carnitine-deficient, and diabetic rat hearts
increased glucose oxidation at the expense of fatty acid oxidation, and improved
contractile function in those hearts (84-87). Although carnitine is a substrate of CPT I,
the first enzyme responsible for fatty acid oxidation, the peculiar action of carnitine
stated above is explained by the concept of variable affinities for carnitine of CrAT and
CPT I and the equilibrium between free CoA and acetyl-CoA, which regulates PDH
activity. Being also a substrate of CrAT, high free carnitine levels in mitochondria
would stimulate CrAT-mediated transfer of acetyl groups from acetyl-CoA to carnitine
thus decreasing the acetyl-CoA/CoA ratio. As explained above, this would translate into

relieving the constituent inhibition of PDH and pyruvate oxidation (84).

Metabolic inflexibility is a concept that refers to the impaired ability of the cell to
switch from using fatty acids to glucose for energy production in response to metabolic
cues (89). CrAT knock-out mice display glucose intolerance, insulin resistance, and
impaired postprandial metabolic switch to glucose (metabolic inflexibility) (79). Here
again, CrAT may be acting as an outlet for acetyl-CoA in states of superfluity (as in
transition from fasting to feeding). Loss of CrAT function raises cardiac and skeletal
muscle long chain acylcarnitines levels (mostly by enhancing fatty acid oxidation rates)

and blunts the carnitine-mediated stimulation of PDH activity and pyruvate competition
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with fatty acids as a fuel (79). Interestingly, this previous study also found a severely
depressed CrAT mRNA expression in patients with type 2 DM (79). Glucose tolerance
was improved upon carnitine supplementation in diabetic patients whereas CrAT
expression levels in isolated skeletal muscles was directly correlated to glucose uptake,
fuel selection and acetylcarnitine efflux (79). Related to these beneficial effects of
carnitine administration, several clinical trials have shown that L-carnitine improves
metabolic and functional profiles in the ischemic heart, as evident by improved exercise
tolerance and ventricular function in angina patients, decreased plasma levels of
markers of cell injury, reduced incidence of arrhythmia, and improved recovery and
survival after a myocardial infarction (90-95). These beneficial effects are mostly
attributed to carnitine’s activation of CrAT, resulting in an increase in glucose oxidation
in these diseased hearts as it is known that stimulating fatty acid oxidation (presumably

by carnitine stimulation of CPT I) in those cardiac debilities is not favorable.

1.6 Mitochondrial calcium uptake

1.6.1 Mitochondrial calcium uniporter (MCU)

Mitochondrial uptake of calcium in vertebrates has been documented since the early
1960s (96). This process has central roles in cell physiology by stimulating ATP
production, shaping cytosolic calcium transients, and regulating cell death (97). It had
been attributed to a putative yet undiscovered mitochondrial calcium uniporter (MCU)),
until eventually identified in 2011 (98). The gene for MCU contains a sequence coding
for two trans-membrane domains embedded in the inner mitochondrial membrane (98).

In addition, several other proteins associated with this channel have been identified as
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regulatory components (99-102). The significance of MCU involvement in Ca**
homeostasis is substantiated by its distribution and concentration at mitochondria-
sarcoplasmic reticulum (SR) associations near ryanodine receptors (RyR2) to better

serve local Ca®" signaling and the excitation-energetic coupling (103).

1.6.2 MCU and cardiac energy metabolism

A rise in mitochondrial Ca®" is believed to actively contribute to the increase in energy
production needed to sustain contractile function following adrenergic stimulation by
increasing the activity of mitochondrial dehydrogenases (Figure 1.5) (104,105). This
includes activation of PDH, resulting in an increase in glucose oxidation, due to a Ca*"
stimulation of PDH phosphatase (22,106). Ca®" crosses the inner mitochondrial
membrane primarily through the MCU channel (98). Therefore, a deficiency in the
MCU would be expected to decrease energy production and compromise contractile

function of the heart, especially in response to an adrenergic stimulation.

Early studies on metabolic effects of increasing workload by epinephrine showed an
increased glucose uptake and oxidation upon treatment of isolated perfused hearts
(107). The increase in glucose oxidation rates was associated with increased glycolysis
and enhanced PDH activity even at the presence of high fatty acid levels (22,106). This
was mainly attributed to the stimulatory effect of Ca®" on PDH phosphatase (52).
Increasing the workload of the heart seems to also increase oxidation of endogenous
and exogenous fatty acids, but with a lower magnitude than increases in glucose
oxidation (glycogenolysis and PDH stimulation) (48). Changes in the cytosolic
concentration of Ca”" could be relayed into mitochondria and hence influence the

activity of the intramitochondrial Ca*" -sensitive dehydrogenases, including PDH,
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isocitrate dehydrogenase, and a-ketoglutarate dehydrogenase (Figure 1.5) (106). A
recent study suggested a correlation between reduced levels of MCU and insulin
resistance as found in type-1 diabetic mice and in mouse neonatal cardiomyocytes
cultured in hyperglycemic conditions (108). In those cells, reduced MCU levels
correlated with decreased glucose oxidation associating with higher phosphorylation
and lower activity of PDH. However, MCU deficiency models have shown mixed

results regarding PDH phosphorylation and activity (109,110) as explained below.

1.6.3 MCU and cardiac function

It has been suggested that MCU is essential for rapidly increasing mitochondrial Ca*" in
pacemaker cells and that MCU-enhanced oxidative phosphorylation is required to
accelerate reloading of an intracellular Ca”" compartment before each heartbeat (111).
Studies on functional consequences of modified expression/activity of MCU have
shown mixed results. For example, ruthenium red (an inhibitor of MCU) was shown to
improve left ventricle function while spermine (an opener of MCU) elicited opposite
responses in hearts subjected to ischemic post- conditioning (112). Conversely, in
another study using ex vivo perfused mouse hearts, both Ru360 and spermine (an
inhibitor and stimulator of MCU, respectively) induced negative and positive inotropic
effects, respectively with antagonistic effects (113). In the latter study, inotropic
stimulation with isoproterenol elevated oxygen consumption, Ca**-dependent activation
of PDH, and mitochondrial Ca*" content while these effects were abolished by Ru360,
indicating uncoupling between workload and ATP production upon MCU inhibition
(113). Another recent study showed that whole body MCU knock-out mice, although

normally displaying reduced cardiomyocyte mitochondrial matrix Ca®", interestingly
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had normal cardiac function, ATP levels, and respiratory control ratio in response to
transverse aortic constriction comparing to controls (114). Other studies exploiting
myocardial MCU deficiency through transgenic expression of a dominant-negative
MCU or cardiac MCU deletion, showed normal resting heart rates despite being
incapable of physiological fight or flight heart rate acceleration (109,111). Mitochondria
isolated from inducible cardiac-specific MCU knockout mouse hearts show lack of
evidence for Ca*"-induced mitochondrial permeability transition pore (mPTP) opening
and thus these hearts were protected against ischemia/reperfusion (I/R) injury
(109,115). However in other studies using different animal models of MCU deficiency,
this was not translating into protection of the cells and myocardial tissue against cell

death (110,116).

From the above, mitochondrial Ca®" currents are believed to be closely associated with
mitochondrial energy metabolism and cardiac function and an understanding of what
actually occurs in the heart in the context of modified mitochondrial Ca*" uptake may
provide a basis for utilizing this regulatory point in the future in finding novel tools to
modify cardiac energy metabolism. Chapter 4 of this thesis sheds the light on some

aspects of the relationship of MCU and cardiac energy metabolism.

1.7 Endothelial role in fatty acid delivery to the cardiomyocyte

Unesterified fatty acids used by the heart are released from circulating albumin, or
originate from the hydrolysis of TAG contained within low density lipoproteins (LDL)

and chylomicrons. The hydrolysis of this TAG occurs by the action of lipoprotein lipase
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(LPL) located at the Iluminal side of endothelial cells (EC) (1).
Glycosylphosphatidylinositol-anchored high density lipoprotein—binding protein 1
(GPIHBPI) in capillary endothelial cells appears critical in this process, through its
actions of shuttling LPL to the capillary lumen, where it can hydrolyze lipoprotein TAG
(117). However, after that, fatty acids are thought to be transported across the EC as
most of these molecules are too large to squeeze in between ECs. The details of such
transport are not clear and little is known about the contribution of endothelium-
mediated delivery of energy substrates to cardiomyocytes in the regulation of cardiac
energy metabolism (118). Recent insights have suggested that activation of the AMPK
pathway increases fatty acid metabolism in ECs during nutrient starvation (119,120).
Whether this affects the trans-endothelial fatty acid transport is unclear. ECs
dynamically form and degrade lipid droplets with corresponding changes in enzymes
and proteins involved in TAG synthesis and degradation in response to changes of free
fatty acid and TAG levels in the blood or cell culture media (121). This indicates active
lipid metabolism in ECs that not only maintains a buffering mechanism of excess fatty
acids in the blood and lipid homeostasis inside the EC, but may also have a key role in
trans-cellular transport of fatty acids across the endothelial layer to adjacent cells such
as cardiomyocytes. A recent study revealed a role of endothelial Notch signaling in the
inter-endothelial transport of fatty acids to cardiomyocytes, thus adding to its roles as a
regulator of metabolism and angiogenesis during cell development and in regeneration
and repair of tissues (122). Impaired delivery of fatty acids was observed in cultured
endothelial cells and transgenic mice with inhibition of Notch signaling, which

preceded the impairment of cardiac function. The decreased fatty acid transport across
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the endothelium was accompanied by lipid accumulation in the plasma and liver and an
augmented myocardial glucose uptake and utilization with activation of mTOR
(mechanistic target of rapamycin) signaling leading to cardiac hypertrophy and failure

(122).

Autophagy (literally ‘self-eating’) is an essential catabolic pathway that degrades
cellular components, including damaged protein and organelles, within the lysosome to
maintain cellular homeostasis and assist cellular survival mechanisms during stress
(123). Recent research points towards an important role of autophagy in the paracrine
regulation of vasoactive substances from the endothelium (124) and in the regulation of
cholesterol homeostasis (125). In vitro studies have shown that oxidized lipids can
trigger endothelial and smooth muscle cell autophagy (126). In primary ECs, LDL
stimulates autophagosome formation (125). The autophagic flux within the endothelial
layer of blood vessels appears to play a role in managing exogenous lipids by
engulfment within autophagic structures (125). These observations along with the
growing evidence that intracellular lipids can be degraded by lysosomal lipases (127),
suggest that lipids may be directly or indirectly trafficked into and through
autophagosomes. A relevant term, lipophagy, refers to the specific degradation of lipids
by the autophagic machinery (128). A recent study discussed a dynamic relationship
between lipolysis, autophagy, and mitochondrial fusion existing in mouse embryonic
fibroblasts to coordinate the fate of fatty acids as to be either stored in lipid droplets or
transported to mitochondria for oxidation or to autophagosomes for degradation and
transport to the surrounding fluid (129). Interruption of the balance seems to cause

mishandling of these fatty acids and possible lipotoxicity (129). I have attempted in the

20



research highlighted by Chapter 5 to study some aspects of this autophagy-related fatty
acid transport through the EC to feed cardiomyocytes with these important energy

substrates.

1.8 Protein acetylation and myocardial energy metabolism

Lysine acetylation was originally identified in early 1960s as a regulatory mechanism of
gene transcription through the modification of histones (130). It largely contributes to
the dynamicity of chromatin that is required for the transcriptional factors to selectively
function on the gene(s) of interest (131). It is now known that acetylation affects many
cellular processes including gene expression, the cell cycle, apoptosis, cancer,
mitochondrial autophagy, ageing, and energy metabolism (132-137). In recent years,
there has been an increasing interest in the role of acetylation in the regulation of
expression and activity of non-histone proteins including energy metabolic enzymes.
This reversible post-translational modification (PTM) can occur to single or multiple
lysine residues in as many as 65% of total mitochondrial proteins. Interestingly, almost
every enzyme in glycolysis, the TCA cycle, fatty acid metabolism, gluconeogenesis,
glycogen metabolism, and PDH can be acetylated in human liver tissue (138,139).
Therefore, acetylation may rival major protein modifications including phosphorylation

or ubiquitination (140).

1.8.1 Control of lysine acetylation
Reversible lysine acetylation is mediated by the action of several acetyltransferase and

deacetylase enzymes (141). Four classes of histone deacetylases (HDACs) are known,
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among which are sirtuins that are classified as class IIl HDACs (142,143). Sirtuins are
NAD'-dependent deacetylases, and therefore are responsive to cellular energy and
redox status (144-147). Mammals have seven known sirtuins, (SIRT 1-7) with different
subcellular localization displaying distinct activities and protein targets (148,149). SIRT
1, 6, and 7 are primarily nuclear, deacetylating transcriptional factors and metabolic
enzymes. SIRT2 is mainly localized to the cytoplasm, whereas SIRT 3, 4, and 5 reside
in the mitochondrial matrix and are of particular interest in the regulation of
mitochondrial energy metabolism (150,151). Being involved in fuel sensing and
metabolic responses to caloric restriction and starvation, SIRT3 has been extensively
studied (147,152). SIRT3 deacetylates and thus regulates important mitochondrial
metabolic enzymes including LCAD, B-HAD, and PDH (153-159). SIRT4 deacetylates
and inhibits MCD, leading to increases levels of malonyl-CoA, an endogenous inhibitor
of mitochondrial fatty acid uptake (160). On the other hand, histone acetyltransferases
such as CREB-binding protein (CBP), p300, general control of amino acid synthesis 5
(GCNS5), and GCNS like-1 (GCNSL1) are involved in the acetylation process. For
example, GCNS5 acetylates PGC-1a, reducing its transcriptional function (161,162).
GCNSLI is the only known mitochondrial lysine acetyltransferase and has been shown

to counteract the deacetylation actions of SIRT3 (163).

Protein acetylation is mainly dependent on the enzymatic activity of acetyltransferases
and deacetylases (133,139,153). However, the subcellular compartmental levels of
acetyl-CoA, being a substrate of acetylation reaction, and NAD", as a co-factor and a
stimulator of sirtuins, may also be important contributors to the regulation of acetylation

(144,145,164,165). This can be particularly important in the mitochondria, since it has

22



high levels of both acetyl-CoA and NAD'. Consistent with these facts, lysine
acetylation is affected by altered nutritional status, as occurs after high-fat feeding or
caloric restriction (166,167). Acetyl-CoA produced by fatty acid oxidation was found to
drive mitochondrial protein acetylation under fasting conditions (168). As such,
acetylation of metabolic proteins may function as a nutrient sensor that leads to

modification of energy metabolism.

1.8.2 Regulation of energy metabolism by protein acetylation

Dysregulated lysine acetylation of metabolic enzymes has been associated with
impairment of cardiac energy metabolism in obesity, diabetes, and heart failure
(139,154,155,169,170) (Figure 1.6). A state of hyperacetylation prevails with heart
failure affecting enzymes and transcriptional factors involved in fatty acid oxidation, the
TCA cycle, and the ETC (171). This coincides with increased levels of acetyl-CoA in
heart samples from patients with end-stage heart failure (172). Consistently, cardiac
dysfunction in complex I-deficient mouse hearts shows reduced NAD"/ NADH ratios
associated with enhanced protein acetylation (173). A previous study from our lab
showed hyperacetylation of fatty acid oxidation enzymes that correlated with the
metabolic remodeling in mouse hearts with experimental obesity and heart failure (154).
PDH, the rate-limiting enzyme of glucose oxidation, was shown in another study from
our lab to be hyperacetylated and inhibited in hypertrophied hearts, leading to impaired

insulin sensitivity in those hearts (158).

The effects of enhanced lysine acetylation of fatty acid oxidation enzymes on the net
rate of fatty acid oxidation are not fully agreed upon, as some studies suggest an

inhibitory effect, while others suggest it to be stimulatory. Hirschey et al. found in
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livers of SIRT3 knockout mice an accumulation of long-chain acylcarnitines, suggestive
of impaired fatty acid oxidation (153). This was linked to a reduced activity of LCAD, a
key enzyme of fatty acid oxidation, through its increased acetylation status. In
accordance with this, a site-specific mutagenesis study suggested two acetylated LCAD
amino acids, K318 and K322, to suppress its activity through affecting the enzyme’s
conformation (157). However, this concept is challenged by many observations as well
as experimental evidence particularly in the heart. For instance, a state of enhanced
acetylation of mitochondrial proteins secondary to downregulation of SIRT3 is seen in
hearts from obese and diabetic mice, accompanied by the well-established stimulation
of fatty acid oxidation. This is supported by a recent study from our lab that
demonstrated higher cardiac fatty acid oxidation rates in mice on high-fat diet,
accompanied by reduced SIRT3 protein levels and enhanced acetylation of LCAD and
B-HAD, key enzymes of fatty acid oxidation, that positively correlated with fatty acid
oxidation rates and LCAD activity (154). In accordance with this, mice with diet-
induced obesity and pressure-overload heart failure displayed increased cardiac protein
levels of GCNS5LI, a mitochondrial acetyltransferase, accompanied by hyperacetylation
and stimulated activity of LCAD, as well as increased fatty acid oxidation rates (169).
Similarly, hyperacetylation of the fatty acid oxidation enzyme complex enoyl-CoA
hydratase/3-hydroxyacyl-CoA was shown to stimulate its activity in HEK293 cells
(139). Diabetic hearts, which demonstrate higher fatty acid oxidation, show
hyperacetylation of mitochondrial proteins particularly the a subunit of the trifunctional
protein complex, which contains the key enzymes of -oxidation (174). In line with this,

SIRT3 knockout mouse skeletal muscles display both protein hyperacetylation and
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enhanced fatty acid oxidation rates (159). Additionally, acetylation of key metabolic
enzymes appear to play a critical role in the maturation of cardiac energy metabolism in
the newborn that is featured by promotion of fatty acid oxidation within the first 3
weeks of age (175). Accordingly, it is more plausible that increased acetylation of fatty

acid oxidation enzymes enhances the flux of fatty acyl-CoAs through this pathway.

1.9 Energy metabolism in cardiac ischemia/reperfusion (I/R)

Myocardial ischemia is a major cause of death and disability in developed countries (2).
It is associated with serious and deleterious perturbations in biochemical and functional
characteristics of the heart. Particularly, energy metabolism is markedly altered (2). In
response to the acute decline in oxygen availability, the ischemic heart increases its
reliance on anaerobic glycolysis, resulting in the accumulation of lactate and protons,
thus contributing to the waste of the already depleted ATP in rectifying ionic
imbalances (53,176). On the other hand, during reperfusion (e.g. by thrombolysis or
revascularization), fatty acid oxidation increases and becomes the predominant energy
source, significantly outmatching glucose oxidation (2,5). This is mainly attributed to
increased availability of circulating fatty acids accompanied by decreased myocardial
oxidation of glucose. These changes are produced by the sympathetic discharge
accompanying ischemic insults, which stimulates lipolysis from adipose tissue and
decreases insulin secretion and muscle insulin sensitivity (2,63,177,178). Furthermore,
during ischemia the concentration of malonyl-CoA, the endogenous inhibitor of
mitochondrial fatty acid oxidation, dramatically declines. This occurs as a result of

decreased synthesis of malonyl-CoA by ACC (secondary to the enhanced inhibitory
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phosphorylation by AMPK) accompanied by continuous MCD activity that maintains
malonyl-CoA degradation (13,14). In addition, increased fatty acid oxidation can inhibit
glucose oxidation by virtue of the Randle cycle, through suppressing the activity of the
rate limiting enzyme of glucose oxidation, PDH (63). This occurs while glycolysis is
not proportionally suppressed (2). Protein acetylation is globally increased in I/R mouse
hearts (179). This can be attenuated by pharmacological activation of sirtuins (180,181).
As explained above, when key mitochondrial enzymes involved in fatty acid oxidation
are hyperacetylated, an increase in their activities, and thus in total fatty acid oxidation

rates, is expected (154).

As discussed earlier in the context of the Randle cycle, although fatty acid oxidation has
a greater ability to produce ATP as compared to glucose, this comes at the expense of
using more oxygen (1,3). Consequently, in I/R hearts, a greater reliance on the
oxidation of the less efficient energy substrate, fatty acids, would increase the burden on
an already injured heart (2,3). To summarize, I/R insult is featured by accelerated
anaerobic glycolysis during ischemia followed during reperfusion by enhanced fatty
acid oxidation and inhibited glucose oxidation with the resultant futile use of oxygen

and ATP and compromised cardiac efficiency.

1.10 Peripherally secreted factors affecting cardiac energy metabolism

Several secreted peptides from extra-cardiac organs and tissues are known to actively
regulate energy homeostasis and alter insulin sensitivity in the heart and skeletal

muscles (182-185). The majority of research in this area has focused on factors secreted
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by adipocytes (i.e. adipokines). These factors function locally at the adipose tissue, as
well as having hormone-like endocrine effects on the liver, heart, skeletal muscles
(184). For instance, adiponectin enhances insulin sensitivity and stimulates fatty acid
metabolism in liver and muscle tissues (184,185), while promoting lipid storage in
white adipose tissue as TAG (186). Leptin is another adipokine that regulates
hypothalamic control of food intake and satiety, as well as altering muscle fatty acid
metabolism and insulin sensitivity (182,187). In contrast to leptin, ghrelin is a hormone
released mainly by the gastro-intestinal tract to stimulate hypothalamic control of
appetite and promote fatty acid storage (188-190). Dysregulated adiponectin and leptin
secretion and function contribute to the insulin resistance seen in obesity, which is also
associated with other factors secreted from adipose tissue that promote insulin
resistance, such as resistin and pro-inflammatory cytokines (184,185). However, liver-
secreted factors have received less attention as modulators of energy homeostasis in
extrahepatic tissues (183). Such factors act as paracrine and endocrine hormones
affecting carbohydrate, lipid, and amino acid metabolism in response to nutritional
changes (183,191). Adropin is an example of a liver-secreted metabolic factor (that is
encoded by the Energy Homeostasis Associated gene, Enho) with important roles in the
regulation of skeletal muscle energy metabolism especially in post-prandial conditions
(192,193) and in obesity (194). Transgenic overexpression or exogenous adropin
administration has been shown to improve the metabolic profiles including better
glucose tolerance and oxidation and insulin sensitivity in animals with diet-induced
obesity (193,194). Accordingly, adropin provides a promising target in devising

therapies for the metabolic syndrome, obesity, and diabetes and may prove beneficial in
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modulation of myocardial energy metabolism. However, what role adropin has, if any,
in mediating cardiac fatty acid and glucose oxidation is not known. This will be

addressed in Chapter 6 of this thesis.

1.11 Modulation of energy metabolism as a treatment for heart disease

Since the introduction of glucose-insulin-potassium (GIK) therapy for myocardial
infarction (MI) around 50 years ago (195), there has been an increasing interest in the
modulation of myocardial energy metabolism as a therapeutic approach for heart
disease. Some success has been reached in laboratory and clinical research, and a few
medications are either already in clinical use or under development. For example, the
therapeutic effects of the clinically used (or once used) medications as etomoxir,
perhexiline, ranolazine, trimetazidine, and dichloroacetate or those under development
such as newer PDK and MCD inhibitors are all attributable to altering the balance
between fatty acid and glucose oxidation in such a way that it favors glucose oxidation
(2,196). Increasing cardiac NAD" levels through administering medically available
precursors of NAD', such as nicotinamide riboside (NR) and nicotinamide
mononucleotide (NMN) (197,198) which are currently the subject of clinical trials, can
modify protein acetylation (by activating sirtuins) (181). This has been shown to offer
heart protection against I/R injury either through effects on SIRT1 (181), or through

stimulating glycolysis and preventing mPTP opening (199).

Finding new targets for the modulation of heart metabolism represents an attractive

research goal. However, until now the subject of cardiac energy metabolism control
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appears far from being fully understood, and there are several known and presumably
unknown regulatory checkpoints that could potentially be therapeutically targeted in the
complex network of cardiac energy metabolism. These may include regulatory points
such as CrAT and MCU activity, or secreted liver factors such as adropin, as well as
modulation of endothelial delivery of fatty acids to cardiomyocytes, subjects that I

address in the research included in this thesis.
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1.12 Hypothesis

1.12.1 General Hypothesis

In hearts subjected to increased workload, fasting, or acute ischemic stress, changes in
cardiac energy metabolism occur and may compromise cardiac energy efficiency.
Impaired energy substrate utilization is associated with reduced cardiac function. A
general increase in fatty acid oxidation with concomitant decrease in glucose oxidation
is observed in reperfused hearts after ischemia, in hearts of fasting individuals, and in
hearts with impaired calcium homeostasis, especially with increased workloads.
Additionally, in conditions with increased adiposity and circulating fatty acid (such as
seen in type-2 diabetes and obesity), the endothelial delivery of fatty acid contributes to
the increased rates of myocardial fatty acid oxidation. The enhanced reliance on fatty
acid oxidation for energy production relative to glucose oxidation decreases cardiac
efficiency. I hypothesize that these changes in energy metabolism will result in
impaired cardiac function as observed under the utilized experimental conditions
imposing the specific cardiac stress/challenge. 1 also hypothesize that increasing the
reliance on glucose oxidation as an efficient energy source is important in maintaining
cardiac function. Optimizing the balance of energy substrate utilization can improve

cardiac function in the stressed heart.

1.12.2 Chapter 3 Specific Hypothesis and Experimental Objectives

The continuous energy production and utilization by the heart requires effective
regulatory points that can fine-tune energy metabolic rates. In the mitochondria, CrAT
can directly affect glucose oxidation rates by buffering the excess acetyl-CoA and thus

maintain continuous flux through PDH. I hypothesize that, in addition to the
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mitochondria, CrAT is partially localized to the cytosol of cardiomyocytes. I also
hypothesize that through its cytosolic activity, CrAT can provide an additional
checkpoint for the control of fatty acid oxidation by regenerating acetyl-CoA that can
constitute a substrate for the production of the fatty acid inhibitor malonyl-CoA,

through the action of cytosolic acetyl-CoA carboxylase (ACC).

This hypothesis will be tested by measuring the activity and assessing the protein levels
of CrAT in subcellular fractions in the heart compared to the liver, which possess
lipogenic abilities and is believed to mostly depend on another cytosolic enzyme,
namely ATP-citrate lyase, to provide acetyl-CoA as the building block of fatty acid
synthesis. I will then investigate CrAT cytosolic localization in undifferentiated versus
differentiated H9c2 cells, a regenerative myocardial cell line, to further understand
CrAT relation with the different metabolic profiles of these cells as they proceed to
metabolic maturation. This will add to our understanding of the roles of CrAT in

myocardial energy metabolism.

1.12.3 Chapter 4 Specific Hypothesis and Experimental Objectives

Mitochondrial Ca®>" has been historically attributed to having important roles in the
regulation of energy substrate metabolism. I hypothesize that hearts from mice with
impairment of mitochondrial calcium uptake will show dysregulated energy
metabolism, especially upon subjecting them to isoproterenol (catecholamine)
challenge. This impairment is expected to be manifested by decreased glucose oxidation
as PDH is expected to be inhibited as a result of presumably decreased mitochondrial

calcium levels.
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This hypothesis will be addressed by utilizing a mouse model with cardiac-specific
knocked-out mitochondrial calcium uniporter (MCU) channel to study energy substrate
metabolism and preference under normal and high-workload conditions. Changes in
glucose oxidation and fatty acid oxidation will be examined in isolated perfused
working hearts at baseline, in response to insulin, and during an isoproterenol challenge.
This will broaden our understanding of the importance of mitochondrial calcium

homeostasis in the regulation of cardiac energy metabolism.

1.12.4 Chapter 5 Specific Hypothesis and Experimental Objectives
I hypothesize that impaired fatty acid delivery to the cardiomyocyte through the
endothelial layer may decrease cardiac fatty acid oxidation rates. This may benefit the

heart in ischemia reperfusion injury by improving cardiac efficiency.

This hypothesis will be tested by determining if impaired endothelial autophagy, which
was previously ascribed some roles in fatty acid trafficking across the endothelial cell,
can result in decreased delivery and thus oxidation of fatty acids in the myocardium. I
will utilize a mouse model with endothelial-specific ATG7 knock-out, which is an
essential component of autophagosome formation. I will investigate this under
conditions of normal aerobic ex vivo perfusion and relate metabolic changes in response
to insulin in these hearts. Additionally, I will test whether the proposed metabolic

consequences can provide protection from, or amelioration of, I/R injury.
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1.12.5 Chapter 6 Specific Hypothesis and Experimental Objectives
I hypothesize that a liver-secreted peptide, namely adropin, can affect cardiac energy
metabolism through enhancement of glucose oxidation. This will be associated with

enhanced cardiac function and/or response to insulin.

This hypothesis will be examined by determining what changes occur in cardiac energy
metabolism in healthy mouse hearts that are subjected to a fasting protocol and three
injections of the adropin peptide (or its vehicle) over one day. Energy metabolism will
be assessed using isolated working heart perfusions and correlated with investigation of
protein translational mechanisms that were previously ascribed metabolic effects of
adropin in skeletal muscles. Further, acute metabolic and functional effects of perfusing
mouse hearts with adropin as well as assessment of components of insulin signaling will

be assessed.
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Figure 1.1. Summary of cellular fatty acid metabolism in the heart. CD36/FAT,
fatty acid translocase; FACS, fatty acyl-CoA synthetase; CPT, -carnitine
palmitoyltransferase; CACT, carnitine/acylcarnitine translocase; MCD, malonyl-CoA
decarboxylase; ACC, acetyl-CoA carboxylase; NAD', nicotinamide adenine
dinucleotide; TCA, tricarboxylic acid cycle; ETC, electron transport chain; NAD",

nicotinamide adenine dinucleotide; FAD, Flavin adenine dinucleotide;
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Figure 1.2. Summary of cellular glucose metabolism in the heart. GLUT1/4, glucose
transporter-1 or 4; NAD", nicotinamide adenine dinucleotide; FAD, Flavin adenine
dinucleotide; TCA, tricarboxylic acid cycle; MPC, mitochondrial pyruvate carrier; ETC,

electron transport chain.
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Figure 1.3. The updated version of Randle cycle. The reciprocal relationship between
fatty acid and glucose oxidation is evident at several steps in both pathways thus
introducing another level for the regulation of cellular metabolism of these substrates.
NAD", nicotinamide adenine dinucleotide; PFK-1, phosphofructokinase-1; TCT, tri-
carboxylate transporter; MPC, mitochondrial pyruvate carrier; CoA, coenzyme A; PDH,
pyruvate dehydrogenase; PDHP and PDK, pyruvate dehydrogenase phosphatase and
kinase, respectively; CrAT carnitine-acetyltransferase; CACT, carnitine/acylcarnitine
translocase; ACC, acetyl-CoA carboxylase; MCD, malonyl-CoA decarboxylase; CPT I

and II, carnitine palmitoyltransferase 1 and 2, respectively.
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Figure 1.4. A schematic view of the mitochondrial carnitine system. Carnitine is the
common substrate for all components of this system. The carnitine system is involved in
several metabolic functions of the cell including fatty acid flux into the mitochondria,
modulation of Coenzyme A (CoA) pools, and efflux of acylcarnitines out of
mitochondria and cells into the extracellular fluid. CACT, carnitine/acylcarnitine
translocase; FACS, fatty acyl CoA synthase; CrAT, carnitine acetyltransferase; CPT I,
CPT 11, carnitine palmitoyltransferase I and II, respectively; TAG, triacylglycerol; LC-

acyl-CoA, long-chain acyl-CoA; LC- acylcarnitine, long-chain acylcarnitine.
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Figure 1.5. Proposed role of mitochondrial Ca®* uptake on cardiac energy
metabolism. The mitochondrial Ca®* uniporter (MCU) is responsible for the
mitochondrial uptake of Ca’" and thus influence Ca®" homeostasis inside the
mitochondrial matrix, which is proposed to affect the activity of calmodulin-dependent
phosphatases and influence dehydrogenases such as pyruvate dehydrogenase complex
(PDH) and TCA cycle enzymes of isocitrate and o-ketoglutarate dehydrogenases

(ICDH and a-KGDH, respectively).
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Figure 1.6. An overview of lysine acetylation of proteins in glucose and fatty acid
metabolic pathways in the heart. In conditions of increased acetylation such as
obesity, diabetes, and heart failure, decreased SIRT3 and increased GCNS5SLI1
activity/expression can induce hyperacetylation of fatty acid oxidation enzymes,
stimulating their activities. Decreased SIRT4 deacetylation activity as a result of low
NAD" levels can potentially enhance the acetylation and thereby activity of malonyl-
CoA decarboxylase, leading to a decline in malonyl-CoA levels, and an increase in
mitochondrial fatty acid uptake and oxidation. Defects in electron transport chain or
acetylation of its components result in decreased NAD" levels in mitochondria, thereby
inhibiting SIRT3 and SIRT4 activities. In addition to enzymatic acetylation, non-
enzymatic acetylation through increased mitochondrial acetyl-CoA levels, through
accelerated fatty acid oxidation, accompanied by a decrease in SIRT3 activity
secondary to low NAD" levels, can all render the diverse mitochondrial proteins
susceptible to hyperacetylation. In addition, acetylated CrAT can reduce acetyl-CoA
buffering capacity and lead to expansion of acetyl-CoA pool in mitochondria, while
acetylation of succinate dehydrogenase is proposed to inhibit the flux through TCA
cycle and ETC. GLUT4, glucose transporter-4; CD36/FAT, fatty acid translocase; Ac,
acetylation; CPT, carnitine palmitoyltransferase; MCD, malonyl-CoA decarboxylase;
ACC, acetyl-CoA carboxylase; NAD", nicotinamide adenine dinucleotide; TCA,
tricarboxylic acid; CACT, carnitine/acylcarnitine translocase; CrAT, carnitine
acetyltransferase; LDH, Ilactate dehydrogenase; SIRT, sirtuin; PDH, pyruvate

dehydrogenase; MPC, mitochondrial pyruvate carrier; GCNSLI1, general control of
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amino acid synthesis 5 like 1; ETC, electron transport chain; SDH, succinate

dehydrogenase.
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CHAPTER 2

Materials and Methods

2.1 Introduction

In this thesis I focused on investigating biochemical regulatory processes and
pharmacological interventions proposed to modulate glucose and fatty acid oxidation in
either cultured cardiac cells or the intact heart, under non-stressful conditions, increased
workload, or when subjected to I/R injury. For the study in Chapter 3, in vitro
experiments were conducted in differentiated and undifferentiated cultured H9¢2 cells
to characterize CrAT, an important enzyme for short acyl group trafficking in
myocardial cells. The methods that were used to investigate CrAT’s cytosolic
localization, cell culture and differentiation process are provided below. To assess
CrAT localization in whole hearts, C57BL/6 mouse hearts were utilized. Enzymatic
assays of CrAT as well as other enzymes were conducted alongside western blotting
investigations. Also to further investigate the relationship between CrAT and cardiac
energy metabolism, two mouse models were utilized. The first model was the ACC2
knock-out mouse where the malonyl-CoA production is genetically modified and is
associated with increased rates of fatty acid oxidation. The second model was a diet-
induced obesity model created by 10-weeks of high-fat diet consumption by C57BL/6
mice inducing enhanced rates of fatty acid oxidation. Relationships were studied
through correlating energy metabolic rates measured by radiolabeled-energy substrate
tracing and acetyl-CoA/CoA ratios to CrAT protein levels and activity in these
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particular mice after subjecting them to ex vivo isolated working heart aerobic

perfusions.

In the study discussed in Chapter 4, I conducted a series of experiments to examine
whether compromised calcium uptake to the mitochondria can influence myocardial
metabolism. The experiments were conducted with an initial assumption of impaired
glucose oxidation through inhibition of PDH secondary to decreased calcium-dependent
PDH phosphatase stimulation. This study utilized a mouse model of inducible cardio-
specific deficiency of the mitochondrial calcium uniporter, the major calcium
transporter recently identified in mitochondria. I used an isolated heart perfusion
protocol that tested cardiac fatty acid and glucose oxidation in these hearts (and
controls) in addition to function at baseline and in response to insulin alone, followed

by increasing the workload by infusing isoproterenol.

To assess the role of endothelial mediated delivery of fatty acids, the project discussed
in Chapter 5, a protocol of global no-flow I/R injury to isolated hearts was adopted to
examine whether the genetic ablation of endothelial ATG7, and hence autophagy,
would presumably modulate myocardial fatty acid oxidation and would have an effect
on preservation of cardiac function after an ischemic insult. Energy metabolism was
examined under aerobic conditions as well as in I/R. The assumption of inhibition of
fatty acid delivery and oxidation in the myocardium was tested as a possible mechanism
for combating the I/R stress. This was afterwards correlated with data obtained on TAG
in hearts from knockout and control mice as well as data from transfection of human
umbilical vein endothelial cells (HUVECs) with scrambled (control) or anti-ATG7

siRNA on endothelial cell expressed FABP.
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Finally, as for the project assessing adropin discussed in details in Chapter 6, an initial
set of experiments included 3 intraperitoneal injections of this peptide or vehicle into
C57BL/6 mice over 24 hours, the last 12-16 of which involved fasting the animals
before conducting ex vivo isolated working heart perfusion. These experiments were
named in vivo adropin study. A subsequent set of perfusions were performed on hearts
from non-fasting mice without injections. Here, adropin or vehicle was added directly to
the perfusate and hearts were aerobically perfused where I could follow direct and
prompt metabolic and functional effects of the intervention. These experiments were
labelled ex vivo adropin study. Insulin sensitivity was tested in both studies by addition

of insulin at mid-time of perfusions.

In these research projects, there was an emphasis on the relationship between ex vivo
cardiac function and energy metabolism of the two major substrates (that are fatty acids
represented by palmitate bound to albumin and glucose dissolved in the perfusate). The
description of the methods used in this thesis is provided below. Details specific to
individual studies will be provided in the “Materials and Methods” sections of Chapters

3to0 6.

2.2 Animals

Male mice were used in all studies included in this thesis. Wild-type C57Bl/6 mice were
purchased from Charles River Laboratories (Wilmington, Massachusetts) while ACC2"
mice and littermates were obtained from Dr. Gary Lopaschuk’s colony (originally

generated by Dr. David Olson at the Beth Israel Deaconess Medical Center Boston,
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Massachusetts as previously described (16) ). The inducible cardiac-specific MCU
knock-out model was previously described (109). Briefly Mcu™ mice were achieved
by creating mice with a loxP flanked exons 5 and 6 of the Mcu locus. These mice were
either crossed (or not, as controls) with mice expressing a tamoxifen-inducible Cre
recombinase (MerCreMer) under a-myosin heavy chain promoter to produce the knock-
out genotype (Mcu™™-MM) (109). The MCU deficiency was induced by feeding 8-week

Vi control

old animals with tamoxifen laden chow (Harlan, 400mg/kg), including MCU
mice for four weeks, then the mice were studied 3 months later. In experiments
conducted on mice fed a standard chow diet or a high-fat diet (details of diets are
explained in the Materials section below), the mice were given ad libitum either of the
two diets for 10 weeks after weaning. The endothelial specific ATG7 KO mouse model
(EC-ATG7™") has been previously described and characterized (125,200,201). Briefly,
EC-ATG7" mice were produced by crossing ATG7"™ and VE-Cadherin-Cre
transgenic mice (The Jackson Laboratory, Bar Harbor, Maine; Stock # 006137). All
animal studies were approved by the University of Alberta Health Sciences Animal

Welfare Committee and comply with the guidelines of the Canadian Council of Animal

Care, Alberta.

2.3 Materials

L-Carnitine, O-acetyl carnitine, CoA, acetyl-CoA, oxaloacetate, DTNB, ATP, malic
dehydrogenase, digitonin, and citrate synthase were purchased from Sigma Aldrich (St
Louis, Missouri). Fatty acid free bovine serum albumin (BSA) was purchased from

Equitech-Bio Inc (Kerrville, Texas). [5-°H] glucose, [U-"*C] glucose, [9, 10- *H]
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palmitate, and enhanced chemiluminescence (ECL) substrate were obtained from Perkin
Elmer (Waltham, Massachusetts). Hyamine hydroxide was obtained from Curtis

Laboratories (Bensalem, Pennsylvania). Adropin®* "

was obtained from ChinaPeptides
Co., Ltd. (Shanghai, China). Mitochondria/Cytosol Fractionation Kit was purchased
from Abcam (Cambridge, UK). EnzyChrom NAD/NADH Assay Kit (E2ND-100) was
obtained from Bioassays systems (Hayward, California). Free fatty acid assay kit was
obtained from Wako Pure Chemicals Industries Ltd. (Osaka, Japan). Insulin (Novolin
ge Toronto) was obtained from University of Alberta hospital stores and originally from
Novo Nordisk (Mississauga, Ontario). For measurement of short chain CoAs, Waters
UPLC system was used containing Supelco C8 10cm x 2.1mm 2.2um column that was
purchased from Waters Company (Milford, Massachusetts). Cell culture supplies were
obtained from Sigma Aldrich (St Louis, Missouri) and Life Technologies (Carlsbad,
California). GCNS5-like protein 1 (GCNS5L1) and B-actin primary antibodies, A/G-
agarose beads, goat anti rabbit, goat anti mouse, and donkey anti goat secondary
antibodies were all obtained from Santa Cruz (Santa Cruz, California). Carnitine
acetyltransferase (CrAT) antibody was obtained from Aviva Systems Biology (San
Diego, California). Long chain acyl CoA dehydrogenase (LCAD), B-hydroxyacyl CoA
dehydrogenase (B-HAD), peroxisome proliferator activated receptor (PPAR) a, total
OXPHOS rodent AB cocktail, citrate synthase (CS), a-tubulin, peroxisome proliferator-
activated receptor gamma coactivator 1- alpha (PGC-1a), sirtuin 3 (SIRT3), sirtuin 4
(SIRT4), cluster of differentiation 36 (CD36), carnitine palmitoyltransferase isoform B
(CPT 1 B), PDK4, and mitochondrial Na"/Ca®" exchanger (mito-NCLX or SLC24A6)

primary antibodies were obtained from Abcam (Toronto, Ontario). 5°’AMP-activated
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protein kinase (AMPK), p-AMPK T172, pyruvate dehydrogenase (PDH),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), forkhead box protein Ol
(FoxOl), protein kinase B (Akt), p-Akt S473, glycogen synthase kinase (GSK)3p, p-
GSK30/p S21/9, mitochondrial Ca*" uniporter (MCU), sirtuin 1 (SIRT1), Akt substrate
of 160 kDa (AS160), p-AS160 T642, voltage dependent anion channel (VDAC), c-Jun
NH2-terminal kinase (JNK), and p-JNK T183/Y 185 primary antibodies were obtained
from Cell Signaling (Danvers, Massachusetts). Malonyl-CoA decarboxylase (MCD)
primary antibody was available through the University of Alberta. p-PDH S293 primary
antibody was obtained from Calbiochem (San Diego, California). Acetyl-lysine, p-ACC
S79/1200, insulin receptor substrate (IRS-1), p-IRS-1 Y628, and p-IRS-1 S307 primary
antibody was obtained from Millipore (Darmstadt, Germany). Prohibitin was obtained
from Fitzgerald Industries (Acton, Massachusetts). Peroxidase labeled streptavidin was
obtained from Jackson Immunoresearch (West Grove, Pennsylvania). ScintiSafe
scintillation fluid, Pierce protease and phosphatase inhibitor mini tablets and all other
chemicals were obtained from Thermo-scientific/Fisher Scientific (Fair Lawn, New
Jersey). Nitrocellulose membrane was obtained from BioRad Laboratories (Munich,
Germany). Western blotting Medical x-ray film was obtained from FUJIFILM (Tokyo,
Japan). Standard chow diet (cat # 8656, Harlan Teklad), referred to as LFD, contained
34% calories from protein, 13% calories from fat, and 53% calories from carbohydrate
and was obtained from Envigo (Madison, Wisconsin). HFD (cat# D12492, Research
Diets) provided 20% calories from protein, 60% calories from fat (54.4% lard, 5.6%
soybean oil), and 20% of calories from carbohydrate (12.2% maltodextrin, and 6.8%

sucrose) and was obtained from Research Diets, (New Brunswick, New Jersey).
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2.4 Methods

2.4.1 Cell culture

HO9c2 cells (ATCC, Rockville, Maryland, USA) were cultured under standard
conditions (202). Culture media contained high glucose Dulbecco’s modified eagle
medium (DMEM), 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and
0.25 mM carnitine. To induce differentiation once confluency reached 90%, the media
was switched to cardiomyocyte differentiation media (high glucose- DMEM, 10% FBS,
1% penicillin/streptomycin, 0.25 mM carnitine, and 10 nM retinoic acid). Then cells
were differentiated for 7 days. Cell culture media was changed every 48 to 72 hr during

the differentiation period.

2.4.2 Subcellular fractionation

A. For heart/liver comparison: Tissue lysate differential centrifugation was used based
on methods reported for the heart and liver with buffer conditions adapted for CrAT
activity (203-205). Briefly, freshly extracted 8 to 10 week-old C57BL/6 mouse heart
ventricles and livers were quickly washed and minced in ice cold homogenization
buffer containing 20 mM Tris-HCI buffer (pH 7.5), 130 mM KCl, and 1| mM EDTA
then homogenized using a Polytron homogenizer at medium speed for 25 s on ice.
After centrifugation of homogenates at 800g for 10 min and discarding the pellet
(cellular debris), the supernatant was centrifuged again at 8500g for 15 min. The pellet
was re-suspended and centrifuged again at 8500g for 15 min. Thereafter, the pellet was
re-suspended and used as the mitochondrial fraction. The supernatant from the first
8500¢g spin was centrifuged at 105,000g for 60 min, and the supernatant used as the

cytosolic fraction. For preliminary experiments, a peroxisome-enriched fraction
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(17,000g for 15 min, pellet) and microsomal fraction (105,000g for 60 min pellet) were

also used.

B. For heart tissue CrAT localization: 8 to 10 week-old C57BL/6 mouse hearts were
quickly removed from euthanized animals then immediately perfused for 5 min in a
retrograde aortic Langendorff perfusion system with fatty acid free-, radiolabel free-
Krebs-Henseleit solution to wash out blood and then the ventricles were excised and
further washed with ice-cold phosphate buffer saline (PBS). After that, these tissues
were either used for either CrAT activity or western blotting experiments. For activity
assays, the ventricles were minced in 1 ml Cytosolic Extraction Buffer Mix prepared
from a Mitochondria/Cytosol Fractionation Kit (Abcam plc, Cambridge, UK) and
homogenized manually by Potter-Elvehjem PTFE pestle and glass tube (Sigma-
Aldrich) by 10 strokes. Thereafter, the fractionation process was according to the kit’s
manufacturer protocol producing mitochondrial and cytosolic enriched subcellular
fractions. For western blot fractionation assays, heart ventricles were minced on ice in a
homogenization buffer containing: 10 mM tris HCL, 250mM sucrose, and 1 protease
and phosphatase inhibitor tablet per 10 ml and homogenized by 25 strokes in Potter-
Elvehjem. Thereafter, the fractionation process was the same as A, producing

mitochondrial and cytosolic enriched subcellular fractions.

C. For cultured cell CrAT activity localization: After differentiating for 7 days, H9c2
cells along with undifferentiated controls were trypsinized and washed three times in
PBS and then either manually homogenized after transferring to 1 ml ice-cold CrAT
buffer (as used in A section) with Potter-Elvehjem homogenizer by 30 strokes, or

permeabilized by incubation in CrAT buffer with pre-added digitonin (0.025 mg/ml)
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for 10 min at 4°C on a shaker. Thereafter, the fractionation process followed the same

differential centrifugation protocol used in section A.

Homogenate and mitochondrial fraction lysates were sonicated at medium power for 10
intermittent seconds on ice to disrupt the mitochondrial membranes or in case of using
the fractionation kit, the Mitochondrial Extraction Buffer mix (MEBM) served that
purpose. In preliminary experiments, the sonication approach and MEBM produced

similar activity results to those produced using 0.1% Triton X-100 permeabilization.

2.4.3 Enzyme activity assays

The forward CrAT activity (acetyl-CoA to acetylcarnitine) was assayed
spectrophotometrically using a DTNB reaction (412 nm absorbance) (77,206) with
modification. Briefly, the reaction mixture for the spectrophotometric assay contained
0.1 M Tris-HCI (pH 8.0), 125 uM DTNB, 0.1 mM acetyl-CoA (for localization and
specific activity) or 0-100 uM acetyl-CoA (for kinetics), 1.1 mM L-carnitine (for
localization and specific activity) or 0-1.1 mM L-carnitine (for kinetics), and an aliquot
of the enzyme source. Reverse CrAT activity (RCrAT) was assayed by a malic
dehydrogenase-citrate synthase coupled assay (205,207) with some modifications. The
assay mixture contained 100 mM Tris pH 8, 10 mM L-malate, 1 mM dithioerythritol,
0.2 mM NAD", 2 mM acetyl-L-carnitine, ] mM CoA (for localization and specific
activity) or 0-200 CoA uM (for kinetics), 20 units of malic dehydrogenase, 1 unit citrate
synthase, and the fraction to be assayed. The reaction was monitored (NADH
production) spectrophotometrically at 340nm. ATP- citrate lyase (ACL) activity was
measured by malic dehydrogenase coupled assay (208) with minor modifications. The

assay mixture contained 100 mM Tris pH 8, 0.2 mM NADH, 10 mM DTT, 5 mM ATP,
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5 mM MgCl,, 0.4 mM CoA, 10 mM potassium citrate, 20 units malic dehydrogenase
and the sample to be assayed. The reaction was followed by monitoring absorbance
changes at 340 nm. Citrate synthase activity was measured by a DTNB reaction (209)
with 0.2 mM acetyl-CoA and 0.5 mM oxaloacetate in 100 mM Tris pH7.5 buffer.
Protein concentration of subcellular fractions/ total homogenates was measured using

Bradford assay (210).

2.4.4 Isolated working heart perfusions

Aged-matched male mice were used along with appropriate littermate controls. Isolated
working heart perfusions were as described previously (21,211). Mice were
anesthetized with a 12 mg intraperitoneal injection of sodium pentobarbital USP. Hearts
were quickly extracted and the aorta cannulated and perfused in a retrograde manner in
the Langendorff mode with Krebs-Henseleit buffer (KHB) containing in mM (118.5
NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgS0O4, 1.2 KH,PO,, 2.5 CaCl,, and 5 glucose) that is
saturated with a gas mixture of 95% O, and 5% CO,. Once the excess tissue was
trimmed and the left atrium cannulated, the heart was switched to the working mode by
opening the left atrial inflow (11.5 mmHg) and aortic outflow (against an afterload of
50 mmHg) lines while closing the Langendorff line. Thereafter, the perfusate flowed
normally through the aorta in an antegrade manner. The working heart buffer consisted
of a modified Krebs Henseleit solution that contained in addition to the above either 0.8,
or 1.2 mM palmitate bound to 3% bovine serum albumin and either 0 or 100uU/ml
insulin depending on the specific study protocol. Trace amounts of a combination of
two appropriate radiolabeled molecules of [5-*H] glucose, [U-"C] glucose, [9, 10-*H]

palmitate were added to assess rates of glycolysis, glucose oxidation, and palmitate
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oxidation, respectively. Two metabolic rates were determined simultaneously by
quantitative collection of "*CO, and *H,O produced by the hearts (21,211). A linear
time course was created from sampling every 10 min (7 min in experiments on MCU
knock-out hearts) of the working buffer and hyamine hydroxide (used to capture CO,)
throughout the duration of perfusion in an air-sealed system. At the end of the perfusion
protocol, hearts were clamp-frozen in liquid nitrogen and stored at -80 °C for
subsequent biochemical studies. The dry/wet tissue ratio was calculated and metabolic

rates were normalized to the total dry mass of the heart.

2.4.5 Measurement of mechanical function in the isolated working heart

Cardiac functional parameters were recorded using an MP100 acquisition system from
AcgKnowledge (BIOPAC Systems, Inc.) that assessed heart rate and aortic pressure
from signals produced by a Harvard apparatus pressure transducer connected to the
aortic outflow line. Transonic flow probes were attached to left atrial and aortic lines to
assess cardiac output and aortic outflow, respectively, through a T206 flow module
(Transonic Systems, Inc). Cardiac work is calculated as the product of peak systolic
pressure (minus 11.5 mmHg preload pressure) and cardiac output. Efficiency is
represented as the ratio of cardiac work to total calculated acetyl-CoA production rates
(from glucose and fatty acid oxidation rates). Coronary flow was calculated by

subtracting aortic flow from cardiac output.

2.4.6 Assay of *CO, and *H,0
Steady-state glycolysis or palmitate oxidation rates were calculated based on the
amount of “H,O produced by the isolated working heart from [5->H] glucose or [9, 10-

H] palmitate, respectively. This was assessed by a *H,O extraction assay using an
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evaporation/condensation method on perfusate samples to separate *H,O from un-
metabolized [5-’H] glucose or [9, 10-’H] palmitate. Duplicate samples of 200 ul were
pipetted out from larger perfusate samples, previously withdrawn at consecutive time
points of perfusions and kept under mineral oil, then pipetted into 1.5 ml capless
Eppendorf tubes placed inside scintillation vials containing 500 pl of double distilled
H,O (to help in heat transduction and to dilute the *H,0). Duplicate 200 pl samples of a
standard solution of *H,O were similarly prepared in parallel. These scintillation vials
were capped and incubated at 50°C for 24 hr to promote *H,O evaporation from inside
the capless tube to its outer surfaces and the surrounding closed vial. Vials were then
transferred to 4°C overnight to induce condensation. Thereafter, all water droplets on
the outer wall of each capless tube, including *H,0, were carefully returned to the
scintillation vials before properly discarding the capless tube with its remaining content.
Duplicates of 200 pl of either *H,O standard solution or un-metabolized buffer were
placed inside empty scintillation vials to calculate transfer efficiency and specific
activity, respectively. Scintillation fluid was added and radioactivity counted for all
samples and standards in a liquid scintillation analyzer (Tri-carb 2800TR, Perkin

Elmer).

Glucose oxidation rates calculated based on '*CO, production from [U-'*C] glucose.
Any air exiting the air-sealed working heart system including '*CO, in the gaseous state
had only one port of exit through a metal tube which tip is submerged and bubbling into
hyamine hydroxide (a CO, scavenger) in a glass tube. Hyamine captures CO, and is
sampled into scintillation vials filled with scintillation fluid to be counted later. The

C0, dissolved in perfusate samples was released as a gas by mixing part of the sample
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with sulfuric acid in an air-sealed glass vial except for a small whole leading to a
scintillation vial at the top containing a hyamine-soaked filter paper to capture the
released CO, overnight until scintillation fluid is added the next day and radioactivity

counted.

2.4.7 Calculation of ATP, acetyl-CoA, and proton production

The metabolic rates determined by the methods described above were used to calculate
ATP, acetyl-CoA, and proton production rates. For ATP produced by glycolysis and
glucose oxidation, I used the assumption that 2 ATP and 31 ATP, respectively, are
produced from metabolizing one molecule of glucose. For palmitate, a net of 106 ATP
molecules is produced. As for TCA cycle acetyl-CoA production, 2 and 8 molecules of
acetyl-CoA are produced from oxidizing 1 molecule of glucose and palmitate,
respectively. Proton production was calculated by subtracting the glucose oxidation rate

from glycolysis rate and then multiplying the result by 2.

2.4.8 Tissue content of total triacylglycerol (TAG) and incorporation of palmitate
into TAG
TAG content was determined in heart ventricular tissue as previously described (212).
Lipids were extracted from frozen tissue according to the method of Bligh & Dyer (213)
with modifications. Tissue (10 mg) was homogenized in 20-fold volume (mg : ul) of 2:1
chloroform-methanol then a 20% volume of methanol was added, and the lysate
centrifuged at 3500g for 10 min. Subsequently, 20% volume of 0.04% CaCl, was added
to the supernatant before centrifugation at 2400g for 20 min. The upper phase was
discarded and the interface washed 3 times with a solution consisting of chloroform,

methanol, and water (at a 3:48:47 volume ratio). Afterwards, methanol (50 pl) was
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added to form one phase before drying the samples under N, at 60°C and re-dissolving
in a mixture of tert-butyl alcohol, triton X-100, and methanol (3:1:1 ratio) to form the
final TAG extract. Cardiac TAG content was then measured colorimetrically using an
enzymatic assay kit (Wako Pure Chemical Industries) according to manufacturer
instructions. For perfused hearts, a portion of TAG extract was counted in a liquid
scintillation analyzer (Tri-carb 2800TR, Perkin Elmer) to calculate the incorporation of
perfused (exogenous) palmitate into TAG stores based on the specific activities of
[9,10-’H]palmitate in un-metabolized perfusate samples. TAG content and palmitate

incorporation were expressed as pumol/g dry tissue weight.

2.4.9 Western blot analysis

Protein levels in mouse hearts were assessed using immunoblotting as previously
described (214). Briefly, mouse heart tissue was either homogenized on ice by Potter-
Elvehjem homogenizer and then fractionated as explained above or frozen and later
Polytron homogenized on ice for 25 s (depending on protocol) in a solution containing
50 mM Tris HCIL, 0.02% Brij-35, 1 mM EDTA, 10% glycerol, 1 mM DTT, and protease
and phosphatase inhibitors (Sigma). After sitting on ice for 10 min tissue homogenates
were centrifuged at 800 g for 10 min and supernatants (lysates) were stored at -80°C.
Protein contents of the lysates were determined using the Bradford protein assay (210).
Samples were diluted and boiled in sample digestion buffer and 15-60 ug protein/well
was run on 5%, 8%, 10% or 15% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Electrophoresis was run initially for 10 min at 60 Volts and then increased to
120 Volts until samples had completely run through. Proteins in gel were then

transferred to a 0.45 um nitrocellulose membrane overnight at 22-35 V. The membranes
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were then blocked for 1 hr in 5% non-fat dry milk (NFDM) dissolved in 0.1% (vol/vol)
tween 20- phosphate buffer saline (PBST) and then probed overnight at 4°C with the
appropriate antibody in 3% BSA in PBST. The antibodies used and their vol:vol
concentration in buffer was 1:1000 except for the following: CrAT (1:2000), GAPDH
(1:3000), IRS-1 (1:500), pIRS-1 S307 (1:500), pIRS-1 Y628 (1:500), and peroxidase
labeled streptavidin (1:2000). After washing the primary antibody 4 times x 10 min with
PBST, the membranes were incubated with the appropriate peroxidase-conjugated
secondary antibody 1% non-fat dry milk in PBST (Santa Cruz, 1:5000) for 1 hr at room
temperature and washed again 4 times x 10 min before the immunoblot bands were
detected using ECL and autoradiography. Peroxidase-labeled streptavidin (PLS) was
used directly without secondary AB for the detection of ACC2 protein levels.
Densitometry analysis of immunoblots was performed using ImagelJ software (National

Institutes of Health, USA) and normalized for value of the appropriate loading control.

2.4.10 Protein acetylation assay

Specific protein acetylation was assessed using an immunoprecipitation (IP) method as
previously described (175) with minor modification. Frozen heart tissue was
homogenized in IP buffer containing S0mM Tris HCI (pH 7.5), 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 1% Triton-X, and freshly added 1uM TSA, 5 mM nicotinamide,
and 10 mM sodium butyrate, and protease inhibitor cocktail. Supernatants of 10,000 g
for 10 min at 4°C were assayed for protein and a total of 100 pg protein was pre-cleared
with 20 pul A/G-agarose beads then incubated with 3 pg acetyl-lysine antibody overnight
at 4°C. The following day, 50 ul of A/G-agarose beads were added to each sample and

incubated at 4°C on a rotator for 6 hr. Samples were then washed three times and spun
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down at 5,000 g for 5 min keeping the pellet which was then mixed with 20ul 4x sample
digestion buffer and boiled at 95°C for 5 min. Samples were then centrifuged at 15,000g
for 15 min and all supernatant taken which could then be detected by western blotting
as explained above. One separate sample was not incubated with agarose beads and
antibody to serve as a positive control while a negative control was represented by a
lysate processed with normal (control) rabbit IgG instead of acetyl-lysine antibody. The
magnitude of acetylation was quantified by normalizing acetylated protein for total

protein (input) band intensities.

2.4.11 Determination of CoA esters

CoA esters including free CoA, malonyl- , succinyl-, and acetyl-CoA were measured
using a UPLC (ultra-performance liquid chromatography) procedure adapted from a
method previously described with modification (215). Frozen heart tissue (15-20 mg)
was homogenized for 25 seconds in 150 ul 6% PCA and left on ice for 10 min. Samples
were centrifuged for 5 min at 12,000g and 4° C. Supernatants were then run on a Waters
UPLC system that included a binary solvent manager (model 646M), sample manager
(model 326M) and PDA detector (model 155M) using a Supelco C8 10cm x 2.Imm

2.2um column, as described previously (216).

2.4.12 NAD" and NADH determination
NAD" and NADH content was measured in frozen heart ventricular tissue using
EnzyChrom NAD+/NADH Assay kit (Bioassay Systems) according to the

manufacturer's protocol.
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2.4.13 Intraperitoneal glucose tolerance test

Mice fasted for 12 hr were assessed for whole body glucose tolerance. Body weight was
assessed and blood glucose levels were measured using a commercial glucometer just
before intraperitoneal injection of 2 g glucose/kg body weight. Blood glucose levels

were then assessed at 15, 30, 45, 60, 75, 90, and 120 min from glucose administration.

2.4.14 HUVEC:Ss and real-time Polymerase Chain Reaction

Human umbilical vein endothelial cells (HUVECs) were cultured as previously
described (200). The ATG7 knockdown experiments were performed by using small
interfering RNA (siRNA) and scrambled siRNA as controls. Total RNA was isolated 48
hr post-transfection and cDNAs were synthesized using quantitect kit (Qiagen). Real-
time PCR was performed for ATG7, CD36, fatty acids binding proteins (FABP 4 and 5)

and GAPDH as loading control.

2.4.15 Statistical analysis

Data are expressed as means = SEM. Statistical significance of the means was
determined using paired or unpaired t test, one-way analysis of variance (ANOVA) or
two-ANOVA with repeated measures followed by Bonferroni post-hoc test where
appropriate. Differences were considered significant if p< 0.05. GraphPad Prism 5

software was used for enzyme kinetics and statistical analysis.
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CHAPTER 3

Cytosolic carnitine acetyltransferase as a source of cytosolic acetyl-
CoA: a possible mechanism for regulation of cardiac energy

metabolism

3.1 Abstract

The role of carnitine acetyltransferase (CrAT) in regulating cardiac energy metabolism
is poorly understood. CrAT modulates mitochondrial acetyl-CoA/CoA (coenzyme A)
ratios, thus regulating pyruvate dehydrogenase activity and glucose oxidation. Here, we
propose that cardiac CrAT also provides cytosolic acetyl-CoA for the production of
malonyl-CoA, a potent inhibitor of fatty acid oxidation. We show that in the murine
cardiomyocyte cytosol, reverse CrAT activity (RCrAT, producing acetyl-CoA) is higher
compared with the liver, which primarily uses ATP-citrate lyase to produce cytosolic
acetyl-CoA for lipogenesis. The heart displayed a lower RCrAT K,, for CoA compared
with the liver. Furthermore, cytosolic RCrAT accounted for 4.6 £ 0.7% of total activity
in heart tissue and 12.7 + 0.2% in H9c2 cells, while highly purified heart cytosolic
fractions showed significant CrAT protein levels. To investigate the relationship
between CrAT and acetyl-CoA carboxylase (ACC), the cytosolic enzyme catalyzing
malonyl-CoA production from acetyl-CoA, we studied ACC2-knockout mouse hearts
which showed decreased CrAT protein levels and activity, associated with increased

palmitate oxidation and acetyl-CoA/CoA ratio compared with controls. Conversely,
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feeding mice a high-fat diet for 10 weeks increased cardiac CrAT protein levels and
activity, associated with a reduced acetyl-CoA/CoA ratio and glucose oxidation. These
data support the presence of a cytosolic CrAT with a low K,, for CoA, favoring the
formation of cytosolic acetyl-CoA, providing an additional source to the classical ATP-
citrate lyase pathway, and that there is an inverse relation between CrAT and the ratio
of acetyl-CoA/CoA as evident in conditions affecting the regulation of cardiac energy

metabolism.

3.2 Introduction

Cardiac disease is a major cause of death around the world (217). Multiple mechanisms
lead to cardiac dysfunction and disability in heart disease, including alterations in
myocardial energy metabolism (1,2). In recent years there has been an increasing
interest in the modulation of myocardial energy metabolism as a therapeutic approach to
treat heart disease (2). A state of competition exists between glucose and fatty acids as
the main energy substrates used by the myocardium (63). However, compared to
glucose oxidation and due to several factors, fatty acids are considered a less efficient
source of energy (1,3). Accordingly, the therapeutic effects of metabolic modulatory
medications are primarily aimed at tilting the balance toward glucose oxidation (2,196).
Being a potent inhibitor of carnitine palmitoyltransferase I (CPT I), which controls
mitochondrial fatty acid uptake, cytosolic malonyl-CoA constitutes a key regulatory
point of fatty acid oxidation, and provides a potentially important target for therapeutic
intervention (11-14). Malonyl-CoA is produced by acetyl-CoA carboxylase (ACC) and

degraded by malonyl-CoA decarboxylase (MCD) in the cytosol and its levels depend on
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a balance between the two processes and possibly its utilization for malonylation of

proteins (13,14,218).

Carnitine acetyltransferase (CrAT) (also known as Carnitine O-acetyltransferase, EC
number: 2.3.1.7) is a key member of the carnitine acyltransferase family. This enzyme
family is essential for intracellular trafficking of fatty acids and thus for fatty acid
oxidation (88). Although identified early, CrAT functions are the least studied among
the carnitine acyltransferases. CrAT catalyzes the reversible transfer of acetyl group

between CoA and carnitine:

CrAT
carnitine + acetyl-CoA > acetylcarnitine + CoA

CrAT is localized in the mitochondrial matrix and peroxisomes, but has also been
proposed to exist in the endoplasmic reticulum and nucleus (67,219). However, a
cytosolic localization of CrAT has not yet been shown. In the mitochondria, CrAT plays
a key role in the modulation of mitochondrial acetyl-CoA/CoA ratios and can act as a
buffer system preventing the accumulation of acetyl-CoA that would inhibit pyruvate
dehydrogenase (PDH) activity (and thus pyruvate or glucose oxidation) and 3-ketoacyl
CoA thiolase activity (and thus fatty acid oxidation) (80,86). The acetylcarnitine
produced by mitochondrial CrAT can be shuttled out of the mitochondria and into the
cytosol by carnitine translocase (16). The subsequent fate of the cytosolic
acetylcarnitine has not been well characterized. We propose a pathway that involves
regeneration of cytosolic acetyl-CoA from acetylcarnitine by means of a putative
cytosolic CrAT, which then serves as a substrate for ACC to produce the potent fatty

acid oxidation inhibitor, malonyl-CoA (29,76).
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The aim of this study was to determine if CrAT is partially localized in the cytosol of
the cardiomyocyte and whether CrAT is capable of functioning in the reverse direction
(producing acetyl-CoA) to affect the regulation of fatty acid oxidation via the malonyl-
CoA axis. We also investigated the relationship between CrAT and the malonyl-CoA
axis in hearts from two mouse models known to have alterations in malonyl-CoA

control of fatty acid oxidation.

3.3 Materials and Methods

3.3.1 Materials

Fatty acid free bovine serum albumin (BSA) was purchased from Equitech-Bio Inc.
(Kerrville, Texas). [U-'*C] glucose, [9, 10-°H] palmitate, and enhanced
chemiluminescence substrate were obtained from Perkin Elmer (Waltham,
Massachusetts). Antibodies used for western blotting (WB) were obtained from sources
specified below. All other chemicals were purchased from Sigma Aldrich (St Louis,
Missouri). Standard chow diet (8656, Harlan Teklad, Madison, WI, USA) referred to as
LFD contained 34% calories from protein, 13% calories from fat, and 53% calories
from carbohydrate. The high-fat diet (HFD) (D12492, Research Diets, New Brunswick,
NJ, USA) provided 20% calories from protein, 60% calories from fat (54.4% lard, 5.6%
soybean oil), and 20% of calories from carbohydrate (12.2% maltodextrin, and 6.8%
sucrose).

3.3.2 Animals

Hearts and livers from euthanized C57BL/6 male mice (Charles River laboratories,

Wilmington, MA) or hearts from euthanized ACC2”" (ACC2KO) male mice (originall
g g y
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obtained from Dr. David Olson at the Beth Israel Deaconess Medical Center in Boston,
Massachusetts and generated as previously described (16)) and their wild-type (WT)
littermates were extracted and immediately used for mitochondrial and cytosolic
isolations, or perfused before freezing and performing biochemical analysis. To assess
the effect of high-fat feeding, two groups of C57BL/6 male mice underwent 10 weeks
of feeding after weaning with either a regular chow diet (LFD) or a 60% fat diet (HFD)
before euthanizing the animals and subjecting the hearts to ex vivo heart perfusions, as
described below. All studies were approved by the University of Alberta Health
Sciences Animal Welfare Committee and conform to the guidelines of the Canadian
Council of Animal Care.

3.3.3 Cell culture

H9c2 cells (ATCC, Rockville, Maryland, USA) were cultured under standard
conditions (202). Once confluency reached 90% media was switched to cardiomyocyte
differentiation media (high glucose Dulbecco's Modified Eagle Medium (DMEM), 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, 0.25 mM carnitine, and 10 nM
retinoic acid). Then cells were differentiated for 7 days. The media was changed every
48 to 72 hr during the differentiation period.

3.3.4 Subcellular fractionation

Heart/liver comparison

Tissue lysate differential centrifugation was used based on methods reported for heart
and liver with buffer conditions adapted for CrAT activity (203-205). Briefly, freshly
extracted 8 to 10 week-old C57BL/6 mouse heart ventricles and livers were quickly

washed and minced in ice cold homogenization buffer containing 20 mM Tris-HCl
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buffer (pH 7.5), 130 mM KCI, and 1 mM EDTA then homogenized using a Polytron
homogenizer at medium speed for 25 seconds on ice. After discarding the 800g x 10
min centrifugation pellet of homogenates (cellular debris), the supernatant was
centrifuged again at 8500g x 15 min. The pellet was re-suspended and centrifuged again
at 8500g x 15 min. Thereafter, the pellet was re-suspended and used as the
mitochondrial fraction. The supernatant from the first 8500g spin was centrifuged at
105,000g x 60min, and the supernatant used as the cytosolic fraction. For preliminary
experiments, a peroxisome-enriched fraction (17,000g x 15min, pellet) and microsomal

fraction (105,000g x 60 min pellet) were also used.

Heart tissue CrAT localization

Eight- to 10-week-old C57BL/6 mouse hearts were quickly removed from euthanized
animals then immediately perfused for 5 min in a Langendorff system to wash out blood
and then the ventricles were excised and washed in ice-cold phosphate buffer saline
(PBS). After that, these tissues were used for either CrAT activity or western blot
experiments. For activity assays, the ventricles were minced in 1 ml Cytosolic
Extraction Buffer Mix prepared from a Mitochondria/Cytosol Fractionation Kit
(Abcam) and homogenized manually by Potter-Elvehjem PTFE pestle and glass tube
(Sigma- Aldrich) by 10 strokes. Thereafter, the fractionation process was according to
the kit’s manufacturer protocol producing mitochondrial and cytosolic enriched
subcellular fractions. For western blot fractionation assays, heart ventricles were minced
on ice in a homogenization buffer containing: 10 mM Tris-HCI, 250mM sucrose,

protease and phosphatase inhibitors and homogenized by 25 strokes in Potter-Elvehjem
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homogenizer. Thereafter, the fractionation process was the same as in the ‘heart/liver

comparison’ section.

Cultured cell CrAT activity localization

After differentiating for 7 days, H9¢2 cells along with undifferentiated control cells
were trypsinized and washed three times in PBS and then either manually homogenized
after transferring to 1 ml ice-cold CrAT buffer (as used in the section ‘heart/liver
comparison’) with Potter-Elvehjem homogenizer by 30 strokes, or permeabilized by
incubation in CrAT buffer with pre-added digitonin (0.025 mg/ml) for 10 min at 4°C on
a shaker. Subsequently, the fractionation process followed the same differential

centrifugation protocol used in the ‘heart/liver comparison’ section.

Homogenate and mitochondrial fraction lysates produced by ‘heart/liver comparison’
and ‘cultured cell CrAT activity localization’ methods were sonicated at medium power
for 10 intermittent seconds on ice to disrupt the mitochondrial membranes.
Mitochondrial activity fractions in the ‘heart tissue CrAT localization’ method were
lysed using the Mitochondrial Extraction Buffer mix (MEBM) provided in the
fractionation kit mentioned above. In preliminary experiments, the sonication approach
and MEBM produced similar activity results to those produced using 0.1% Triton X-

100 permeabilization.

3.3.5 Heart perfusions
Fourteen week old male HFD mice or 16 to 28 week old ACCKO mice were used and
compared to LFD mice or age-matched WT littermates, respectively. Mice were

euthanized and hearts isolated and aerobically perfused using the ex vivo working heart
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model for 60 min in a Krebs-Henseleit buffer containing 5SmM glucose, 0.8 mM
palmitate and 100pU/ml insulin, as described previously (21,211). Oxidation rates of
glucose and palmitate were determined simultaneously by quantitative collection of
C0, and *H,0 produced by the hearts consuming traces of [U-"*C]glucose and [9, 10-
*H]palmitate, respectively (21,211). Cardiac functional parameters were recorded using
an MP100 system from AcqKnowledge (BIOPAC Systems, Inc.). Cardiac work was
calculated as a function of peak systolic pressure and cardiac output. Efficiency is
represented as the ratio of cardiac work to total calculated acetyl-CoA production rates
(from glucose and fatty acid oxidation rates). At the end of the perfusion protocol,
hearts were clamp-frozen in liquid nitrogen and stored at -80 °C for subsequent
biochemical studies. The dry/wet tissue ratio was calculated and metabolic rates were
normalized to the total dry mass of the heart.

3.3.6 Enzyme assays

The forward CrAT activity (acetyl-CoA to acetylcarnitine) was assayed
spectrophotometrically using a DTNB (5, 5’-dithio-bis-[2-nitrobenzoic acid]) reaction
(412 nm absorbance) (77,206) with modification. Briefly the reaction mixture for the
spectrophotometric assay contained 0.1 M Tris-HCI (pH 8.0), 125 uM DTNB, 0.1 mM
acetyl-CoA (for localization and specific activity) or 0-100 pM acetyl-CoA (for
kinetics), 1.1 mM L-carnitine (for localization and specific activity) or 0-1.1 mM L-
carnitine (for kinetics), and an aliquot of the enzyme source. Reverse CrAT activity
(RCrAT) was assayed by a malic dehydrogenase-citrate synthase coupled assay
(205,207) with some modifications. The assay mixture contained 100 mM Tris pH 8, 10

mM L-malate, 1| mM dithioerythritol, 0.2 mM NAD", 2 mM acetyl-L-carnitine, 1 mM
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CoA (for localization and specific activity) or 0-200 CoA uM (for kinetics), 20 units of
malic dehydrogenase, 1 unit citrate synthase, and the fraction to be assayed. The
reaction was monitored (NADH production) spectrophotometrically at 340nm. ATP-
citrate lyase (ACL) activity was measured by malic dehydrogenase coupled assay (208)
with minor modifications. The assay mixture contained 100 mM Tris pH 8, 0.2 mM
NADH, 10 mM DTT, 5 mM ATP, 5 mM MgCl,, 0.4 mM CoA, 10 mM potassium
citrate, 20 units malic dehydrogenase and the sample to be assayed. The reaction was
followed by monitoring absorbance changes at 340 nm. Citrate synthase activity was
measured by a DTNB reaction (209) with 0.2 mM acetyl-CoA and 0.5 mM oxaloacetate
in 100 mM Tris pH7.5 buffer. Protein concentration of subcellular fractions/ total
homogenates was measured using Bradford assay.

3.3.7 Western blotting

CrAT protein levels in mouse hearts were assessed using immunoblotting as described
previously (214). Briefly, mouse heart tissue was either homogenized then fractionated
as explained above or frozen and later Polytron-homogenized producing lysates and
loading samples that were run on SDS-polyacrylamide gel electrophoresis then
transferred to nitrocellulose membranes. The membranes were then blocked and probed
with anti-CrAT antibody (AB) (Aviva Systems Biology, Cat# ARP53559 P050), anti-
GAPDH antibody (Cell Signaling Technology, Cat# 2118), anti-prohibitin antibody
(Fitzgerald Industries Cat# 10R-P140a), or anti-o-tubulin (Abcam Cat# 7291).
Thereafter, standard western blotting procedures were conducted as previously
described (214). Peroxidase-labeled streptavidin (PLS) (Jackson ImmunoResearch

Laboratories, Cat# 016-030-084) was used for detection of ACC2 protein levels.
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Densitometry analysis of immunoblots was performed using ImageJ software (National
Institutes of Health, USA) and normalized for value of the appropriate loading control.
3.3.8 Determination of CoA esters

Free CoA and its short esters including free CoA, malonyl-, succinyl- and acetyl-CoA
were measured using an ultra-performance liquid chromatography (UPLC) procedure
adapted from a method previously described with modification (215). Heart tissue (15-
20 mg) was homogenized for 25 seconds in 150 ul 6% perchloric acid (PCA) and put on
ice for 10 min. Samples were centrifuged for 5 min at 12,000g and 4° C. Supernatants
were then run on a Waters UPLC system that included a binary solvent manager (model
646M), sample manager (model 326M) and PDA detector (model 155M) using a
Supelco C8 10cm x 2.1mm 2.2pum column as described previously (216).

3.3.9 Determination of free- and acyl- carnitines

Frozen 20-30mg samples from heart ventricular tissue were homogenized in 6% PCA
and placed on ice for 5 min before centrifugation for 10 min at 10000 g and 4 °C. Free
L-carnitine was determined directly in neutralized supernatant, whereas short-
acylcarnitines (along with free carnitine) were determined in neutralized samples after
alkaline extraction (pH 11.5 at 55°C for 15min) of a portion of the supernatant. Long-
acylcarnitines were determined in neutralized samples from the purified pellet after
alkaline extraction (pH 13 and at 70°C for 60 min). The extracted free carnitine in all
three sets of samples was then determined by a radiometric assay (220). Total carnitine

was calculated as the sum of free, short- and long-acylcarnitines in each heart.
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3.3.10 Statistical analysis

Data are expressed as means + SEM. Statistical significance of the means was
determined using unpaired t test, one-way analysis of variance (ANOVA) or two-
ANOVA with repeated measures followed by Bonferroni post-hoc test where
appropriate. Differences were deemed significant if P< 0.05. GraphPad Prism 5

software was used for enzyme kinetics and statistical analysis.

3.4 Results

3.4.1 Acetyl-CoA production by CrAT in the heart

To determine if cardiac CrAT was a source of cytosolic acetyl-CoA, we first
investigated the reverse CrAT activity in the heart and whether a cytoplasmic CrAT
activity could be detected. We compared the activities and kinetics of CrAT in the heart
to those in the liver, in order to delineate the metabolic role(s) that this enzyme may
play in a highly catabolic tissue, the heart where fatty acid oxidation is essential,
compared to a lipogenic metabolically active organ, the liver to serve the metabolic
requirements of either tissue. In preliminary studies, CrAT activity was measured in
peroxisome and microsomal-enriched fractions from mouse heart tissue and was found
to be minimal in both fractions. Hence, further studies were confined to mitochondrial
and cytosolic fractions or to whole tissue lysates. The strictly cytosolic ATP-citrate
lyase (ACL) represents a major source of cytosolic acetyl-CoA for the synthesis of fatty
acids and different lipid stores in the liver (221). It is proposed to play at least a partial
role in the regeneration of acetyl-CoA in the cytosol of muscle cells (222). Citrate

synthase (CS), on the other hand, is strictly a mitochondrial enzyme and its activity in
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the cytosolic fraction indicates the percent of mitochondrial breakage. Therefore, it was

used for that purpose (i.e. a mitochondrial marker).

The specific activities of CrAT, RCrAT, CS and ACL of C57BL/6 mouse heart and
liver tissues are presented in Figure 3.1. Mouse heart mitochondria had a much higher
CrAT activity (9 fold) compared to liver mitochondria (Figure 3.1A) in agreement with
previously reported activities in rat and mouse heart and liver mitochondria (203,223).
Heart mitochondria also had a 6 fold greater RCrAT activity compared to the liver
(Figure 3.1A). A similar pattern was seen in CrAT activities measured in cytosolic
fractions (Figure 3.1B). Noteworthy, a significant proportion of the measured cytosolic
CrAT activity (apparent CrAT activity) is attributed to contamination with
mitochondrial CrAT due to breakage of mitochondrial membranes during the isolation
process (Figure 3.1D) (as evident by the detectible CS activity in cytosolic fractions,
Figure 3.1C). However, even after accounting for mitochondrial content leakage into

the cytosolic fraction using the equation:

Corrected CrA Ty, = apparent CrATcyo — (CrATmito X CSeyto/ CSmiito) «vvveevvrevnenn (1),

the residual cytosolic RCrAT activity in the heart was significantly higher than that in
the liver (Figure 3.1E). Conversely, cytosolic ACL activity, an alternative source of
cytosolic acetyl-CoA in liver, was >2.5 fold higher in the liver than the heart (Figure
3.1F). Being a lipogenic tissue and in light of the relatively low cytosolic RCrAT
activity, the higher ACL activity in the liver is consistent with the requirement of

acetyl-CoA for fatty acid synthesis. These data suggest an important role of CrAT in the
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cytosol of myocardial cells, particularly through the reverse reaction which, at least in

part and parallel to ACL, could constitute a source of cytosolic acetyl-CoA.

In order to further understand differences between heart and liver CrAT, we then
performed forward and reverse enzyme kinetics. These assays were run in lysates from
mouse heart and liver mitochondrial fractions and total homogenates (Figure 3.1G-J and
Table 3.1). Cytosolic activities were not utilized due to the inability to reliably detect
the low activities of CrAT at low substrate levels. Again, cardiac CrAT activities in the
heart exceeded those in the liver tissue by several folds in both the forward and reverse
direction (Figure 3.1G-J). In fact, total CrAT protein level in liver homogenates is
considerably lower than those in heart homogenates that we could not detect it at
protein content as high as 54 pg per well in SDS-polyacrylamide gel (Figure 3.1K). Due
to the relatively small CrAT activity in the liver and to clearly display the hyperbolic
nature of CrAT and RCrAT activity curves we present in Figure 3.2 the activity curves
shown in Figure 3.1G-J as percent of V.. Our kinetic data fit Michaelis-Menten
kinetics with significant correlation (Table 3.1). The K, for carnitine of heart
mitochondrial CrAT was significantly higher than the liver (P<0.05) (Table 3.1).
Interestingly, the K, for CoA showed the opposite trend, which was lower in the heart
compared to the liver (P<0.05) (Table 3.1). Although CrAT is assumed to exist at a
smaller concentration in the total cytoplasmic protein pool than in the mitochondria
alone and thus expected to exert lower activity in total homogenates compared to
mitochondrial fractions, it showed numerically higher but statistically comparable Viax
1.

in heart homogenates compared to mitochondria (102.6+ 7.0 vs. 80.6+ 7.5 nmol - min®

mg protein”, respectively, P=0.09). This may further supports the hypothesis of
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localization of an active CrAT in the cytosol of cardiomyocytes that keeps its total
cytoplasmic concentration high enough to display this Vi, value. Since earlier CrAT
studies were done on rats, we also measured CrAT activity in rat heart homogenates
(Figure 3.1L). Velocity-substrate curves were obtained for carnitine as the variable
substrate. The Ky, and Vy.x values for carnitine were generally comparable to those
obtained from mouse heart homogenates (Table 3,1 and Figure 3,1H, P value not
significant for either between the two species). Together, these results show that CrAT
is capable of functioning in the reverse direction to produce acetyl-CoA; they also
attribute a higher importance to cardiac CrAT as opposed to ACL in the cytosol of
cardiac cells which could provide cytosolic acetyl-CoA, at least in collaboration with

ACL.

3.4.2 Cytosolic CrAT localization

To focus on investigating possible cytosolic CrAT localization, we next performed
subcellular fractionation on ventricular tissue excised from mouse hearts and subjected
to mild homogenization with a Potter-Elvehjem homogenizer. This method applies
shearing forces to disrupt the sample including cell membranes and induces less
mitochondrial breakage than does Polytron homogenization as evident by reduced
mitochondrial CS leaking out to cytosolic fractions (Appendix A, Figure Al). As
expected, specific activities of CrAT and CS were higher in the mitochondrial fraction
(Figure 3.3A-C). Interestingly, however, the ratios between CrAT and CS activities
were significantly higher in the cytosolic preparation compared to the mitochondrial
fraction when performing assays in either directions of CrAT activity (Figure 3.3D and

2@G). Using equation (1) with CS and CrAT forward and reverse activities in subcellular
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fractions, we calculated the residual cytosolic activities of the enzyme yielding 3.5+ 0.5,
and 4.0+ 0.6 nmol * min™ - mg protein™ (Figure 3.3E and H), representing percentages of
total cellular CrAT and RCrAT that are shown in Figure 3.3F and I, respectively. For
visual evidence of a cytosolic localization of CrAT, we performed
immunohistochemistry experiments on heart slides. However, we achieved inconclusive
data (Appendix A, Figure A2) which may reflect the hypothesized small proportion of
cytosolic CrAT and thus the high mitochondrial/peroxisomal background. Therefore,
we moved on to utilize an immunoblotting approach using mitochondrial and cytosolic
markers in highly purified subcellular fractions of mouse heart ventricular tissues
(Figure 3.3J). We utilized immunoblotting of prohibitin to confirm our successful
fractionation procedure. Although prohibitin is a structural protein in the inner
mitochondrial membrane, previous research studies have shown that prohibitin can leak
into the cytosol in cases of mitochondrial injuries and therefore was used as a marker of
mitochondrial contamination of cytosolic fractions (224-226). The undetectable
prohibitin (mitochondrial marker) in cytosolic fractions indicates a highly pure fraction
with minimum mitochondrial contamination. Here again we could detect significant

CrAT protein levels in the cytosol with expectedly lower amounts than in mitochondria.

To determine if CrAT functions are modified by cardiomyocyte maturation and to
further decrease mitochondrial breakage, we examined the cytosolic localization of
CrAT in cultured H9c2 cells using both a Potter-Elvehjem homogenization (Figure 3.4)
and a digitonin-based permeabilization (Figure 3.5) of cell plasma membrane. H9¢c2 are
myoblasts derived from embryonic rat heart ventricle that can be differentiated into a

more metabolically mature form (227,228). Using Potter homogenization, apparent CS
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cytosolic activity was minimal reflecting a mitochondrial break of as low as 10.2 to
6.8% in undifferentiated and differentiated H9c2 cells, respectively (Appendix A,
Figure A3). Similar to cardiac tissue, CrAT and RCrAT to CS activities were
significantly higher in mitochondria compared to the cytosol (Figure 3.4A-C), whereas
CrAT/CS and RCrAT/CS activity ratios in cytosolic fractions were significantly higher

than in mitochondria (Figure 3.4D and G). These indicate actual cytosolic activities of
1.4£0.2 and 1.1£0.6 nmol - min™ - mg protein™ in undifferentiated cells and 1.8+0.2 and
2.840.5 nmol ~ min” - mg protein” in differentiated cells of CrAT and RCrAT,
respectively (Figure 3.4E and H). These cytosolic activities represent averages of 6.9%
and 7.2% in undifferentiated cells and 8.3% and 14.1% in differentiated cells of total

CrAT and RCrAT, respectively (Figure 3.4F and I).

A mild digitonin lysis of cell membranes produced even lower mitochondrial breakage,
averaging 7.4% to 5.5% in undifferentiated and differentiated H9¢c2 cells, respectively
(Appendix A, Figure A3). Here again, an actual residual activity of CrAT in either
reaction direction was reflected by clear difference in CrAT/CS activity ratios between
the cell suspension medium (cytosolic fraction) and the extracted mitochondria (Figure
3.5D and G). Corrected cytosolic activities were 10.1£2.4 and 4.2+0.2 nmol - min™ - mg
protein™ in undifferentiated cells and 3.7+0.7 and 4.0£0.3 nmol - min™ - mg protein™ in
differentiated cells of CrAT and RCrAT, respectively (Figure 3.5E and H). Corrected
cytosolic activity percentages were 51% and 27% in undifferentiated cells and 21% and
12% in differentiated cells of total CrAT and RCrAT, respectively (Figure 3.5F and I).
Both mitochondrial CS and RCrAT activities were significantly higher in differentiated

cells reflecting a higher protein content and maturity of mitochondria compared to
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undifferentiated controls (Figure 3.5A and 4C). Together, these results indicate a
cytosolic localization of CrAT in the mouse hearts and in a cultured cardiac cell-line
where it can provide cytosolic acetyl-CoA from acetylcarnitine even in glycolytic

undifferentiated H9¢2 myoblasts.

3.4.3 CrAT involvement in malonyl-CoA regulation of cardiac metabolism

The comparison between CrAT and RCrAT kinetics in heart homogenates and
mitochondrial fractions (Table 3.1) suggested that mitochondrial CrAT substrate
affinity (at least in the forward reaction) was not affected by exposure to the cytosol
contents (Kp,’s for carnitine are not statistically different) and thus the mixed CrAT
enzyme pool in homogenates may fairly represent (or mirror) the largest pool, that is in
mitochondria. This assumption was used when assessing CrAT activities in
homogenates of frozen tissues (e.g. after perfusions as explained below), from which
purely separated mitochondrial- and cytosolic- enriched fractions are difficult to achieve
and thus for practical purposes, homogenate activities were utilized in the working-
perfused heart studies. We investigated how CrAT activity and protein levels are
modified in mouse hearts with metabolic phenotypes that show alterations of the
glucose/fatty acid oxidation balance. The first model chosen was one that is directly
related to the malonyl-CoA axis, the ACC2-kockout mouse (ACC2KO) with whole
body genetic ablation of ACC2, the predominant isoform of ACC in the heart (29). The
second model was C57BL/6 mice fed for 10 weeks with a 60% high-fat diet (HFD)
which show increased reliance of the heart on fatty acid oxidation for energy production

compared to their regular diet controls (referred to here as low-fat diet, LFD) (214).
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CrAT protein levels and activity in ACC2KO mouse hearts were compared to the
acetyl-CoA/CoA ratio and malonyl-CoA levels, in order to determine if a relationship
exists between these parameters as well as the metabolic profile of these hearts.
Immunoblot analysis confirmed ACC2 deletion in the hearts of ACC2KO mice (Figure
3.6G). Being not subjected to stresses, these ACC2KO hearts showed cardiac work and
efficiency, parameters of ex vivo cardiac function and efficiency of energy utilization,
not different from WT controls (Figure 3.6A and F). However, these hearts did show
significant differences in glucose and fatty acid oxidation rates compared to WT
controls (Figure 3.6B and C). While the contribution of the oxidation of either
substrates to the production of TCA cycle acetyl-CoA showed a higher reliance on fatty
acid oxidation in ACC2KO hearts, the total acetyl-CoA production rate (from both
substrates combined) was comparable to controls (Figure 3.6E and D). There was a
significant decrease in CrAT protein levels in ACC2KO hearts (Figure 3.6G). Similarly,
CrAT activity was also decreased (Figure 3.6H) in ACC2KO hearts. Interestingly, the
acetyl-CoA/CoA ratio was significantly higher in ACC2KO heart than in control hearts
(Figure 3.61) without a difference in total malonyl-CoA between the two groups (Figure
3.6J). The reduced CrAT protein level and activity in ACC2KO hearts, which we
mostly attribute to the larger pool of CrAT in the mitochondria, have incited us to
measure the levels of free carnitine as well as short- and long- acylcarnitines in these
hearts. ACC2KO hearts displayed higher free carnitine and lower levels of short-
acylcarnitines compared to controls (Figure 3.7), consistent with a declined CrAT-
mediated acetyltransferase activity from acetyl-CoA to free carnitine. In summary,

ACC2KO mouse hearts showed a decrease in CrAT level and activity associated with a
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high acetyl-CoA/CoA ratio, which was accompanied by an increase in the reliance on

fatty acid oxidation.

To determine whether physiologically induced conditions associated with changes in
acetyl-CoA levels in the heart can correlate with CrAT activity and protein levels, we
next studied the effect of a 10-week HFD feeding on cardiac fatty acid and glucose
oxidation in mice and correlated those metabolic effects to changes in CrAT. Again
here in these unstressed hearts, cardiac work and efficiency were not statistically
different between the two groups (Figure 3.8 A and F). However, glucose oxidation rate
in HFD hearts decreased to almost 28% of controls, (Figure 3.8B), whereas palmitate
oxidation was not significantly different between the two groups (Figure 3.8C). This
severe drop in glucose oxidation with HFD without a corresponding increase in fatty
acid oxidation compromised the total production of TCA cycle acetyl-CoA (Figure
3.8D), in addition to decreasing the contribution of glucose oxidation to acetyl-CoA
production (Figure 3.8E). On the other hand, CrAT protein levels and activity (Figure
3.8G and H, respectively) were both higher in hearts from HFD compared to LFD mice.
This was accompanied by a significantly lower acetyl-CoA/CoA ratio in HFD hearts
compared to LFD (Figure 3.8I). Here again, malonyl-CoA content was not different
from controls (Figure 3.8J). In summary, hearts from 10-week HFD mice showed a
higher CrAT levels and activity which were associated with a reduced acetyl-CoA/CoA
ratio and a decrease in acetyl-CoA production secondary to low rates of glucose

oxidation.
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3.5 Discussion

As early as the 1960’s, mitochondrial CrAT has been ascribed an important role in
“buffering” excess acetyl-CoA, by transferring the acetyl- groups from acetyl-CoA to
acetylcarnitine and thus contributing to the regulation of glucose oxidation (80,86,229).
It is widely believed that acetylcarnitine is subsequently shuttled out of the
mitochondria (16). However, what happens to acetylcarnitine in the cytosol has not
been unequivocally determined. In this study, we provide findings that suggest partial
localization of CrAT to the cytosol of cardiomyocytes, which works hand-in-hand with
the mitochondrial CrAT in the regulation of cardiac energy metabolism through the
regeneration of cytosolic acetyl-CoA from mitochondrial acetylcarnitine. We show that
in whole hearts and in cultured H9c2 cells, a significant reverse CrAT activity exists
and that this activity is present in the cytosol. We propose that the cytosolic acetyl-CoA
produced by the reverse CrAT activity can then be used for malonyl-CoA synthesis,
thereby regulating mitochondrial fatty acid uptake and oxidation (Figure 3.9). We show
here that total CrAT levels and activity are lower in hearts with an attenuated ability to
synthesize malonyl-CoA (i.e. ACC2KO mice hearts), whereas they are increased in

hearts showing lower acetyl-CoA/CoA ratio (i.e. mice on a HFD).

For CrAT to support production of cytosolic acetyl-CoA and thus indirectly control
malonyl-CoA inhibition of fatty acid oxidation, it must exist in the cytosol of
cardiomyocytes without being contained in a membranous vesicle, unlike, for example,
peroxisomal CrAT, to be allowed free access to cytosolic acetylcarnitine. It should also
possess sufficient capacity to function in the reverse direction (RCrAT) to produce

cytosolic acetyl-CoA. We show here that compared to the liver, the heart has >2.5 fold
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higher cytosolic localized RCrAT activity. This has a special implication as the heart is
not a lipogenic organ and a higher acetyl-CoA producing capacity is mostly directed
towards the supply of malonyl-CoA production for fatty acid oxidation control. The
citrate - ACL pathway is well-established in the liver as a source of cytosolic acetyl-
CoA used in fatty acid synthesis (230). ACL is also suggested by previous studies to
generate cytosolic acetyl-CoA in muscle cells (77). Poirier et al. proposed that ACL
uses citrate molecules exported from the mitochondria to the cytosol as its substrate to
provide cytosolic acetyl-CoA for the production of malonyl-CoA (222). Nonetheless,
that study did not rule out a role for CrAT and acetylcarnitine as an alternative or
supportive source and strong experimental evidence excluding CrAT contribution is still
lacking. Our current results show relatively low cytosolic RCrAT activity in the liver
accompanied by higher ACL activity which is consistent with the requirement of acetyl-
CoA for fatty acid synthesis. Interestingly, these two enzyme activities in the liver differ
from the heart with a similar proportion (i.e. about 2.5 folds) but in opposite directions.
This may indicate complementary roles of these enzymes in heart and liver tissues to

provide backup metabolic pathways.

One limitation in our study is that the incubation conditions used in our enzymatic
assays, as with most in vitro assays, do not completely duplicate what is seen in vivo at
the cellular/tissue level. This includes not using the exact concentration of carnitine that
may inhibit cytosolic RCrAT activity in vivo. However, our assays do utilize buffers
offering optimal pH, solubility and unlimited substrates and cofactors, and assess the
activity at a linear steady-state velocity that produces considerable concentrations of

products in the process, thus at least partly simulate in vivo product inhibition. There
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has been very little research investigating the concentration of individual esters of
carnitine in different subcellular compartments. However, despite that total carnitine
content is known to be greater in the cytosol compared to the mitochondria on a per-
gram-tissue basis, the concentration gradient is estimated to be minimum (231). The
majority of the cytosolic, as well as the mitochondrial, carnitine is in the acid-soluble
form which includes free and short-carnitines, whereas long-chain acylcarnitines
concentrations are relatively low (231). The proportion of free versus acetylated form
(acetylcarnitine) is unknown (232). Relevant to this, the mitochondrial membrane
carnitine/acylcarnitine translocator (CACT) catalyzes the exchange of carnitine across
the inner mitochondrial membrane as well as the unidirectional transport of carnitine
down it concentration gradient (233). This process eventually results in the equilibration
of carnitine concentrations across the mitochondrial membrane and also suggests that
cytosolic and mitochondrial concentrations of free carnitine and acylcarnitines should
be similar (232,234). Taking all of that into consideration and the fact that the
equilibrium constant of CrAT is close to 1 (= 0.6) toward producing acetyl-CoA
(205,206), we predict cytosolic CrAT to function near its equilibrium in the reverse
direction when concentrations of acetylcarnitine change under different metabolic

conditions.

The significantly higher CrAT K., for carnitine in the heart compared to the liver
suggests different physiological regulation of CrAT activity under variable
concentrations of carnitine in the cardiomyocyte versus the hepatocyte. Accordingly,
the liver enzyme may be working under saturating concentrations of carnitine, rendering

it insensitive to minor changes in carnitine concentration as opposed to a more
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responsive cardiac enzyme. Conversely, the lower cardiac CrAT K, for CoA compared
to liver favors the formation of cytosolic acetyl-CoA (by RCrAT direction) provided
that the cytosolic variant of CrAT has similar kinetic characteristics to the

mitochondrial enzyme, which we could not validate under our experimental conditions.

High mitochondrial breakage constitutes a major technical disadvantage of Polytron
homogenization. Reported values for mitochondrial breakage vary from 5 to 30%
(231,235). Therefore, we adopted different cell permeabilization techniques in the
experiments subsequent to Polytron homogenization to increase specificity.
Undifferentiated H9¢c2 myoblasts show proliferative capacity with a more glycolytic
metabolic phenotype that is remodeled upon differentiation to become relatively more
reliant on oxidative mitochondrial metabolism with higher energetic efficiency
resembling mature cardiomyocytes (228). Mitochondrial break was lower in
homogenized H9c2 cells and further lower with the milder digitonin permeabilization.
Using these cardiomyocytes, we established that cytosolic localization of CrAT is
essential even before differentiation of these myoblasts. The generally higher
mitochondrial activities of CrAT and CS in differentiated cells are consistent with
mitochondrial maturity and biogenesis occurring with H9c2 differentiation (228). In
general, as long as the proportion of CrAT released from the mitochondria is
comparable to or lower than that of CS, then the ratios presented in Figure 3-5 are valid
predictors of actual cytosolic activity. Both CrAT and CS associate with the inner
mitochondrial membrane with variable degrees. CrAT has a higher binding propensity,
which reaches as high as 90% of the mitochondrial enzyme in a non-saturable manner,

whereas CS association to the membrane is less strong and shows saturability
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(236,237). Accordingly, there is a higher probability that less proportion of
mitochondrial CrAT than that of CS is released from broken mitochondria during
homogenization and centrifugation. Thus one can assume that the calculated (corrected)
cytosolic CrAT herein is actually an underestimate of the actual value or that at least the

estimation is safely valid.

Using the K, and V., values in Table 3.1, we calculate an RCrAT activity of 10.6
nmol acetyl-CoA per min per mg protein at 25 mM CoA, which is a normal cytoplasmic
concentration. This activity is sufficient to supply the substrate for the production of
malonyl-CoA bearing in mind the high turnover rates of malonyl-CoA and sensitivity of
the predominant ACC isoform in the heart (ACC2) to acetyl-CoA concentration
(29,76). Moreover, heart CPT I is extremely sensitive to the smallest change in
malonyl-CoA concentration with an I1Csy for malonyl-CoA = 100nM (29,78). Therefore,
small changes in cytosolic acetyl-CoA concentration could theoretically lead to a strong

inhibition of CPT I and fatty acid oxidation (29).

The ACC reaction in the heart is essential to the malonyl-CoA axis due to the low levels
of the substrate, acetyl-CoA in the cytosol and the tighter regulation by kinases such as
S'adenosine monophosphate-activated protein kinase (AMPK) and hormones like
insulin (238-241). In ACC2KO mouse hearts, a relationship between the lower CrAT
protein levels and activity and an increased production of fatty acid-derived acetyl-CoA
and its accumulation (high acetyl-CoA/CoA ratio) may exist. Although the TCA cycle
consumes acetyl-CoA and thus may affect the acetyl-CoA/CoA ratio and although we
did not measure actual TCA cycle enzyme activities, however we did measure succinyl-

CoA levels which is an intermediate of the TCA cycle and they were not different
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between WT and ACC2KO hearts (Appendix A, Figure A4). Accordingly and in light
of unchanged total acetyl-CoA production (Figure 3.6D), it is highly plausible that in
ACC2KO hearts the reduced mitochondrial CrAT buffering of acetyl-CoA, where most
CrAT and acetyl-CoA exist, due to lower CrAT levels/activity has contributed to the
increased ratio. However to explain why CrAT levels went down, we propose that the
abolished ACC2-driven malonyl-CoA production may have decreased the requirement
of acetylcarnitine originating from the mitochondria thus causing a product inhibition or
a negative feedback resulting in a reduced requirement and protein levels of
mitochondrial CrAT (down-regulation). This mitochondrial CrAT represents the
majority of cellular CrAT and thus a drop in its levels will translate into lower total
protein levels and activity of CrAT. Consistent with this drop in CrAT levels are the
lower levels of cardiac short-acylcarnitines and higher free carnitine we found in

ACC2KO hearts compared to controls (Figure 3.7).

Conversely, 10-week HFD feeding showed an opposite pattern with respect to CrAT
protein levels and activities which were both higher compared to LFD control hearts.
This is similar to what was recently reported in skeletal muscles of Zucker diabetic fatty
rats showing increased activity and protein level of CrAT with a higher proportion of
the latter (242). However that same study showed in 20-week high-fat diet that
increased CrAT protein levels were not matched by increased activity in skeletal
muscles (242). In HFD hearts, acetyl-CoA/CoA ratio was low contrary to what was
found in ACCKO mice. However, the fact that the inverse relationship between CrAT
activity and acetyl-CoA/CoA was maintained in both models is intriguing. We propose

that the increased activity of CrAT enhances the transfer of acetyl groups from acetyl-
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CoA to carnitine in the mitochondria leaving behind a lower ratio of acetylated vs. free
CoA. A status of depressed acetyl-CoA production in these HFD hearts secondary to
significantly compromised glucose oxidation (diet-induced insulin resistance) with
unaltered palmitate oxidation rate may have up-regulated mitochondrial CrAT (at
transcriptional or post-translational level) to sustain constant supply of acetylcarnitine to
the cytosol and/or out of the cell thus regenerating mitochondrial free CoA for
continuous metabolic processes. In this sense, CrAT variability in both models could be
resulting from up-regulation/down-regulation processes suggesting a missing link

between acetyl-CoA/CoA ratio and the regulation of CrAT levels and/or activity.

Adding to the complexity of this paradigm is the fact that in both ACC2KO and HFD
hearts, malonyl-CoA was not different from respective controls. In fact, it is intriguing
that ACC2KO hearts show a normal level of malonyl-CoA. However, this was
previously shown in the same animal model in skeletal muscles and may suggest
compensatory mechanism counteracting the deletion of ACC2, the major ACC isoform
in the heart (16). Whether this malonyl-CoA production is mediated by ACC1 is not
clear but highly possible (29,243). The two isoforms are encoded by two separate genes,
with ACC2 having capacity to bind the outer mitochondrial membrane and most likely
provide a pool of malonyl-CoA directed toward CPT I inhibition and fatty acid
oxidation regulation unlike ACCI that is free in the cytosol and is mostly involved in
the synthesis of fatty acids (243,244). Consequently, accepting the value of total tissue
content of malonyl-CoA as a predictor of malonyl-CoA inhibition of CPT I and fatty
acid oxidation is questionable even in a non-lipogenic organ like the heart. In fact, the

inhibition of fatty acid oxidation by malonyl-CoA has been challenged before and holds
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some uncertainty (245,246). Additionally in both models investigated here,
measurements of malonyl-CoA levels were performed in insulin-treated hearts. Insulin
is known to up-regulate ACC activity through inhibiting its phosphorylation by AMPK
and cause an acute increase in malonyl-CoA levels (26,247). Therefore, insulin may
have turned available ACC “on” producing “maximum” levels of malonyl-CoA and
hence the lack of differences. Although our ACC2KO and WT cardiac levels of
malonyl-CoA are in accordance with previously measured values in rat hearts (=10
nmol - g dry weight™) (29), the levels were about two times higher in LFD and HFD
hearts which could have resulted from the different genetic background or age of these
mice (FVB vs. C57BL/6). The discrepancy in metabolic rates between the two control
groups (WT ACC2 and C57BL/6 controls) may as well, have resulted from the different

age and/or genetic background of these mice.

In conclusion, we provide evidence for cytosolic CrAT protein localization and activity
in whole ventricular tissue and H9c2 cells that is able to supply acetyl-CoA for
malonyl-CoA synthesis by ACC. In addition, CrAT functions appear to actively interact
with enzymes of the malonyl-CoA axis, particularly ACC, and respond to metabolic
clues such as dietary fat to fine-tune the regulation of energy metabolism.
Understanding some of CrAT roles in the cardiomyocyte (summarized in Figure 3.9)
will add to our knowledge of cardiac energy metabolism aiming at finding potential

metabolic therapies for treatment of heart disease.
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Table 3.1

Michaelis—Menten parameters for forward (CrAT) and reverse

(RCrAT) activities of carnitine acetyltransferase in the heart and liver of C57BL/6

mice. n = 3—4 in triplicate technical samples.

CrAT
K, R? Vmax
Fraction (uM carnitine) goodness of fit (nmol - min!- mg protein‘l)
Heart
Homogenate 537+ 1.1%* 0.94 102.6+ 7.0*
Mitochondria 56.2+9.4%* 0.94 80.6+7.5%
Liver
Homogenate 3.5£0.37 0.92 9.0+ 0.4
Mitochondria 11.0£1.8 0.85 10.2+ 1.1
RCrAT
K, R* Vimax
Fraction (uM CoA) goodness of fit (nmol min!- mg protein"l)
Heart
Homogenate 66.4+ 1.6* 1 0.75 26.8+6.2%
Mitochondria 32.8+£2.4% 0.91 24 .5+ 1.8*
Liver
Homogenate 113.4+ 8.1 0.93 3.1£0.3
Mitochondria 88.8+9.0 0.61 7.0£2.1

*P < 0.05, vs. corresponding fraction from liver tissue.

7P < 0.05, vs. mitochondrial value of same tissue type, unpaired t-test.
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Figure 3.1. Carnitine acetyltransferase activities and Kkinetics in the heart
compared with the liver. Carnitine acetyltransferase activity in the heart and in the
liver in both mitochondrial (A) and cytosolic fractions (B). CS activity in the heart and
the liver (C). Mitochondria breakage represented as CS leakage into cytosolic fractions
(D). Corrected cytosolic acetyl-CoA-producing (RCrAT) activity in the heart and the
liver (E). ATP-citrate lyase activity in the heart and the liver (F). Enzyme kinetics of
carnitine acetyltransferase in the forward direction at variable carnitine concentrations
in mitochondrial fractions (G) and homogenates (H) and in the reverse direction at
variable free CoA concentrations in mitochondrial fractions (I) and homogenates (J)
from heart ventricular and liver tissue. Total CrAT protein levels in homogenates of
liver and cardiac ventricular tissues using o-tubulin as loading control (K). C57BL/6
mouse tissues were used in experiments from A to K. Enzyme kinetics for CrAT in
homogenates of rat hearts (L). P < 0.05 compared with that of liver in the same
direction of activity. “P < 0.05 compared with the mitochondrial fraction. n = 3-5 in
triplicate technical samples. CrAT and RCrAT: forward and reverse directions of the

carnitine acetyltransferase reaction, respectively. ACL: ATP-citrate lyase.
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Figure 3.2. Enzyme activity of carnitine acetyltransferase presented as percent of Vi,
in the forward direction (A-D) at variable carnitine concentrations in mitochondrial
fractions (A, B) and homogenates (C, D) and in reverse direction (E,-H) at variable free
CoA concentrations in mitochondrial fractions (E, F) and homogenates (G, H) from

heart ventricular and liver tissue, respectively.
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Figure 3.2
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Figure 3.3. Cytosolic carnitine acetyltransferase in cardiac tissue. Enzyme
activities of CS (A), forward CrAT (B), and reverse RCrAT carnitine acetyltransferase
(C), in cytosolic and mitochondrial fractions. CrAT/CS and RCrAT/CS ratios (D and G,
respectively) in cytosolic fractions compared with the mitochondrial fraction.
Calculated residual cytosolic activities of CrAT (E,F) and RCrAT (H,I). "P < 0.05 vs.
mitochondria, n = 10-14 in triplicate technical samples. Immunoblots of CrAT protein
in highly purified cytosolic fractions (J), n = 6. Lysates were obtained from C57BL/6

mouse heart ventricles homogenized by Potter-Elvehjem.
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Figure 3.4. Cytosolic carnitine acetyltransferase activities in homogenized cultured
cardiac cells. Enzyme activities of CS (A), forward CrAT (B), and reverse RCrAT
carnitine acetyltransferase (C), in cytosolic and mitochondrial fractions of cultured
H9c2 cells. CrAT/CS and RCrAT/CS ratios (D and G, respectively) in cytosolic
fractions compared with the mitochondrial fraction. Calculated residual cytosolic
activities of CrAT (E,F) and RCrAT (H,I). Lysates were obtained from homogenized
undifferentiated and differentiated H9c2 cells using Potter-Elvehjem. "P < 0.05 vs.

mitochondria, n = 3 in triplicate technical samples.
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Figure 3.5. Cytosolic carnitine acetyltransferase activities in permeabilized cardiac
cells. Enzyme activities of CS (A), forward CrAT (B), and reverse RCrAT carnitine
acetyltransferase (C), in cytosolic and mitochondrial fractions of cultured H9c2 cells.
CrAT/CS and RCrAT/CS ratios (D and G, respectively) in cytosolic fractions compared
with the mitochondria fraction. Calculated residual cytosolic activities of CrAT (E,F)
and RCrAT (H,I). Lysates were obtained from undifferentiated and differentiated H9c2
cells permeabilized by digitonin as explained in methods. P < 0.05 vs. mitochondria,
P < 0.05 vs. undifferentiated cells in the respective fraction. n = 3 in triplicate technical

samples.
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Figure 3.6. Cardiac protein level and total activity of CrAT are decreased in ACC2
deficiency. Ex vivo cardiac work (A); glucose oxidation (B); palmitate oxidation (C);
total acetyl-CoA production (D); percentage contribution of glucose and palmitate
oxidation to acetyl-CoA production (E); cardiac efficiency (F); CrAT western blots (G)
(n = 6); CrAT activity (H); and acetyl-CoA/CoA ratio (I) of ACC2KO and WT control
mice. Confirmation of ACC2 gene deletion in hearts of ACC2KO animals is shown in
panel G using WB with peroxidase-labeled streptavidin that binds the biotin cofactor of
carboxylases. ACC2 band is missing in ACC2KO hearts in contrast with WT controls
showing both ACC1 and 2. (J) Malonyl-CoA levels measured by UPLC as explained in
methods and normalized for g dry weight of tissue. n = 5-18. Duplicate technical

samples were used to yield data in B-F and triplicates for H. P <0.05 vs. WT.
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Figure 3.7. Free, short-chain, long-chain acyl-, and total carnitine content in ACC2KO

hearts compared to WT controls. n=4-14. "P<0.05 vs. WT.
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Figure 3.8. Cardiac protein level and total activity of CrAT are increased in
response to a HFD. FEx vivo cardiac work (A); glucose oxidation (B); palmitate
oxidation (C); total acetyl-CoA production (D); percentage contribution of glucose and
palmitate oxidation to acetyl-CoA production (E); cardiac efficiency (F); CrAT western
blots (G) (n = 6); CrAT activity (H); and acetyl-CoA/CoA ratio (I) of hearts from mice
fed a 60% HFD for 10 weeks when compared with LFD controls. (J) Malonyl-CoA
levels measured by UPLC as explained in methods and normalized for g dry weight of
tissue. Duplicate technical samples were used to yield data in B-F and triplicates for H.

n=3-7. P<0.05vs. LFD.
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Figure 3.9. Proposed scheme as to how CrAT contributes to regulation of energy
metabolism. To sustain the activity of the pyruvate dehydrogenase and hence glucose
oxidation, mitochondrial CrAT (mCrAT) Ilowers acetyl-CoA by producing
acetylcarnitine, which is exported to the cytosol where cytosolic CrAT (cCrAT)
produces acetyl-CoA to supply malonyl-CoA production, thereby regulating fatty acid
oxidation. CD36/FAT, fatty acid translocase; FACS, fatty acyl-CoA synthetase; CPT,
carnitine palmitoyltransferase; GLUT, glucose transporter; CACT,
carnitine/acylcarnitine translocase; MCD, malonyl-CoA decarboxylase; ACC, acetyl-
CoA carboxylase; ACL, ATP-citrate lyase; PDC, pyruvate dehydrogenase complex;

TCA, tricarboxylic acid cycle.
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CHAPTER 4

Cardiac-Specific Deficiency of the Mitochondrial Calcium Uniporter

Augments Fatty Acid Oxidation and Functional Reserve
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Molecular and Cellular Cardiology.

Arata Fukushima helped with western blotting and acetylation experiments.
Golam Mezbah Uddin conducted some western blotting experiments. |
designed the study, conducted all remaining experiments, analyzed the

results, and wrote the manuscript.

112



CHAPTER 4

Cardiac-Specific Deficiency of the Mitochondrial Calcium Uniporter

Augments Fatty Acid Oxidation and Functional Reserve

4.1 Abstract

The mitochondrial calcium uniporter (MCU) relays cytosolic Ca®" transients to the
mitochondria. We examined whether energy metabolism was compromised in hearts
from mice with a cardiac-specific deficiency of MCU subjected to an isoproterenol
challenge. Surprisingly, isolated working hearts from cardiac MCU deleted mice
showed higher cardiac work, both in the presence or absence of isoproterenol. These
hearts were not energy-starved, with isoproterenol inducing a similar increase in
glucose oxidation rates compared to control hearts, but a greater increase in fatty acid
oxidation rates. This correlated with lower levels of the fatty acid oxidation inhibitor
malonyl-CoA, and to an increased stimulatory acetylation of its degrading enzyme
malonyl-CoA decarboxylase and of the fatty acid oxidation enzyme B-hydroxyacyl CoA
dehydrogenase. We conclude that impaired mitochondrial Ca®" uptake does not
compromise cardiac energetics due to a compensatory stimulation of fatty acid

oxidation that provides a higher energy reserve during acute adrenergic stress.
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4.2 Introduction

Mitochondrial uptake of Ca®" in vertebrates has been documented since the early 1960s
(96). This process has a central role in cell physiology by stimulating ATP production,
shaping cytosolic Ca*" transients, and regulating cell death (97). Mitochondrial Ca**
uptake has been attributed to a putative mitochondrial Ca*" uniporter (MCU), with the
channel eventually being identified in 2011 (98). The gene for MCU contains a
sequence coding for two trans-membrane domains embedded in the inner mitochondrial
membrane (98). In addition, several other proteins associated with this channel have

been identified as regulatory components (99-102).

Early studies examining the metabolic effects of increasing heart work showed an
increased myocardial glucose uptake and glucose oxidation with epinephrine treatment
(107). This increase in glucose oxidation rates is associated with increased glycolysis
and enhanced pyruvate dehydrogenase (PDH) activity even at the presence of high fatty
acid levels (22,106). This was mainly attributed to the stimulatory effect of an increase
in mitochondrial Ca®*" on PDH phosphatase (52). While increasing workload also
increases fatty acid oxidation, this occurs with a lower magnitude than glucose
oxidation (glycogenolysis and PDH stimulation) (22,48). This presumably occurs due to
adrenergic-induced increases in cytosolic Ca”" that are relayed into mitochondria by the
MCU and hence influence the activity of the intramitochondrial Ca®* -sensitive

dehydrogenases and PDH phosphatase (106).

Mitochondria derived from MCU”" mice have no apparent capacity to rapidly uptake

Ca”" (109,110). Despite this, basal metabolism in the skeletal muscle of MCU™ mice
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seems unaffected despite alterations in the phosphorylation and activity of PDH (110).
In addition, MCU” mice exhibit marked impairment in their ability to perform
strenuous work and respond to acute exercise stimulation (109,110). However, it is not
clear what effect increasing workload has on cardiac function and energetics if cardiac
mitochondrial Ca®" uptake is compromised. Therefore, we conducted our study on
MCU cardiac-specific and inducible knock-out mice hypothesizing that subjecting these
mice to an increased workload (i.e. isoproterenol stress) will result in an impaired
glucose oxidation and reduced efficiency due to a higher phosphorylation status of PDH

resulting from a decreased Ca®" -dependent PDH phosphatase activity.

4.3 Materials and Methods

4.3.1 Materials

Fatty acid free bovine serum albumin (BSA) was obtained from Equitech-Bio Inc.
(Kerrville, Texas). [U-""C] glucose, [9, 10-’H] palmitate, and enhanced
chemiluminescence substrate were obtained from Perkin Elmer (Waltham,
Massachusetts). Hyamine hydroxide was obtained from Curtis Laboratories (Bensalem,
Pennsylvania). EnzyChrom NAD/NADH Assay kit (E2ND-100) was obtained from
Bioassays Systems (Hayward, California). Insulin (Novolin ge Toronto) was obtained
from University of Alberta hospital stores and originally from Novo Nordisk
(Mississauga, Ontario). For measurement of short chain CoAs, Waters UPLC system
was used containing Supelco C8 10cm x 2.1mm 2.2um column that was purchased from

Waters Company (Milford, Massachusetts). A/G-agarose beads, Goat anti rabbit, goat
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anti mouse, and donkey anti goat secondary antibodies were obtained from Santa Cruz
(Santa Cruz, California). Specific primary antibodies were obtained from the indicated
following sources: CS, a-tubulin, LCAD, B-HAD, PGC-la, SIRT3, SIRT4, Total
OXPHOS Rodent AB Cocktail (for complex I to V), and mito-NCLX (SLC24A6)
(Abcam Toronto, Ontario). MCD (University of Alberta). GCN5SL1 (Santa Cruz,
California). AMPK, p-AMPK T172, MCU, FOXOI1, SIRT1, VDAC, and PDH (Cell
Signaling, Danvers, Massachusetts). p-PDH S293 (Calbiochem, San Diego, California).
Acetyl-lysine, and p-ACC S79, (Millipore, Darmstadt, Germany). Peroxidase labeled
streptavidin (Jackson ImmunoResearch, West Grove, Pennsylvania). Nitrocellulose
membrane was obtained from BioRad Laboratories (Munich, Germany). Western
blotting Medical x-ray film was obtained from FUJIFILM (Tokyo, Japan). ScintiSafe
scintillation fluid, Pierce protease and phosphatase inhibitor mini tablets and all other
chemicals were obtained from thermo-scientific/Fisher Scientific (Fair Lawn, New

Jersey).
4.3.2 Animals

The generation of the inducible cardiac specific MCU knock-out mouse was previously
described (109). Briefly, MCU"™ mice were generated by targeting the Mcu locus with
loxP flanking exons 5 and 6. MCU" animals were crossed (or not, as controls) with
mice expressing a tamoxifen-inducible Cre recombinase (MerCreMer) under a-myosin

heavy chain promoter to produce Mcyvi-MeM

animals. MCU deficiency was induced
by feeding 8-week old male mice with tamoxifen laden chow (Harlan, 400mg/kg) along

with MCU™" controls (109) for 4 weeks, then analyzed 3 months later. All animal

studies were approved by the University of Alberta Health Sciences Animal Welfare
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Committee and comply with the guidelines of the Canadian Council of Animal Care,
Alberta, as well as Cincinnati Children’s Hospital Medical Center and Emory

University’s Institutional Animal Care and Use Committees.
4.3.3 Study protocol and heart perfusions

Hearts from male MCU"™M and MCU™ control mice (20-22 week old) were
perfused in an ex vivo working heart system to evaluate cardiac functional and
metabolic changes. Mice were anesthetized using 12 mg sodium pentobarbital
administered intraperitoneally then the hearts were isolated and perfused as described
previously (21,211) with modification. The perfusion protocol consisted of 63 min
aerobic perfusion divided into 3 consecutive periods of: 21 min without insulin,
followed by 21 min with insulin (100 pU/ml), and another 21 min with both insulin and
isoproterenol (ISO, 10nM), to induce a condition of increased workload on these hearts.
Perfusion buffer consisted of a modified Krebs—Henseleit Bicarbonate (KHB) solution
containing in mM (118.5 NaCl, 25 NaHCOs, 4.7 KCl, 1.2 MgSQy4, 1.2 KH,;POy4, 2.5
CaCly, 5 glucose, 0.8 palmitate bound to 3% bovine serum albumin with trace amounts
of radioactive [U-MC]glucose, and [9, 10-3H]palmitate. The buffer was continuously
oxygenated with 95% O, and 5% CO,; gas mixture. Glucose and palmitate oxidation
rates were measured simultaneously by quantitative collection of '*CO, and *H,O
produced by the heart from metabolizing glucose and palmitate, respectively, and

expressed as nmol per g dry weight per min (nmol - g dry wt" - min™) (21,211).

Cardiac functional parameters were recorded using an MP100 system from

AcgKnowledge (BIOPAC Systems, Inc.). Cardiac work was calculated as a function of
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peak systolic pressure and cardiac output. Efficiency is represented as the ratio of
cardiac work to total calculated acetyl-CoA production rates (from glucose and fatty
acid oxidation rates). At the end of the perfusion protocol, hearts were clamp-frozen in
liquid nitrogen and stored at -80 °C for subsequent biochemical studies. The dry/wet
tissue ratio was calculated and metabolic rates were normalized to the total dry mass of

the heart.

4.3.4 Determination of short-CoA esters

Free CoA and its short esters including free CoA, malonyl-, and acetyl-CoA were
measured using an ultra-performance liquid chromatography (UPLC) procedure adapted
from a method previously described with modification (215). Heart tissue (15-20 mg)
was homogenized for 25 seconds in 150 pl 6% PCA and put on ice for 10 min. Samples
were centrifuged for 5 min x 12,000g and 4° C. Supernatants were then run on a Waters
UPLC system that included a binary solvent manager (model 646M), sample manager
(model 326M) and PDA detector (model 155M) using a Supelco C8 10cm x 2.1mm

2.2um column as described previously (216).

4.3.5 Waestern blotting

Protein levels in mouse hearts were assessed using immunoblotting as described
previously (214). Briefly, frozen mouse heart ventricular tissue was homogenized using
Polytron-homogenized. The tissue lysates were used to produce loading samples that
were run on SDS-polyacrylamide gel electrophoresis then transferred to nitrocellulose
membranes. The membranes were then blocked and probed with specific primary

antibody an afterwards, standard western blotting procedures were conducted as
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previously described (214). Peroxidase-labeled streptavidin (PLS) (Jackson
ImmunoResearch Laboratories, Cat# 016-030-084) was used for detection of ACC2
protein levels. Densitometry analysis of immunoblots was performed using ImagelJ
software (National Institutes of Health, USA) and normalized for value of the

appropriate loading control.

4.3.6 Acetylation assay

Specific protein acetylation was determined using an immunoprecipitation (IP) assay as
previously described (175) with some modifications. Frozen heart tissue was
homogenized in immunoprecipitation buffer containing 50mM Tris HCl (pH 7.5),
150mM NaCl, SmM EDTA, 0.5% NP-40, 1% Triton-X, and freshly added 1uM TSA,
SmM nicotinamide, and 10mM sodium butyrate, and protease inhibitor cocktail.
Supernatants of 10,000 g for 10 min at 4°C were assayed for protein and a total of 100
ug protein was precleared with 20 pul A/G-agarose beads then incubated with 3 pg
acetyl-lysine antibody (Millipore) overnight at 4°C. The following day, 50 ul of A/G-
agarose beads were added to each sample and incubated at 4°C on a rotator for 6 hr.
Samples were then washed three times and spun down at 5,000 g for 5 min keeping the
pellet which was then mixed with 20ul 4x sample digestion buffer and boiled at 95°C
for 5 min. Samples were then centrifuged at 15,000g for 15 min and all supernatant
taken which could then be detected by Western blotting as explained above. One
separate sample was not incubated with agarose beads and antibody to serve as a
positive control while a negative control was represented by a lysate processed with

normal (control) rabbit IgG instead of acetyl-lysine antibody. The magnitude of
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acetylation was quantified by normalizing acetylated protein for total protein (input)

band intensities.
4.3.7 NAD" and NADH assay

NAD" and NADH content was assessed in tissue samples from frozen ventricles of the
perfused hearts using EnzyChrom NAD'/NADH Assay kit (E2ND-100) according to

the manufacturer's protocol.
4.3.8 Statistical analysis

Data are presented as mean + SEM. Statistical significance was determined using an
unpaired t-test, one-way analysis of variance (ANOVA) or two-ANOVA with repeated
measures, followed by Bonferroni post-hoc test as appropriate. Differences were

deemed significant if p< 0.05.

4.4 Results

4.4.1 MCUVIMEM pearts show enhanced cardiac function at similar-to-control

heart rates

The animal model of cardiac-specific MCU deficient mouse (MCU"™ M) which
displays a normal healthy phenotype along with the accompanying impairment of
mitochondrial Ca®* uptake was previously described (109). To evaluate functional
consequences of MCU deficiency, we investigated in MCU"™M and in MCcU™
control hearts several functional parameters before (basal) and after the addition of

insulin, as well as after the introduction of ISO to create a considerably increased
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workload representing an acute stress challenge to these hearts. In this regard, we
utilized a unique ex vivo approach that provides actual workload to the mouse heart
through a perfusion system offering a normal directional (ante-grade) aortic and
coronary flow of an energy-substrate containing perfusate with physiologically relevant
concentrations and the ability to pump against actual afterloads. The system provides
homeostatic and cardiac work data in parallel with ongoing assessment of energy

metabolism.

In addition to previous confirmation of the cardiac-specific MCU deficient (MCU™"™

MEM) ‘mice (109), we also confirmed the MCU deficiency by immunoblotting. There
was a significant drop in MCU protein levels in the MCU deficient hearts to below 40%
of control levels (Figure 4.1A). The reason behind the incomplete deletion of MCU,
which was previously seen in the same mouse model (109), is unclear but may have
resulted from variable activity of Cre recombinase in different cells in what is known as
“Cre mosaicism” that is reported in some strains producing incomplete recombination
in some cells (248). In accordance with our previous experience with ex vivo working
heart perfusions, we did not see changes in cardiac function upon the addition of insulin

and henceforth, our assessment and statistical tests were based on pre- and post- ISO

perfusions.

Despite the rapid increase of heart rate after administration of ISO in all hearts, there
was no statistical difference between the two genotypes throughout the perfusion
. . . fI/fl-MCM
protocol (Figure 4.1B). However, and in contrast to our expectations, MCU
hearts showed an enhanced cardiac function throughout the protocol even at baseline.

This is displayed as higher left ventricular developed pressure (LVDP), cardiac output,
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peak systolic pressure, as well as cardiac work (Figure 4.1C-F). In summary, despite a
decrease of cardiac MCU protein, hearts showed an enhanced cardiac function that

persisted after ISO challenge.

4.4.2 Fatty acid oxidation in MCUYTMM hearts is increased in response to

isoproterenol stress

To investigate the energy substrate preference in hearts with impaired MCU function,
we utilized a radioisotope-based method tracing the oxidation of fatty acids and
glucose, the two major energy substrates for the heart. This method provides an actual
quantitative assessment of the contribution of fatty acid and glucose oxidation to the
tricarboxylic acid (TCA) cycle over the time course of perfusion in the heart.
Unexpectedly, the basal (without insulin) metabolic rates in MCU" ™M hearts of both
fatty acid oxidation and glucose oxidation were comparable to controls rates (Figure
42A and 2B). This suggests that the decrease in mitochondrial Ca®" seen in MCU
deficient hearts is not impairing flux through the TCA cycle dehydrogenases (isocitrate

dehydrogenase and o-ketoglutarate dehydrogenase).

As expected, addition of insulin increased glucose oxidation (Figure 4.2A) and
decreased fatty acid oxidation (Figure 4.2B) in the control hearts. Interestingly, in the
presence of insulin MCU deficient hearts showed an unexpected enhanced response in
the rate of glucose oxidation as compared to controls (Figure 4.2A). This suggests that
MCU deficiency was not decreasing PDH activity (the rate-limiting enzyme for glucose
oxidation) due to a decrease in Ca*"-activation of PDH phosphatase. The decline in fatty

acid oxidation rates seen in the presence of insulin also occurred in the MCU deficient
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hearts, with no statistical difference between the two genotypes (Figure 4.2B). These
responses disagree with previous suggestions of a correlation between MCU deficiency
and a metabolic inflexibility (108). Although glucose oxidation was enhanced in both
groups upon the administration of ISO, interestingly only the MCU"™™M hearts
showed accelerated fatty acid oxidation rates that was unmatched by the controls
(Figure 4.2 A and 2B). This was translated into higher contribution of fatty acid
oxidation to TCA cycle acetyl-CoA production in MCU deficient hearts compared to
controls (Figure 4.2C) and resulted in a reduced cardiac efficiency (Figure 4.2D). It is
important here to note that cardiac efficiency was not different between the two animal
groups at any specific treatment. However with ISO, MCUY™ hearts became more
reliant on the less efficient energy substrate, fatty acids to produce considerable amount
of cardiac work and consequently, this led to a decreased efficiency compared to pre-

ISO (1).

The increase in fatty acid oxidation in MCU deficient hearts in response to ISO was
associated with lower levels of malonyl-CoA (Figure 4.2E). Malonyl-CoA is a potent
biological inhibitor of carnitine palmitoyltransferase I (CPT I), the gatekeeper of
mitochondrial fatty acid uptake and subsequent oxidation (14). The accelerated fatty
acid oxidation was also correlated with improved energy reserve as shown by a higher
acetyl-CoA/CoA ratio in the MCU deficient hearts (Figure 4.2F). Therefore, MCU
deficient hearts did not show compromised energy production or metabolic inflexibility
in the absence or presence of insulin. Rather, the higher cardiac work displayed by these
hearts correlated well with enhanced energy production and reserve, with a greater

reliance on fatty acid oxidation in response to ISO stimulation.
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4.4.3 Protein levels and phosphorylation of key components of energy

metabolism in MCU" ™M pearts display minor variation

Since MCU deficiency was not associated with poor cardiac function or restricted
energy metabolism, we aimed at explaining these unexpected findings by investigating
important mitochondrial biogenesis and metabolic proteins. No changes were seen in
the phosphorylation of PDH, AMP-activated protein kinase (AMPK), or acetyl-CoA
carboxylase (ACC) (Figure 4.3A and B). Similarly, protein levels of malonyl-CoA
decarboxylase (MCD) responsible of malonyl-CoA degradation and those of the fatty
acid oxidation enzymes long-chain acyl-CoA dehydrogenase (LCAD) and -
hydroxyacyl CoA dehydrogenase (B-HAD) were not different (Figure 4.3C and D).
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), the
voltage-dependent anion channel (VDAC), and citrate synthase (CS) (relevant to
mitochondrial biogenesis and abundance, Figure 4.3C and D, and Figure 4.4A and B)

were not different than MCU™!

control mouse hearts. In addition, total PDH and
FOXO1 associated with glucose oxidation and insulin signaling pathways (1,249)
protein levels did not differ between MCU deficient mice and controls (Figure 4.4A and

B).

As previously reported (109), protein levels of mitochondrial sodium-calcium
exchanger (NCLX) showed a compensatory decrease paralleling the partial deficiency
of MCU in MCU"™M hearts (Figure 4.4A and B). Interestingly, both electron
transport chain (ETC) complex I and II protein levels were decreased in McyitMeM

(Figure 4.3C and D). However, the decline appears to be mild and is unlikely impeding

oxidative phosphorylation processes based on the unrestricted metabolic rates discussed
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above. In summary, the protein levels and phosphorylation of several components of
cardiac energy metabolic pathways appear unaltered in MCU deficient mice, with the

exception of mild decrease in ETC complex I and II protein levels.
4.4.4 Protein acetylation is altered in MCUY™MM pearts

As complex I and II protein content was decreased in MCU deficient hearts, we
hypothesized that NAD'/ NADH turnover could be affected. Therefore, we measured
NAD" and NADH levels and the ratio between the oxidized to reduced NAD forms.
The NAD'/NADH ratio has important implications on the activity of sirtuins which are
NAD"-dependent deacylases distributed among cellular compartments and involved in
lysine deacylation processes. Post-translational modifications (PTM) involving
acetylation are known to regulate cellular energy metabolism (139). NAD" levels were
significantly lower, whereas NADH content in MCU deficient hearts was not different
than controls (Figure 4.5A). Consequently, the NAD/NADH ratio was lower in

MCUYIMM hearts compared to Mmcu™ (Figure 4.5A).

Since increased NAD" levels, such as seen with Complex I deficiency, activate sirtuins
(173), we examined what effect MCU deficiency has on total cardiac lysine acetylation
and of specific key metabolic proteins/enzymes. Although total protein acetylation
(Figure 4.5B) and the protein levels of SIRTI1, SIRT3, and SIRT4 (nuclear and
mitochondrial deacetylases), as well as GCNSL1 (mitochondrial acetyltransferase),
were not different from controls (Figure 4.5C and D), the acetylation status of f-HAD
(a fatty acid oxidation enzyme) was increased, which we have previously shown to

increase fatty acid oxidation rates (154,175), although LCAD acetylation was not
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altered (Figure 4.5E and F). Acetylation of MCD (involved in malonyl-CoA
degradation) was also increased (Figure 4.5E and F), which increases MCD activity
(160) and may therefore explain the decrease in malonyl-CoA we observed. PGC-1a (a
target of SIRT1, Figure 4.5C and D) was also increased in MCU" ™ hearts. This was
not seen with PDH (Figure 4.6A and B). Our data suggests that increased acetylation of
B-HAD and MCD (resulting in a decrease in malonyl-CoA levels) may be responsible

for the increase in fatty acid oxidation seen in the MCU deficient hearts.

4.5 Discussion

The heart has a large energy demand in order to maintain continuous contractile
function, with this energy demand intensifying during fight or flight stressful situations
(1,109). A rise in mitochondrial Ca*" is believed to actively contribute to the increase in
energy production needed to sustain contractile function following adrenergic
stimulation by increasing the activity of mitochondrial TCA cycle dehydrogenases and
PDH (secondary to activation of PDH phosphatase) (104,105). Since Ca”" crosses the
inner mitochondrial membrane primarily through the MCU channel (98), a deficiency in
MCU would be expected to decrease energy production and compromise contractile
function of the heart, especially in response to an adrenergic stimulation. However, we
directly demonstrate that MCU deficiency does not compromise energy production or
contractile function in the heart. This is primarily due to a compensatory increase in

fatty acid oxidation and higher energy reserve in the heart.
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Of interest, we demonstrate a higher than normal cardiac work in mice with a cardiac
specific MCU deficiency, even after the induction of an ISO stress. Although this
finding appears unexpected, this increased work was probably the result of a
compensatory increase in energy production originating from fatty acid oxidation. In
addition, the contribution of glucose oxidation to energy production was also not
compromised in MCU deficient hearts. We also did not see a decrease in overall TCA
cycle activity, suggesting that the demonstrated decrease in mitochondrial Ca®" seen
with MCU deficiency (109) is not impairing either the TCA cycle dehydrogenases or

PDH activity.

The lack of a functional deficit in the MCU deficient hearts subjected to an adrenergic
stress is supported by other approaches in which MCU activity was altered. For
example, ruthenium red (an inhibitor of MCU) increased cardiac function, while
spermine (an opener of MCU) decreased cardiac function in hearts subjected to
ischemic post- conditioning (112). Conversely, in another study using ex vivo perfused
mouse hearts, both Ru360 and spermine (an inhibitor and stimulator of MCU,
respectively) induced negative and positive inotropic effects, respectively with
antagonistic effects (113). In this latter study, inotropic stimulation with ISO elevated
oxygen consumption, increased Ca*'-dependent activation of PDH, and increased
mitochondrial Ca*" content. These effects were abolished by Ru360, suggesting an
uncoupling between workload and ATP production upon MCU inhibition (113). It
should be recognized, however, that hearts in this study were perfused in the absence of
physiologically relevant concentrations of fatty acids, which would not allow for a

compensatory increase in fatty acid oxidation, such as we observed in our study.
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Another recent study showed in whole body MCU knock-out mice that although
cardiomyocyte mitochondrial matrix Ca”" levels were reduced, normal levels of cardiac
function, ATP, and respiratory control ratio under basal conditions were seen in
addition to normal responses to ISO stress and transverse aortic constriction (114).
Other studies using myocardial MCU inhibition by transgenic expression of a
dominant-negative MCU or cardiac deletion also showed normal resting heart rates
despite incapability of the animals of physiological “fight or flight” heart rate

acceleration (109,111).

The insulin-stimulated increases in glucose oxidation in our MCU deficient hearts are
particularly interesting. A recent study suggested a correlation between reduced levels
of MCU and insulin resistance as found in type-1 diabetic mice and in mouse neonatal
cardiomyocytes cultured under hyperglycemic conditions (108). In those cells, reduced
MCU levels correlated with decreased glucose oxidation associating with higher
phosphorylation and lower activity of PDH. This variability in phosphorylation of PDH
was not reproduced in our study perhaps as a result of the obscuring effect of ISO
stimulation on PDH phosphorylation. Here again, however, MCU deficiency models
have shown mixing results regarding PDH phosphorylation/activity (109,110). As for
the glucose oxidation rates in the MCU deficient hearts that were comparable to
controls after ISO administration, we believe that the rates have leveled up to a
maximum in all perfused hearts due to the augmented energy demands under the

increased workload.

The increase in fatty acid oxidation seen in the MCU deficient hearts was likely due, in

part, to a decrease in malonyl-CoA levels, which would result in an increase in

128



mitochondrial fatty acid uptake. Our data suggests that this decrease in malonyl-CoA
was not due to a reduction in ACC activity, but rather an increase in malonyl-CoA
degradation. MCD acetylation was increased in the MCU deficient hearts (Figure 4.5E
and F), which is associated with stimulation of its malonyl-CoA degradation activity
(160). In addition, an increased acetylation of the fatty acid oxidation enzyme, 3-HAD
occurred (Figure 4.5E and F) which is correlated with enhanced activity of fatty acid
oxidation (154,175). Therefore, alterations in acetylation of these enzymes may explain
the increase in fatty acid oxidation we observed in MCU deficient hearts. We propose
that the drop in NAD" levels seen in the MCU deficient hearts decreased SIRT3 activity
(which deacetylates 3-HAD) and decreased SIRT4 (which deacetylates MCD), leading
to an increase in B-HAD activity and a decrease in malonyl-CoA levels. Combined, this

resulted in activation in fatty acid oxidation in the MCU deficient hearts.

In conclusion, MCU deficiency in the heart is not associated with energy starvation or
decreased cardiac function. This is because fatty acid oxidation increases to meet the
extra energy demand. These hearts showed improved energetic reserve. Mechanisms of
metabolic alterations include enhancement of lysine acetylation of key regulatory
metabolic proteins. Understanding the roles of mitochondrial Ca** uptake in heart
metabolism may provide better insights on future therapeutic approaches for heart

disease.
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Figure 4.1. MCU deficient hearts show enhanced cardiac function at comparable

heart rates. (A) Western blotting confirmation of MCU protein deficiency in Mcut

MC fI/fl

M mouse hearts compared to MCU™" control after 8-week tamoxifen treatment. o-

tubulin was used as a protein loading control. "P<0.05 versus MCU™"

control, unpaired
t-test (n=4-6). Functional parameters of 63 min ex vivo working heart perfusions of
MCUM and MCUY™M hearts showing (B) heart rate, (C) left ventricular developed
pressure (LVDP), (D) cardiac output (CO), (E) peak systolic pressure, and (F) cardiac
work. Insulin (100 pU/ml) was added at 21 min, followed by addition of ISO (10nM) at
42 min as described in methods. Cardiac functional parameters data (B to E) were
recorded using an MP100 system from AcqKnowledge (BIOPAC Systems, Inc.), while
cardiac work was calculated as explained in experimental procedures. Statistical

fI/fl-MCM
A-MEM and

significance over the time course of pre- and post- ISO between MCU
MCU" control in B to F was determined using 2-way ANOVA with repeated
measures and, if significant, is indicated below the specific functional figure. For data in
B-F, n=10-13, "P<0.05 compared to MCU" at the specific time point using Bonferroni

post-hoc test. All values represented as mean = SEM. MCU: mitochondrial calcium

uniporter; ISO: isoproterenol.
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Figure 4.2. MCU deficient heart metabolism is altered in response to isoproterenol
stress. Energy substrate metabolic rates during ex vivo working heart perfusions of
MCUM and MCUYIMM showing (A) glucose oxidation, and (B) palmitate oxidation
rates at baseline (21 min), with insulin (100 pU/ml) (21 min), and after ISO (10nM)
administration (21 min). (C) Specific contributions of oxidized palmitate versus glucose
in MCU™™ and MCU™™™ hearts in the production of TCA cycle acetyl-CoA during
the three different perfusion periods mentioned in A and B. (D) Cardiac efficiency of
MCU" and MCU"™™M calculated as the cardiac work normalized for total TCA
cycle acetyl-CoA production during the three different perfusion periods mentioned in
A and B. In A to D "P<0.05 versus MCU™ control at the same treatment period,
unpaired t-test. "P< 0.05 versus baseline of same genotype group, 1-way ANOVA
(n=10-13). (E) Malonyl-CoA levels, expressed as nmol per g dry weight of tissue, and
(F) Acetyl-CoA/CoA ratio measured in samples from heart ventricles clamp-frozen at
the end of the 63 min heart perfusion protocol of MCU" and MCU"™™M In E and F
"P<0.05 versus MCU™ control, unpaired t-test. (n=8-12). All values represented as

mean = SEM. MCU: mitochondrial calcium uniporter; ISO: isoproterenol.
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Figure 4.3. Protein levels and phosphorylation of key components of energy
metabolism in MCU deficient hearts display minor variation. (A) Western blotting
analysis of the phosphorylation of key enzymes involved glucose and fatty acid
oxidation, S293 p-PDH, T172 p-AMPK, and S79/1200 p-ACC, which are associated
with their activity. Each phosphorylated form of these enzymes is normalized for the
total protein level of the respective enzyme. (B) Quantification of data presented in (A).
(C) Western blotting analysis of the protein levels of key enzymes and proteins
involved in energy metabolism and oxidative phosphorylation as well as mitochondria
biogenesis. Blots of the following proteins are presented: MCD; LCAD; B-HAD; PGC-
la; VDAC; ETC complexes I, II, III, and V. a-tubulin was used as a protein loading
control. (D) Quantification of data presented in (C). WB samples were made from heart
ventricles clamp-frozen at the end of the 63 min heart perfusion protocol of MCU"" and
MCUYTMM “pe 0,05 versus MCU™™, unpaired t-test (n=5-6). All values represented

as mean = SEM.
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Figure 4.4. Protein levels of additional important proteins involved in energy
metabolism, mitochondrial biogenesis and mitochondrial Ca®" homeostasis in
MCUY™MM and MCU™ control mouse hearts. (A) Western blotting analysis
mitochondrial NCLX (mitochondrial Ca*" efflux), PDH (glucose oxidation), CS (TCA
cycle), and FOXO1 (transcriptional factor for metabolic pathways). a-tubulin was used
as a protein loading control. (B) Quantification of data presented in (A). "P< 0.05 versus
MCU™ unpaired t-test (n=4-6). Western blotting and immunoprecipitation samples
were prepared from heart ventricles clamp-frozen at the end of the 63 min heart

perfusion protocol of MCU™ and MCUYTMM A values represented as mean = SEM.
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Figure 4.5. Protein acetylation is altered in MCU"Y™MM pearts. (A) NAD", NADH
levels, expressed as nmol per g dry weight of tissue, and NAD'/ NADH ratio in heart
tissue from MCU™ and MCU"™M mjice (n=10). (B) Western blotting analysis and
quantification of total protein acetylation in MCU™ and MCU"™™M mouse hearts. o-
tubulin was used as a protein loading control. (C) Western blotting analysis of SIRTI,
SIRT3, SIRT4, and GCNS5SL1, important enzymes regulating lysine acetylation of key
metabolic proteins. a-tubulin was used as a protein loading control. (D) Quantification
of data presented in (C). (E) Acetylation status of B-HAD, LCAD, and MCD enzymes
involved in fatty acid oxidation assessed by reverse immunoprecipitation (IP)
acetylation assay explained in methods. (F) Quantification of data presented in (E) by
normalizing for IP input of the respective total protein levels. NAD+, NADH, western
blotting, and immunoprecipitation samples were prepared from heart ventricles clamp-
frozen at the end of the 63 min heart perfusion protocol of MCU"™ and MCU"MM,
For data in B-F n=4-6. "P< 0.05 versus MCU"" unpaired t-test. All values represented

as mean = SEM.
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Figure 4.6. Protein acetylation of PDH and PGC-1a in MCUYMM apd McU™
control mouse hearts. (A) Acetylation status of PGC-1a and PDH, proteins involved in
mitochondrial biogenesis and glucose oxidation, respectively, assessed by reverse
immunoprecipitation (IP) acetylation assay explained in methods. (B) Quantification of
data presented in (A) by normalizing for IP input of the respective total protein levels.
'P< 0.05 versus MCU™ unpaired t-test (n=4-6). Western blotting and
immunoprecipitation samples were prepared from heart ventricles clamp-frozen at the
end of the 63 min heart perfusion protocol of MCU™ and MCU"™™M A1l values

represented as mean + SEM.
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CHAPTER 5

A Novel Role of Endothelial Autophagy as a Regulator of Myocardial
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CHAPTER 5

A Novel Role of Endothelial Autophagy as a Regulator of Myocardial

Fatty Acid Oxidation

5.1 Abstract

We sought to determine if endothelial autophagy impacts fatty acid delivery to the
myocardium and hence energy metabolism of the heart. We utilized isolated working
mouse hearts to compare cardiac function, energy metabolism and ischemic response of
hearts from endothelial cell-specific ATG7 knockout (EC—ATGT/') mice to hearts from
their wild-type littermates. We also conducted gene analyses on human umbilical vein
endothelial cells (HUVECs) incubated with scrambled siRNA or siATG7. In the
presence of insulin, working hearts from EC-ATG7”" mice, relative to those from wild-
type littermates, exhibited greater reductions in insulin-associated palmitate oxidation
(P < 0.05) indicating a diminished reliance on fatty acids as a fuel source. Likewise,
palmitate oxidation was markedly lower in the hearts of EC-ATG7”" mice vs. wild-type
mice during reperfusion of ischemic hearts (P < 0.05). While hearts from EC-ATG7™"
mice revealed significantly lower triacylglycerol content compared to those from wild-
type mice (P < 0.05), ATG7-silenced human umbilical vein endothelial cells
demonstrated appreciably lower fatty acid binding protein 4 and 5 expression relative to
those treated with scrambled siRNA (P < 0.05). We conclude that the disruption of

endothelial autophagy reduces cardiac fatty acid storage and dampens reliance on fatty
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acid oxidation as a cardiac fuel source. The autophagy network represents a novel target

for designing new strategies aimed at resetting perturbed myocardial bioenergetics.

5.2 Introduction

Myocardial contractile function imposes a significant metabolic demand on the body.
Under physiological conditions, approximately 70% of the energy requirements of
hearts are fueled by fatty acid oxidation with much of the remaining 30% derived from
glucose oxidation (1). While, in the normal heart, fatty acid and glucose metabolism are
intricately entwined and tightly regulated, this relationship can become progressively
perturbed in the settings of ischemia and heart failure when there is an imbalance in the

oxygen supply-demand axis (2).

Given that substrate utilization is a critical component for sustaining the metabolic
demands of the myocardium, it is perhaps not surprising that much attention has to date
focused on gaining a better understanding of both the myocardial metabolome and the
cross-talks that occur within the myocardial cell (250). In contrast, despite our
appreciation that endothelial cells (ECs) and cardiomyocytes have an intimate
relationship (251) and that ECs play a fundamental role in the pathophysiology of
ischemia/reperfusion (I/R) (252), there has been relatively little reported on the EC-
cardiomyocyte bioenergetic relationship and how derangements of this partnership
could impact the energy demands of the myocardium and in turn myocardial

contractility.
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Autophagy, an essential and evolutionary well conserved catabolic pathway that
recycles cellular components to maintain cellular homeostasis and promote cellular
survival, has been implicated in the pathophysiology of various cardiovascular diseases
(253-255). Our collaborating group previously reported that autophagy-related protein 7
(ATG7), and accordingly autophagy, is not only key in the paracrine regulation of EC-
released vasoactive substances (124), but also that impaired ATG7 expression and
consequently, the autophagic machinery contributes to the pathophysiology of
thrombosis (200) and I/R injury (256). Findings from our collaborating group and
others have further demonstrated a bidirectional regulatory relationship between
autophagy and cholesterol homeostasis, thus implicating a role for autophagy in

potentially regulating the metabolic network (125,127).

In consideration of the evidence described above, we sought to determine if endothelial
autophagy may be a yet unrecognized regulator of myocardial energy metabolism. To
this aim, functional and biochemical assessments were conducted on hearts isolated
from EC-specific ATG7 knockout (EC—ATGT/') mice. To provide a molecular context,
concomitant gene analyses were performed on ATG7-silenced human umbilical vein

endothelial cells (HUVECsS).

5.3 Materials and methods

5.3.1 Endothelial cell-specific ATG7 knockout mice
The EC-ATG7" mice used in the studies described herein have been previously

described and characterized (125,200,201). In short, EC-ATG7”" mice were the progeny
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of ATG7™"* and VE-Cadherin-Cre transgenic mice (The Jackson Laboratory, Bar
Harbor, Maine; Stock #006137). Ex vivo experiments were conducted on hearts isolated
from anesthetized (12 mg sodium pentobarbital, intraperitoneal) age-matched (22- to
36-week old) male EC-ATG7"" and wild-type (WT) littermate controls. All animal-
related protocols were approved by the University of Alberta Health Sciences Animal
Welfare Committee and the St. Michaels Hospital Animal Care Committee prior to
conduct, and the procedures performed were in full compliance with the guidelines of
the Canadian Council of Animal Care.

5.3.2 Exvivo aerobic heart perfusion protocol

Isolated working hearts were perfused as described previously (21,211) with an aerated
(95% 0,/ 5%C0O,) modified Krebs—Henseleit bicarbonate solution maintained at 37° C
and containing (in mmol/L) 118.5 NaCl, 25 NaHCOs;, 4.7 KCIl, 1.2 MgSO,, 1.2
KH;POy4, 2.5 CaCl,, and 5 glucose with 0.8 palmitate bound to 3% bovine serum
albumin as well as trace amounts of [U-MC]glucose and [9,10-> H]palmitate. At the end
of 30 min, insulin (100 pU/ml) was added the perfusate after which the hearts were
continually perfused for a further 30 min. Steady state glucose and palmitate oxidative
rates were concurrently measured via quantitative collection of '*CO, and *H,0, both
products of glucose and palmitate metabolism (21,211).

5.3.3 Exvivo ischemic-reperfusion heart perfusion protocol

Isolated working hearts were perfused under aerobic conditions for 30 min with
palmitate-supplemented (final concentration 1.2 mmol/L) Krebs—Henseleit bicarbonate
solution kept at 37 °C. This was followed by 20 min of global no-flow ischemia then 40

min of aerobic reperfusion. The palmitate levels added served to simulate the enhanced
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fatty acid levels typically observed under pathological I/R conditions (1,2). Cardiac
functional parameters were continuously sampled with an MP100 system coupled to the
AcgKnowledge software from BIOPAC Systems, Inc. Cardiac work was calculated
from the corresponding peak systolic pressure and cardiac output values. Cardiac
efficiency was assessed by normalizing cardiac work to the rate of acetyl-CoA
synthesis. At the end of the perfusion protocols, the hearts were freeze-clamped in
liquid nitrogen and stored at -80°C until they were processed for biochemical analyses.
5.3.4 Triacylglycerol assay

Lipids were extracted from frozen ventricle samples (10 mg) of murine hearts using a
modified version of the Bligh and Dyer method (213). In brief, the samples were
homogenized in a 2:1 chloroform-methanol mixture then mixed with a 20% volume of
methanol. The suspension was centrifuged at 3500g for 10 min at 4 °C and the
supernatant mixed with a 20% volume of 0.04% CaCl,. Following a second spin of
2400g for 20 min at 4 °C, the upper phase was discarded and the interface washed 3
times with a (by volume ratio) chloroform (3): methanol (48): water (47) mixture. Each
sample was mixed with 50 uL methanol then dried under nitrogen at 60 °C for 5-10 min
as necessary. The resultant pellet was dissolved in a mixture of (by volume ratio) tert-
Butyl alcohol (3): Triton X-100 (1): methanol (1) and levels of myocardial
triacylglycerol (TAG) measured with a colorimetric assay kit (Wako Chemicals,
Richmond, VA).

5.3.5 Real-time polymerase chain reaction

HUVECs (Lonza, Walkersville, MD), cultured as previously described, were treated for

48 hours with either small interfering RNA (siRNA) targeted at ATG7 (siATG7) or
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scrambled siRNAs (both from Ambion, Foster City, CA) (201). cDNAs, synthesized
from total RNA using the Quantitect kit (Qiagen, Germantown, MD), were processed
for quantitative analyses of ATG7, CD36, fatty acid-binding proteins (FABPs) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by real-time polymerase chain
reaction (RT-PCR) using the StepOnePlusTM Real-Time PCR System (Applied
Biosystems, Foster City, CA).

5.3.6 Statistical analysis

Data are presented as mean + SEM. Statistical significance was determined with the
Student's t-test (either paired or unpaired) or the two-way analysis of variance
(ANOVA) with repeated measures, followed by Bonferroni post-hoc analysis wherever

appropriate. Differences were considered significant under conditions of P < 0.05).

5.4 Results

5.4.1 Endothelial specific ATG7 deletion is associated with reduced myocardial
fatty acid oxidation in response to insulin
Under basal aerobic conditions, the cardiac parameters of working hearts from EC-
ATG7" mice appeared indistinguishable from those of their WT littermate controls and
remained stable during the 60 min observation window (Table 5.1 and Figure 5.1A).
Insulin perfusion led to marked and significant increases in glucose oxidation rates to
~2.6-fold for hearts from WT mice and ~3-fold for hearts from EC-ATG7” mice
(Figure 5.1B; both P < 0.05). In contrast, palmitate oxidation rates fell in response to
insulin (Figure 5.1C) although only the change observed with the hearts of EC-ATG7"

mice reached statistical significance (P < 0.05). TCA cycle acetyl-CoA production
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rates, in the absence and presence of insulin, did not differ between the hearts from EC-
ATG7" mice and those from their WT littermates (Figure 5.1D). Further investigations
revealed that in the absence of insulin, the acetyl-CoA for the TCA cycle in the two
groups of hearts was fed to similar extents by the intrinsic glucose and fatty oxidation
pathways (Figure 5.1E). In the presence of insulin, however, hearts from the two groups
of mice exhibited different substrate utilization preferences. Specifically, glucose
oxidation in the hearts of EC-ATG7" mice contributed relatively more, and accordingly
palmitate oxidation relatively less, to driving the TCA cycle than that in the hearts from
the WT littermate controls (Figure 5.1E). Of note, despite the differences in energy
substrate composition observed, cardiac efficiency for both groups of hearts when

exposed to insulin was similar (Figure 5.1F).

5.4.2 Endothelial specific ATG7 deletion is associated with augmented cardiac
glucose oxidation, diminished cardiac fatty acid oxidation and reduced
cardiac efficiency following I/R insult

Cardiac work measured in the hearts from EC-ATG7"" and WT mice, before, during

and after I/R, were similar with ~50% recovery detected in both cases (Figure 5.2A).

Notably, there were no functional differences between the two groups of hearts (Figure

5.2A) although their metabolic profiles displayed distinct differences. Intact autophagy

has been correlated with better recovery in cardiac I/R models (257). Although the
impairment of autophagy was confined to endothelial cells, it may have somehow
hindered post-ischemic recovery even in these metabolically efficient hearts. The

salutary effect of decreased palmitate oxidation and increased glucose oxidation in EC-
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ATG7" compared to their WT controls was most likely masked by the fact that in
control hearts, palmitate oxidation was unchanged or even tending to decrease during
reperfusion instead of increasing as we normally see. The reason behind this variation is
unclear but may stem from some collateral effects accompanying the genetic
manipulation in these mice. Glucose oxidation rates for the hearts from EC-ATG7™"
mice were approximately 3-fold those of the WT mice during both the pre-ischemia
(EC-ATG7" 3433 + 734 vs. WT 1242 + 184 nmol - g dry wt' - min'; P < 0.05) and
reperfusion (3287 + 655 vs. 1036 + 160 nmol - g dry wt' - min'; P < 0.05) phases
(Figure 5.2B). Although palmitate oxidation rates for the two groups of mice were
comparable during ischemia and reperfusion (Figure 5.2C), a statistical difference was
achieved only for the difference in palmitate oxidation rates between the ischemic and

reperfusion phases for the hearts from EC-ATG7" mice (Figure 5.2C; P < 0.05).

Prior to ischemia, TCA cycle acetyl-CoA production rates in the hearts from EC-ATG7
" mice were approximately 50% greater than those for the hearts from WT mice (Figure
5.2D). This heightened energy drive appeared to be fueled by elevations in glucose
oxidation rates since the palmitate oxidation rates of the hearts from EC-ATG7" and
WT mice were similar (Figure 5.2E). During the reperfusion phase, hearts from EC-
ATG7"" mice continued to exhibit increased TCA cycle acetyl-CoA production rates,
which were accompanied by lower palmitate oxidation rates (Figure 5.2E; P < 0.05).
The greater energy consumption measured in the hearts from EC-ATG7" vs. WT mice
during the I/R protocol correlated with the lower cardiac efficiency calculated for the

former group (Figure 5.2F; P <0.05).
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5.4.3 Endothelial specific ATG7 deletion lowers cardiac TAG stores and
expression of endothelial fatty acid binding proteins
Inasmuch as the TAG levels in the heart ventricles from EC-ATG7” mice were
approximately half of those detected in the WT littermates (Figure 5.3A; P < 0.05), we
hypothesized that endothelial specific deletion of ATG7 (Figure 5.3B and C) may be
associated with dysfunctional lipid transport. HUVECSs are among the most widespread
cultured cell type for in vitro studying of endothelial biology in vascular and
angiogenesis pathologies. These cells have been previously utilized in Dr. Verma’s lab
for studying endothelial autophagy relationship on lipid homeostasis (125) and offer
several advantages by being relatively easy to retrieve and isolate from the umbilical
vein, be driven to proliferate under in vitro conditions, and by responding to exogenous
stimuli such as cytokines and siRNA transfection, producing predictable knockdown of
the mRNA of interest in addition to be suitable for metabolism research (258). RT-PCR
analyses indicated that CD36 expression in ATG7-silenced HUVECs did not differ
appreciably from that in scrambled siRNA-transfected HUVECs (Figure 5.3D). The
expression of fatty acid binding protein 4 (FABP4) and 5 (FABPS), on the other hand,
were significantly lower in siATG7-treated HUVECsS relative to that in the scrambled

siRNA-transfected HUVECs (Figure 5.3E and F; P < 0.05 for both).

5.5 Discussion

Normal functioning hearts have high energy demands that are supported mainly by fatty
acid and glucose oxidation (2). Evidence to date suggest that the pathophysiology of

several chronic cardiac disorders may stem from, or are exacerbated, by anomalies in
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myocardial energy substrate metabolism (259). We report in this work that disruption of
normal EC autophagic flux decreases EC FABP expression and suggest that this
molecular anomaly may account in part for the lower TAG levels detected in hearts
from EC-ATG7" mice relative to those from their WT littermate controls. The smaller
myocardial TAG pool may also partially explain why hearts isolated from EC-ATG7"
mice appeared less reliant on palmitate oxidation as a fuel source during both insulin

stimulation and following ischemia induction in our I/R model.

The crosstalk between ECs and cardiomyocytes forms a critical regulatory pathway for
normal cardiac development and growth (251). Accordingly, deviations from the norm,
no matter how small, could have significant implications on cardiomyocyte phenotype,
metabolism, growth, contractility, rhythmicity, and survival (251). Indeed,
dysfunctional autocrine and paracrine signals at the endothelial level are known to play
a role in triggering and promoting I/R-associated irregularities (252). It is therefore
somewhat surprising that given the basic high energy needs of the heart and our
evolving understanding of the pathological foundation of multiple coronary and
vascular diseases, the delivery of energy substrates from ECs to cardiomyocytes

remains a poorly explored and understood biological entity.

Cellular 5' adenosine monophosphate-activated protein kinase (AMPK) is a
phylogenetically conserved energy sensor that has attracted much interest as a potential
therapeutic target to elevate muscle glucose uptake in diabetes, while favoring fatty acid
oxidation over fatty acid synthesis (260). Nutrient starvation in HUVECs has been
previously associated with AMPK activation and increases in fatty acid metabolism

(119,120). Milieu changes in free fatty acid and TAG levels trigger lipid droplet
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formation and degradation which ensure EC metabolic homeostasis while also serving
as fatty acid reservoirs for the cells nearby (121). These observations collectively
suggest that ECs possess the necessary machinery to regulate intracellular lipid levels,
buffer the circulatory fatty acid content and assist in the translocation of fatty acids from
ECs to the neighboring cardiomyocytes. However, unlike cardiomyocytes which
impose the greatest energy demands among the cells of the heart, ECs rely primarily on
glycolysis as their fuel source (261) and it is highly likely that the impact ECs have on
cardiac energy metabolism is limited to that necessary for substrate delivery.
Accordingly, the metabolic rates that we report herein most likely represent

cardiomyocyte utilization of coronary EC-delivered substrates.

As mentioned earlier, our collaborating group has reported extensively on how
abnormalities in the autophagic network are associated with functional, biochemical and
molecular changes that have been implicated in a wide range of cardiovascular
anomalies (124,200,253-256). This includes showing that EC autophagy plays a critical
role in restricting lipid accrual within the vasculature and consequently can alter the
downstream atherosclerotic burden (125). These results linking autophagy to lipid
homeostasis and atherogenesis not only align well with those previously reported
(126,262-264), but also extend the findings of Rambold and colleagues (129) who
described the significance of autophagy in fatty acid trafficking and toxicity. The
observations made in the current body of experiments add to the existing literature by
demonstrating that an intact endothelial autophagy network is essential for keeping up

with the energy demands of the heart.
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FABPs are lipid chaperones that are ubiquitously expressed in cells and tissues acutely
involved in fatty acid trafficking, signaling and metabolism (265). Compared to hearts
and skeletal muscles of WT mice, the corresponding samples from FABP4/5 double-
knockout mice exhibited significantly lower uptake of the fatty acid analogue '*I-15-
(p-iodophenyl)-3-(R,S)-methyl pentadecanoic acid and markedly greater uptake of the
glucose analogue '*F-fluorodeoxyglucose (266). This coupled with supporting protein
assessments led the investigators of the study to conclude that FABP4 and FABPS may
be potential therapeutic targets for correcting dysregulated lipid metabolism and
signaling. Inasmuch as ATG?7 silencing appreciably dampened cardiac TAG content as
well as lowered EC FABP4 and FABPS5 expression, it would not be unreasonable to
posit that the absence of autophagy leads to a decline in fatty acid translocation and in
turn a diminished TAG reservoir resulting in less fatty acid oxidation-associated energy
production. However, we cannot exclude the possibility that alternative roles of the
ATGT7 protein in ECs that extend beyond its known role in autophagy may have led to
the altered cardiac energy substrate preference. Although our I/R model did not show
beneficial effects on recovery in EC-ATG7™", possibly due to the importance of
autophagy in mitigation of I/R injury, the benefits of inhibiting palmitate and
stimulating glucose oxidation in other cardiac disease settings such as failing or insulin
resistant hearts by targeting endothelial lipid handling through autophagosomes or

FABP4/5 may still exist and require further investigation.

In summary, the results reported herein demonstrate that fatty acid metabolism within
the heart is reliant on an intact endothelial autophagy network. To the best of our

knowledge, this is the first demonstration linking disrupted endothelial autophagy with
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dysregulated cardiac energy metabolism via altered FABP expression. Our findings
support the notion that the endothelial autophagy network in conjunction with FABPs
may offer novel therapeutic targets for normalizing deranged myocardial mitochondrial

bioenergetics.
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Table 5.1. Cardiac parameters of working hearts from EC-ATG7” and WT

littermate controls perfused under aerobic conditions. Data shown are mean values

for n=5-8 mice. P value not significant, 2-way ANOV A with repeated measures (time).

Time (min)
10 20 30 40 50 60
Parameter EC- EC- EC- EC- EC- EC-
WT |ATG7 | WT |ATG7 | WT |ATG7'| WT |ATG7 | WT |ATG7 | WT |ATGT
/- /- /- /- /- /-
Cardiac
Ougons | 73| 728 [ 775 | T4k | 828 | T4k | 77+ | T6k | 8.5+ | 80+ | 88k | 7.8%
WPUE 6l 08 [ 14 ] 06 |12 06 | 13 ] 09 | 09| 09 | 08| 1.0
(ml/min)
Left
l;]e“tl“cl‘:i 31.6+| 34.5+ |28.0+| 34.8+ |27.55| 32.8+ [29.8+| 30.8+ [30.3+| 30.9+ |29.4+| 29.5+
CVEIOPCE | o4 | 28 |28 | 21 |18 | 21 | 31| 25 | 18] 23 | 20| 24
Pressure
(mmHg)
OA‘g]t‘c 56+ | 58+ |57+ | 55+ | 69+ | 5.4+ | 62+ | 55+ | 7.1+ | 5.7+ | 7.0% | 5.4+
oW 121 07 | 10| 06 | 06| 06 |08 ] 08 | 04| 09 | 05| 1.1
(ml/min)
CO;;’“’“Y 26+ | 155 |29+ | 1.9+ | 24+ | 2.0+ | 255 | 2.0+ | 2.6+ | 2.3+ | 2.8+ | 2.4+
ow 05| 02 05| 02 06| 02 |06] 02 | 08| 02 |09/ 03
(ml/min)
Hlfar:Rate 207+ | 191+ | 240+ | 181+ | 241+ | 195+ | 234+ | 211+ | 246+ | 217+ | 252+ | 214+
(beatsper | "3 | 6 |20 | 13 | 11| 14 | 22| 14 |as | 13 || 17
min)
Peak
Systolic | 76.9+| 80.1% |72.6+ | 80.0+ [72.2+| 78.5% | 72.9% | 76.8+ |73.6+| 76.1% |72.3%| 75.2+
Pressure | 23 | 22 | 25| 17 | 17| 14 |28 | 16 | 22| 15 | 24| 19
(mmHg)
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Figure 5.1. Endothelial-specific ATG7 deletion is associated with reduced
myocardial fatty acid oxidation in response to insulin. The functional and metabolic
capacities of hearts from EC-ATG7” mice and their WT littermates were measured
under aerobic conditions using the isolated working heart system. (A) Cardiac work
under basal conditions. The following parameters were measured or calculated in the
absence and presence of insulin: (B) glucose and (C) palmitate oxidation rates (D, E)
metabolic rates relative to cardiac work; (F) acetyl-CoA production and (G) the
corresponding proportional derivation from glucose (upper part of the bar) and
palmitate oxidation (lower part of the bar); (H) cardiac efficiency. n = 6-8 for each

group; P <0.05 vs corresponding data collected in the absence of insulin.
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Figure 5.2. Endothelial specific ATG7 deletion is associated with augmented
cardiac glucose oxidation, diminished cardiac fatty acid oxidation and reduced
cardiac efficiency following an I/R insult. The functional and metabolic capacities of
hearts from EC-ATG7” mice and their WT littermates were measured under I/R
conditions in isolated working hearts. The specific pre- and post-ischemia parameters
measured were: (A) Cardiac work; (B) glucose and (C) palmitate oxidation rates; (D)
TCA acetyl-CoA production, and the (E) corresponding proportional derivation from
glucose (upper part of the bar) and palmitate oxidation (lower part of the bar); (F)
cardiac efficiency. n=14-23 for each group; *P < 0.05 vs corresponding data from the

hearts of the WT group; *P<0.05vs corresponding pre-ischemia data.
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Figure 5.3. Endothelial specific ATG7 deletion lowers cardiac TAG stores and

expression of endothelial fatty acid binding proteins.

(A) TAG levels in freshly harvested, flash-frozen ventricles from EC-ATG7"~ mice and
their WT littermates, n=7-8. (B) Agarose gel electrophoresis of RT-PCR from total
RNA of HUVEC cells treated with siRNA showing successful knock-down of ATG7 in
cells treated with siATG7. (C) ATG7, (D) CD36, (E) FABP4, and (F) FABPS,
expression in siATG7- and scrambled (control) siRNA-treated HUVECs. GPADH
served as the housekeeping gene. RT-PCR results represent the mean of 3 independent
experiments conducted in triplicates. Data in A, C-F are presented as box-and-whiskers
plots where the upper and lower borders of the box represent the upper and lower
quartiles, the horizontal line inside the box represents the median, the upper and lower
whiskers represent the maximum and minimum values of non-outliers, and the + sign
represents the mean. *P < .05 vs corresponding WT or scrambled siRNA-treated group,

unpaired t-test.
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CHAPTER 6

Adropin Regulates Cardiac Energy Metabolism and Improves Cardiac

Function and Efficiency

A manuscript is currently under preparation to be submitted to the Journal

of Molecular and Cellular Cardiology
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Liyan Zhang assisted in the in vivo adropin injections in the mice. I
designed and performed all the remaining experiments, analyzed the
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CHAPTER 6

Adropin Regulates Cardiac Energy Metabolism and Improves Cardiac

Function and Efficiency

6.1 Abstract

Impaired cardiac insulin signaling and high cardiac fatty acid oxidation rates are
characteristics of obesity-induced and diabetic-induced cardiomyopathies. The potential
role of liver-derived factors in mediating these obesity and diabetes mediated changes in
cardiac energy metabolism are underappreciated. Plasma levels of adropin, a liver
secreted peptide, declines under conditions of insulin resistance and during fasting. In
skeletal muscle, adropin preferentially promotes glucose oxidation over fatty acid
oxidation. We therefore determined what effect adropin has on cardiac energy
metabolism, insulin signaling and cardiac efficiency. C57Bl/6 mice were fasted to
accentuate the differences in adropin plasma levels between animals, and were then
intraperitoneally injected with either vehicle or adropin (3 doses of 450 nmol/kg at 6-hr
intervals). Despite a fasting-induced predominance of fatty acid oxidation measured in
isolated working control hearts, insulin inhibition of fatty acid oxidation was preserved
by adropin compared with control (p<0.05). Adropin-treated mouse hearts also showed
a higher cardiac work over the course of perfusion (p<0.05), which was accompanied

by improved cardiac efficiency and enhanced phosphorylation of insulin signaling
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enzymes (p-IRS-1 at Y%, AS160 at T*?, and GSK3B at S’ p<0.05). Interestingly,
acute addition of adropin to isolated working hearts from non-fasting mice also resulted
in an inhibition of fatty acid oxidation, accompanied by a robust stimulation of glucose
oxidation compared with vehicle-treated hearts. Acute administration of adropin also
increased insulin-induced phosphorylation of Akt (Akt $*7), IRS-1 (p-IRS-1 Y®**), and
GSK3p (p-GSK3B S°) (p<0.05). Both in vivo and in vitro treatment protocols induced a
reduction in the insulin-signalling mitigating phosphorylation of JNK (p-JNK T'*/Y'*)
and IRS-1 (p-IRS-1 S*”") phosphorylation, suggesting acute receptor- and/or post-
translational modification-mediated mechanisms. These results demonstrate that
adropin has important effects on energy metabolism in the heart, and may be a putative
candidate for the treatment of cardiac disease associated with impaired insulin

sensitivity.

6.2 Introduction

Several secreted peptides have been shown to mediate whole body energy homeostasis,
lipid metabolism and maintenance of insulin sensitivity (182,267-269). For instance,
adipokines, secreted by the adipose tissue, act as paracrine/endocrine hormones to
mediate energy metabolism and have been extensively studied in the setting of obesity
and diabetes (270). However, less attention has been given to the potential metabolic
actions of liver-secreted metabolic factors such as adropin (193). Adropin is a secretable
peptide initially identified in the liver and is encoded by the Energy Homeostasis
Associated gene (Enho) (193). Circulating adropin levels are closely related to

nutritional and metabolic cues in the body. For example, liver adropin expression
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decreases with diet- or genetically-induced obesity (193). Additionally, the expression
and plasma levels of adropin are increased by feeding and suppressed by fasting
(193,271). In skeletal muscles, adropin has been proposed to have a role in mediating
energy metabolism through preferentially promoting glucose oxidation over fatty acid
oxidation (192). This is associated with improved insulin sensitivity in mice with diet-
induced obesity (194). This insulin sensitizing effect of adropin is thought to be
mediated by an increase in glucose oxidation through activation of pyruvate
dehydrogenase (PDH), by lowering the protein levels of it inhibitory kinase PDH kinase
4 (PDK4), while also inhibiting sarcolemmal and mitochondrial fatty acid uptake at a
transcriptional level through decreasing the protein levels of the fatty acid transporter

CD36, and carnitine palmitoyltransferase 1 (CPT I) (192,194).

Myocardial energy metabolism is profoundly altered in many heart pathologies
including heart failure and diabetic cardiomyopathy (272). Diabetic hearts are more
reliant on fatty acid oxidation for energy production and display impairment of glucose
uptake and metabolism, whereas failing hearts show general impairment of
mitochondrial oxidative phosphorylation with increased dependence on glycolysis (1).
These alterations in cardiac energy metabolism contribute to the severity of heart
disease (1,4). Clinically, reduced serum levels of adropin are associated with several
cardiovascular conditions including endothelial dysfunction, heart failure, acute
myocardial infarction, coronary atherosclerosis, and cardiac syndrome X, and represent

an independent risk factor and predictor of most of these conditions (273).

Whether adropin alters cardiac energy metabolism in the heart is unknown, as are the

potential mechanisms by which it mediates energy metabolism. Understanding the
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metabolic effects of adropin may not only provide diagnostic tools for early detection of
cardiac pathologies, but may also help device novel therapies aiming at alleviating the
metabolic disturbances contributing to the progression of heart disease. Therefore, the
aim of this study was to investigate the effects of adropin administration on cardiac
energy metabolism and function with the hypothesis that adropin causes a switch of
myocardial energy metabolism towards glucose oxidation, while improving insulin

sensitivity.

6.3 Materials and methods

6.3.1 Materials and animals

The materials used in this study are detailed in Chapter 2. Male C57BL/6 mice (7-10
weeks of age) were obtained from Charles River laboratories (Wilmington, MA, USA)
and used in the study. The animals were given free access to regular chow diet (Harlan
Teklad, Madison, WI, USA) unless a fasting protocol was applied as explained below.
All animal studies were approved by the University of Alberta Health Sciences Animal
Welfare Committee and conform to the guidelines of the Canadian Council of Animal
Care, Alberta.

6.3.2 Study protocol

The animals utilized in this study to evaluate cardiac functional and metabolic changes

of adropin were subjected to one of either of the following protocols:

1. In vivo adropin: mice received three intra-peritoneal (IP) injections of 450 nmol/kg

Adropin®*® (ChinaPeptides, Shanghai, China) dissolved in 0.1% BSA normal
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saline or vehicle, over a 20-24 hr period. This adropin administration protocol was
previously used to induce metabolic actions in whole-body and skeletal muscles in
mice (192,194). All mice were fasted after 4 hours of the first treatment injection
just before their dark cycle, and for a total of 16-20 hr. This fasting protocol was
adopted to accentuate the differences in plasma levels of adropin between the
animals of the two experimental groups. At the end of fasting period, the mice were
euthanized using 12 mg intraperitoneal sodium pentobarbital followed by isolating
and perfusing the heart using a working heart preparation as described previously
(21,211) for 30 min without insulin, followed by 30 min with 100 pU/ml insulin. A
schematic view of the in vivo protocol is shown in Figure 6.1A.

. Ex vivo adropin: To examine if adropin had acute metabolic/functional effects on
the heart, we also acutely perfused hearts from normally fed animals. These animals
did not receive treatments before euthanasia. Hearts were perfused using the ex vivo
working heart system as described above, with the modification that during the
whole perfusion protocol, 100 pU/ml insulin was present in the perfusate as well as

either Adropin®*7°

(2 nM, equivalent to 10 ng/ml), an elevated yet physiologically
relevant concentration, or vehicle. A schematic view of the ex vivo protocol is

shown in Figure 6.3A.

6.3.3 Heart perfusions

In addition to the specific treatment as explained above, the isolated working-heart

perfusate consisted of a modified Krebs—Henseleit bicarbonate (KHB) solution

containing in mM (118.5 NaCl, 4.7 KCl, 2.5 CaCl,, 25 NaHCOs;, 1.2 KH,POy4, 1.2

MgSO,, 5 glucose, and 0.8 palmitate bound to 3% bovine serum albumin. Trace
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amounts of a combination of two appropriate radiolabeled molecules of [5-°H] glucose,
[U-"*C] glucose, [9, 10-°H] palmitate were added to perfusate to assess rates of
glycolysis, glucose oxidation, and palmitate oxidation, respectively. The perfusate was
continuously oxygenated with a gas mixture of 95% O, and 5% CO,. Two metabolic
rates were determined simultaneously by quantitative collection of *CO, and *H,0
produced by the hearts from metabolizing the respective energy substrates. Rates were
expressed as nmol per g dry weight per min (nmol - g dry wt”' - min™") (21,211). Proton
production from uncoupled glycolysis and glucose oxidation was calculated based on

knowledge of the lactate dehydrogenase reaction.

Cardiac function was assessed in isolated working hearts using a MP100 system from
AcgKnowledge (BIOPAC Systems, Inc.). This included assessing heart rate, peak
systolic pressure, left ventricular developed pressure, cardiac output, and aortic output.
Cardiac work was determined as a function of cardiac output and peak systolic pressure.
Cardiac efficiency was calculated as the ratio of cardiac work to total acetyl-CoA
production rates, which in turn was obtained from energy substrate metabolic rates. At
the end of each perfusion, the heart ventricles were clamp-frozen in liquid nitrogen then
stored at -80 °C for subsequent biochemical examination. The dry/wet tissue ratio was

determined and metabolic rates were represented as per total dry mass of the heart.

6.3.4 Western blotting

Protein levels and phosphorylation were assessed in heart tissue using immunoblotting,
as described previously (214). Western blotting samples were prepared from lysates of
homogenized heart ventricular tissue and then subjected to western blotting procedures

using specific antibodies against the proteins of interest as well as the appropriate
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loading controls. The phosphorylation of specific proteins was assessed using an
antibody detecting a phosphorylated sequence of the respective protein. More details of
these procedures are presented in Chapter 2.

6.3.5 Glucose tolerance test

An intraperitoneal (IP) glucose tolerance test was conducted on fasted mice
administered adropin or vehicle using a dose of 2 g glucose/kg as previously described
(274). The procedure was performed 60 min after the third IP injection of adropin
(450nmol/kg), as explained above, after fasting the animal for 14-18 hr and at least 2
hours prior to heart perfusion. Body weight and blood glucose levels were measured
using a commercial glucometer just before the IP glucose injection. Blood glucose
levels were then reassessed at 15, 30, 45, 60, 75, 90, and 120 min from glucose
administration.

6.3.6 Statistical analysis

Data are expressed as mean = SEM. Statistical significance was determined using
paired, unpaired t-test, 2-ANOVA, or 2-ANOVA with repeated measures, followed by
Bonferroni post-hoc test whenever appropriate. Differences were considered significant

if p<0.05.

6.4 Results

6.4.1 Adropin administration to fasting mice improves cardiac function and
efficiency while increasing insulin’s inhibitory effect on palmitate oxidation

To evaluate the consequences of increased circulating levels of the secretable form of

34-76

adropin (i.e. adropin™ ), on cardiac function and metabolism, we injected C57BL/6
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mice with either 450 nmol/kg adropin or vehicle three times during a 24 hr period in
accordance with previously used protocols that reportedly ensured a physiological
response (192,193). A 16-20 hr fasting protocol was adopted to augment the differences
in plasma levels of adropin between the two experimental groups and to investigate
adropin’s metabolic effects under conditions of increased metabolic inflexibility and
increased reliance of the heart on fatty acid oxidation for energy production (192,194)
that is seen with fasting (1) (Figure 6.1A). Thereafter, several functional parameters
were assessed using an isolated working heart system. This approach provides a tool to
investigate homeostatic and cardiac work data in parallel with ongoing assessment of
energy metabolism. The hearts were subjected to actual workloads through a perfusion
system that offered a normal (ante-grade) aortic and coronary flow. It also allowed
simultaneous measurement of absolute catabolic rates of two energy substrates in
isolation from whole body effects through perfusing the animal heart with a solution
containing physiologically relevant concentrations of such substrates, along with traces
amounts of radiolabeled substrates, in addition to the ions necessary for normal

excitation-contraction processes.

As expected in these lean mice, that were not suffering from impaired insulin sensitivity
or glucose homeostasis, whole body glucose tolerance was not different between the
two groups (Appendix B, Figure B1). Interestingly, as little as one day treatment with
adropin improved ex vivo cardiac function, as evidenced by enhanced cardiac work
especially upon the introduction of insulin to the perfusate (Figure 6.1B). There was
also a significant increase in coronary flow, which may have contributed to the

enhanced cardiac work (Figure 6.1C).
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Despite fasting, the effect of insulin on stimulating cardiac glucose oxidation rates was
seen in both vehicle and adropin-treated mice (Figure 6.1D). In contrast, hearts from
vehicle-treated fasted mice, lacked the inhibitory effect of insulin on palmitate oxidation
(Figure 6.1E), that normally exist in fed mice. However, the inhibitory effects of insulin
on fatty acid oxidation were clearly preserved in hearts from the adropin-treated mice
(Figure 6.1E). This suggests enhanced myocardial insulin sensitivity with adropin even
in the fasted mice. The lack of effect of adropin on glucose oxidation rates may have
stemmed from the relatively inhibited glucose oxidation in such fasting animals,
rendering it suppressed and less responsive to adropin. Glycolysis rates were also not
different between hearts from adropin-treated mice and vehicle-treated mice (Figure
6.1F). In light of the similar glucose oxidation in both groups, glycolysis-glucose
oxidation coupling, and therefore proton production rates, were comparable to control

hearts (Figure 6.1G).

By considering the three different sources of ATP production used in our model, it is
clear that the contribution of fatty acid oxidation to ATP was decreased by insulin in
hearts from adropin-treated mice (Figure 6.1H) which resulted in a moderate decrease
in ATP produced to provide the higher cardiac work exerted by these hearts, thus
leading to a raise in cardiac efficiency (Figure 6.11) as defined by the amount of cardiac
work per ATP produced. Together, these results suggest that adropin enhances ex vivo
cardiac function with a stimulatory effect on insulin’s inhibition of fatty acid oxidation,

associated with higher cardiac efficiency.
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6.4.2 In vivo 24 hr treatment with adropin does not change protein levels of key
metabolic enzymes proposed to mediate its effects in skeletal muscles
Based on our functional and metabolic data, we investigated possible variations in
levels and phosphorylation status of proteins known to regulate energy metabolic
pathways. We first explored the mechanisms previously suggested to mediate adropin
effects on skeletal muscles at a transcriptional levels (192,194). Contrary to previously
proposed mechanisms in skeletal muscles, we did not see changes in protein levels of
CD36, CPT I b, or PDK (Figure 6.2 A and B). Phosphorylation of PDH El-alpha

subunit at S**°

was also not different between adropin and control groups (Figure 2 A
and B). Moreover, phosphorylation of AMP Kinase (p-AMPK T'7?) and acetyl-CoA
carboxylase (p-ACC 2 S"%) were not changed, nor were the protein levels of PPARa or
PGCl1-a (Figure 2 A and B). These results suggest that in the heart the metabolic effects
associated with adropin administration over a 24 hr period are not explained by variable
protein expression of components proposed to mediate the metabolic effects of adropin
in skeletal muscle.

6.4.3 Acute administration of adropin stimulates glucose oxidation with a

corresponding inhibition of palmitate oxidation

Since we did not see effects of adropin injections on protein levels of the metabolic
regulatory components previously suggested to mediate the effects on skeletal muscle
energy metabolism (192,194), we examined whether adropin has any acute
metabolic/functional effects on the heart that are not dependent on protein expression.

This involved directly perfusing isolated working mouse hearts with 2nM adropin or

vehicle (Figure 6.3A). Acute adropin-treatment did not have major effects on cardiac
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function (Figure 6.3B), although there was a tendency towards improved cardiac work
and a significant increase in rate-pressure product (RPP). Despite these minor effects on
cardiac function, hearts perfused with adropin showed a significant enhancement of
glucose oxidation accompanied by a corresponding decrease in palmitate oxidation
(Figure 6.3D and E, respectively) compared with control. Here again, there was no
change in glycolysis or proton production rates (Figure 6.3F and G). This resulted in a
significant increase in the contribution of glucose oxidation as opposed to palmitate
oxidation to the production of ATP (Figure 6.3H). Since these non-stressed hearts
produced comparable total amount of ATP and magnitude of cardiac work, their cardiac

efficiency did not differ from controls (Figure 6.31).

6.4.4 Insulin signaling is enhanced in the hearts of adropin-injected mice and in
isolated hearts perfused with adropin
The acute and profound effect of acute adropin administration in stimulating cardiac
glucose oxidation and inhibiting fatty acid oxidation, and the inhibition of fatty acid
oxidation and the lack of changes in the expression of several proteins involved in
energy metabolism following in vivo adropin administration, led us to the hypothesis
that a PTM mechanism(s) may actually be responsible for the effects of adropin on
cardiac energy metabolism in the heart. We therefore measured several components of
the cardiac insulin signaling pathway following both in vivo and ex vivo adropin-
treatment. As shown in Figure 6.4, tissue lysates of heart ventricles from mice treated
with in vivo adropin showed enhanced stimulatory phosphorylation of AS160 (p-AS160

T*?) and insulin receptor substrate-1 (p- IRS-1 Y®**) and an inhibitory phosphorylation
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of GSK3p (p-GSK3p S”), with only a tendency for increased phosphorylation of Akt (p-
Akt S*7*), upstream of GSK3p and AS160, compared with vehicle controls (p<0.05).
Similarly, ex vivo adropin also promoted insulin signaling compared with vehicle
controls, as evidenced by increased stimulatory phosphorylation of IRS-1 (p- IRS-1
Y®) and Akt (p-Akt S$*), as well as by downstream inhibitory phosphorylation of
GSK3pB (p-GSK3p S°) in ex vivo adropin hearts (p<0.05), although not significantly

changing AS160 phosphorylation (p-AS160 T**) status (Figure 6.5).

A negative regulator of IRS-1 is its phosphorylation at S*’ residues in mouse tissue
(S*'? in human) which is located at a domain involved in the binding of IRS-1 to the
insulin receptor (IR), and when phosphorylated hinders this binding and subsequent

insulin signalling (275). We observed a decline in IRS-1 S*”

phosphorylation with both
in vivo and ex vivo adropin administration (Figure 6.4 and Figure 6.5). This is consistent
with stimulation of insulin signalling and improved cardiac insulin sensitivity evident in
the above molecular and metabolic effects of adropin. One upstream kinase responsible
for IRS-1 S* phosphorylation is c-Jun NHj-terminal kinase (JNK) (276), which

185

displayed decreased phosphorylation (p-JNK T'*/Y'®) with both in vivo and ex vivo

adropin administration associated with inhibited activity of this kinase and consequently

in line with decreased IRS-1 S*”

phosphorylation (Figure 6.4 and 6.5). To summarize,
in vivo adropin injections as well as acute ex vivo adropin in isolated hearts was

associated with stimulation of insulin signalling pathways that was accompanied by

inhibitory effects on INK/ IRS-1 S** phosphorylation axis.
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6.5 Discussion

Several peptides secreted by non-muscular tissues are known to affect energy
homeostasis and insulin sensitivity in heart and skeletal muscle (182-185). The majority
of research in this area has focused on factors secreted by adipocytes (i.e. adipokines)
including adiponectin and leptin, which have hormone-like endocrine effects on the
liver, heart, and skeletal muscles (184). Dysregulated plasma levels and functions of
certain adipokines including adiponectin, leptin as well as pro-inflammatory cytokines
and resistin are associated with insulin resistance seen in obesity (184,185). However,
liver-secreted factors have only gained sufficient attention as potential modulators of
energy homeostasis in extrahepatic tissues, particularly the heart (183). Here we show

3%76) which is naturally synthesized and

that a secreted form of adropin (i.e. Adropin
secreted by the liver, induces significant modification of cardiac energy metabolism by
increasing glucose oxidation and inhibiting fatty acid oxidation. We also demonstrate
that this is mediated, at least in part, by enhancement of insulin signalling and therefore
increased glucose oxidation and inhibition of fatty acid oxidation (1,177). As a result,

we demonstrate that the liver can significantly regulate cardiac energy metabolism

through the release of adropin.

Decreased adropin plasma levels are associated with markers of insulin resistance (277).
Adropin has been recently proposed to have an important role in regulating skeletal
muscle energy metabolism particularly in post-prandial conditions (192,193) and in
obesity (194). In these previous studies, either transgenic overexpression or exogenous
administration of adropin improved the overall metabolic profile in animals with diet-

induced obesity through better glucose tolerance and oxidation and insulin sensitivity
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(193,194). However, assessment of direct regulatory effects of adropin on cardiac

energy substrate metabolism has not been performed prior to our current study.

The expression and plasma levels of adropin are increased during feeding and
suppressed by fasting (193,271). Accordingly and in order to increase the contrast in
adropin levels between the two treatments and possible effects on cardiac function and
energy metabolism, we utilized a fasting protocol applied to mice injected with adropin
or vehicle. Although we did not utilize in this initial study an experimental model of
diabetes, this approach allowed us to simulate the metabolic status of diabetic hearts by
creating a fasting-induced elevation of fatty acid oxidation and inhibited glucose
oxidation. This proved useful in evaluating adropin for possible effects counteracting

the fasting-associated energy metabolism profile akin to the insulin resistant heart.

The improved cardiac function seen in adropin-treated hearts, particularly the in vivo
study, is of particular significance and uniqueness to this study. Direct functional
consequences were not investigated in previously studied tissue, namely skeletal
muscle, and therefore our demonstration of direct beneficial effects of adropin on
cardiac function may suggest useful implications and benefit in conditions of cardiac
disease associated with impaired insulin sensitivity. However, this study represents a
preliminary evaluation of actions of adropin on cardiac function and future
investigations on diseased hearts are required. The exact mechanism of improved
cardiac function, especially with insulin stimulation, is not clear, although this may be
related to an increased cardiac efficiency with in vivo adropin (Figure 6.1G), a finding
consistent with inhibition of fatty acid oxidation, which is a less efficient energy

substrate compared to glucose (1,278).
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The mechanism by which adropin was proposed to stimulate glucose oxidation in
skeletal muscles involved stimulating PDH activity by down-regulating the protein
expression of its inhibitory kinase PDK4 (192,194). Similarly, inhibition of fatty acid
oxidation was proposed to occur through decreasing the protein expression of the
sarcolemmal fatty acid translocase, CD36, and of CPT I, the enzyme responsible for
mitochondrial uptake and hence oxidation of activated long fatty acids (192,194). In
addition, it was suggested that these effects are mediated through the inhibitory
acetylation control of the transcriptional coactivator PGC-1a, through SIRTI1, with
subsequent effects on PDK4 and CPT levels (192,194). Interestingly, although these
molecular effects of adropin were accompanied by modulation of energy metabolism in
skeletal muscle similar to what we report here in the heart, we could not reproduce such
transcriptional, protein level or acetylation changes (Appendix B, Figure B2) with
adropin in the heart. This suggests that the cardiac response to adropin may involve
different mechanisms depending on the tissue affected and/or duration of treatment.
Nonetheless, several components of insulin signaling were stimulated by adropin in our
mouse hearts, associated with the increase in glucose oxidation and/or decline in fatty
acid oxidation (Figure 6.6). These are consistent with the aforementioned studies on

normal and insulin-resistant mouse skeletal muscles (192,194).

The impressive acute adropin metabolic response in the absence of alterations in the
expression of key metabolic proteins suggest a mechanism of action involving possible
ligand (adropin)-receptor interaction resulting in the post-translational modifications of
components of the insulin signalling pathway. Adipokines such as adiponectin and

leptin induce their metabolic actions on the heart through binding to specific receptors
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on the cell membrane (279,280). For example, different isoforms of adiponectin and
leptin receptors are expressed in the heart of humans and rodents mediating direct
actions on cardiac energy metabolism (280,281). However, to date the identity of a
proposed receptor of adropin remains to be determined. A recent study suggested
adropin’s effects on the brain to inhibit the water drinking behavior to be mediated
through GPR19, a G-protein coupled receptor (GPCR) in neuronal cells (282). This
protein is also expressed in the heart although in lower levels (283). A more recent
study by Thapa et al. (284), proposed GPR19 as the receptor for adropin in H9¢2 cells
by mediating its metabolic actions on PDH activation through suppression of PDK4
expression in a p44/42 MAPK — dependent mechanism, Whether this mechanism has
played a part in our mouse hearts is challenged by the fact that PDK4 protein levels
were not altered by our adropin administration protocol. Further investigation is
required to determine the exact receptor/mechanism of action of adropin on the

myocardium.

The signaling pathways mediating adropin’s metabolic effects in the heart appear to
involve modulating JNK activity. Sustained JNK activity is known to contribute to
endoplasmic reticulum stress (285). Contrary to our findings, JNK involvement in the
actions of adropin on skeletal muscle metabolism was excluded in the recent study
discussed above (194) adding to the discrepancies between our results and those of that
study. The JNK inhibitory serine phosphorylation of IRS-1 is known to underline
inflammatory- as well as free fatty acid- induced insulin resistance (276,286). Binding
of insulin to its receptor at the extracellular o subunits elicits the intracellular tyrosine

autophosphorylation of the [ subunits, which enhances the tyrosine kinase activity of
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the receptor to its downstream adaptor proteins including IRS-1 (287,288). The
phosphorylated tyrosine residues of IRS initiate the activation of downstream kinases
and proteins of the insulin signalling pathway including Akt, which in turn
phosphorylates and activates AS160 leading to increased GLUT4 translocation to the
cell membrane and thus enhance glucose uptake, as well as phosphorylating and
inhibiting GSK3p to increase glycogen synthesis (Figure 6.6) (287,289). As such,
attenuation by adropin of JNK phosphorylation, a surrogate marker of JNK activity, is
consistent with de-inhibiting IRS-1 mediation of insulin signalling and the observed
enhancement of glucose utilization. However, it remains unclear how administration of
adropin could lead to decreased JNK phosphorylation in the heart, and whether these

effects are mediated downstream of a cardiac adropin receptor.

In conclusion, we demonstrate that adropin has an important role in regulating cardiac
energy substrate preference, secondary to inhibiting fatty acid oxidation and stimulating
glucose oxidation. This action of adropin may provide a promising target in devising
therapies for metabolic syndrome, obesity, and diabetes by modulating myocardial

energy metabolism.
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Figure 6.1. In vivo adropin enhances cardiac efficiency and modulates insulin-
induced inhibition of fatty acid oxidation. (A) A diagram showing the experimental
protocol of in vivo adropin/vehicle injections followed by isolated working hearts
perfusions. Functional and metabolic assessment of working heart perfusions (60 min)
of hearts isolated from fasting C57BL/6 mice that were injected three times with

intraperitoneal 450 nmol/kg Adropin®*”®

or vehicle over a 20-24 hr period: (B) cardiac
work, (C) coronary flow, (D) glucose oxidation; (E) palmitate oxidation; (F) glycolysis;
(G) proton production; (H) contribution of the respective catabolic pathway to ATP
production and (I) cardiac efficiency. Insulin (100 pU/ml) was added at 30 min during
heart perfusions as described in methods. Cardiac functional parameters data were
recorded using an MP100 system from AcqKnowledge (BIOPAC Systems, Inc.), to
provide data to calculate cardiac work as explained in experimental procedures. For

data in D-I, 'P< 0.05 (insulin), YP< 0.05 (interaction), 2-way ANOVA. All values

represented as mean + SEM, n= 5-8.
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Figure 6.2. Protein levels of key components of cardiac energy metabolism are not
changed after three in vivo adropin injections (A) Western blots of key enzymes
involved glucose and fatty acid oxidation, CD36, CPT I B, PDK4, p-PDH §2% , p-
AMPK T'", and p-ACC 2 S2% PPARq, and PGC-la, indicating protein levels or
activity. a-tubulin or B-actin was used as a protein loading control of the respective
protein. Phosphorylated forms of PDH, AMPK, and ACC2 are normalized for the total
protein level of the respective enzyme. (B) Quantification of data presented in (A).
Western blot samples were prepared from heart ventricles clamp-frozen at the end of
the 60 min isolated heart perfusion of hearts isolated from fasting C57BL/6 mice that

4 .
376 or vehicle over

were injected three times with intraperitoneal 450 nmol/kg Adropin
a 20-24 hr period. All values represented as mean + SEM, n=5. veh, vehicle; adr,

adropin.
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Figure 6.3. Ex vivo adropin enhances cardiac glucose oxidation and inhibits fatty
acid oxidation. (A) A diagram showing the experimental protocol of ex vivo adropin/
vehicle working hearts perfusions as explained in the methods. Functional and
metabolic assessment of working heart perfusions (60 min) of hearts isolated from non-
fasting C57BL/6 mice and then perfused with 2nM Adropin®*"® or vehicle: (B) cardiac
work; (C) rate pressure product, (D) glucose oxidation; (E) palmitate oxidation; (F)
glycolysis; (G) proton production; (H) contribution of the respective catabolic pathway
to ATP production and; (I) cardiac efficiency. Insulin (100 pU/ml) was present from the
beginning of heart perfusions as described in methods. Cardiac functional parameters
data were recorded using an MP100 system from AcqKnowledge (BIOPAC Systems,
Inc.), to provide data to calculate cardiac work as explained in experimental procedures.
For data in D-I, ~ P< 0.05 compared to vehicle controls, unpaired t-test. YP< 0.05

(interaction), 2-way ANOVA. All values represented as mean + SEM, n= 6-14.

185



w

Cardiac Work

4 .
. . . . O vehicle
ex vivo adropin/vehicle 60" perfusion dropi
r 1 V adropin
10 min i 10 min 1 10 min 1l 10 min 1 10 min ' 10 min 1 E 34
=
;on i i i i 224
pU/mlinsulin + 2nM adropin / vehicle S
o
1 = Metabolic and functional measurement 2
t = Treatment added to perfusate g b
0 T T T T T T
10 20 30 40" 50 60"

(@)

RPP
2514
“.’°20-
- \'4
%’15-
510 O vehicle
= V adropin
o
o 54
0 T T T T T T
10' 20° 30 40" 50 60

F G

Glycolysis H* Production

50 80

40
TE e 60
€ E
-, 30 -
H 3
_g' %- 40
© 20 o
° o
£
El g 20

10

0
vehicle adropin vehicle adropin

Figure 6.3

D

min”!

-1

nmol - g dry wt

5000

4000

@
=3
3
3

N

000

1000

Glucose Oxidation

vehicle adropin

H

ATP Production

400 W Palmitate Oxidation

B3 Glucose Oxidation
B3 Glycolysis

'c 300

£

= -

: 200 = T

>

©

o T *

g

E 100

vehicle adropin

186

nmol - g dry wt™' - min”'

600

400

200

CW/ ATP production

Palmitate Oxidation

vehicle adropin
Efficiency
0.015
]
E
3
'n
2
]
3
=0.005
0.000

vehicle adropin



Figure 6.4. In vivo adropin increases cardiac insulin sensitivity. (A) Western blots
showing phosphorylation of key enzymes in the insulin signalling pathway: Akt (p-Akt
S473), GSK3p (p-GSK3p S9), AS160 (p-AS160 T642), IRS-1 (p- IRS-1 Y628), IRS-1
(p- IRS-1 S307), and JNK (p- JNK T183/Y185) as surrogate markers of their activity.
The phosphorylated form of each enzyme is normalized for the total protein level of the
respective enzyme. (B) Quantification of data presented in (A). Western blot samples
prepared from heart ventricles clamp-frozen at the end of the 60 min isolated heart
perfusion of hearts isolated from fasting C57BL/6 mice that were injected three times

376 or vehicle over a 20-24 hr period. "P<

with intraperitoneal 450 nmol/kg Adropin
0.05 versus vehicle control, t-test. All values represented as mean + SEM, n=3-5. veh,

vehicle; adr, adropin.
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Figure 6.5. Ex vivo adropin increases cardiac insulin sensitivity. (A) Western blots
showing phosphorylation of key enzymes in the insulin signalling pathway: Akt (p-Akt
S473), GSK3p (p-GSK3p S9), AS160 (p-AS160 T642), IRS-1 (p- IRS-1 Y628), IRS-1
(p- IRS-1 S307), and JNK (p- JNK T183/Y185) as surrogate markers of their activity.
The phosphorylated form of each enzyme is normalized for the total protein level of the
respective enzyme. (B) Quantification of data presented in (A). WB samples were made
from heart ventricles clamp-frozen at the end of the 60 min isolated heart perfusion of
hearts isolated from non-fasting C57BL/6 mice and then perfused with 2nM Adropin®*
76 or vehicle. "P< 0.05 versus vehicle control, t-test. All values represented as mean +

SEM, n=4-9. veh, vehicle; adr, adropin.
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Figure 6.6. A diagram of proposed adropin metabolic effects.
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CHAPTER 7

Discussion and Conclusions

7.1 Summary

The integrated relationship between glucose and fatty acid oxidation in the heart
constituted the general scope of this thesis. We examined potential points of regulation
that may represent future targets for the modification of cardiac energy metabolism to
better match the continuous functional requirements of the contracting heart. Several
levels and aspects of control of energy substrate utilization in the heart were explored
by our experimental approaches. These included substrate supply, transcriptional, post-
translational control, as well as allosteric control of some of key proteins and enzymes
actively involved in the regulation of energy substrate preference in the heart. As part of
studying some aspects in the transcriptional and allosteric control of cardiac energy
metabolism, we invested some efforts to investigate the potential cytosolic localization
of an important metabolic enzyme of the carnitine system, namely CrAT, which has
been relatively undervalued in research and has been almost exclusively studied in
mammals as a mitochondrial or peroxisomal enzyme and thus was shown to play roles
in acetyl-CoA/CoA balance in those organelles. We, however, have shown evidence
that CrAT is partially localized to the cytosol of cardiac cells, and thus can functionally
affect the fate of acetylcarnitine exported out of mitochondria and peroxisomes.
Consequently cytosolic CrAT could influence acetyl-CoA and malonyl-CoA levels in

the cytosol, which eventually lead to allosteric control of CPT I-mediated mitochondrial
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uptake and oxidation of long-chain fatty acyl-CoAs. In the studies described in Chapter
3 we drew a relationship between CrAT protein levels and activity and acetyl-CoA and
malonyl-CoA cellular biology in two animal models of genetic and nutritional
perturbation of cardiac energy metabolism. Accordingly, CrAT may represent a
potentially target for future therapeutic modification of energy metabolism in cardiac

disease.

Still in the context of transcriptional control, we explored the effects of a recently
recognized liver-secreted factor, adropin, on protein levels of several cellular metabolic
components. This was based on a previously proposed mechanism for adropin in the
regulation of skeletal muscle energy metabolism. However, based on our findings we
discovered that in the heart this proposed mechanism is not likely to be the way adropin
produces its metabolic effects, at least within the short-term 24 hr-treatment period we
utilized. Alternatively, we provide evidence for a mechanism of action of adropin in the
post-translational control of cardiac metabolism by means of an unknown mediator that
result in phosphorylation of protein components in the insulin signaling pathway and
therefore enhancement of insulin-stimulated glucose metabolism and insulin-inhibited
fatty acid oxidation. Accordingly, adropin may be an attractive approach to modulate

cardiac metabolism, especially when insulin resistance is present.

The post-translational control was also well articulated in the metabolic changes
occurring as a result of myocardial MCU deficiency and impaired mitochondrial Ca®"
homeostasis. We have characterized decreased NAD" cellular levels and the resulting
lysine hyperacetylation of MCD as major determinants of malonyl-CoA levels

producing the metabolic profile in MCU deficient hearts under isoproterenol stress. In
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our attempt to explore energy substrate supply to cardiomyocytes as one level of the
regulation of myocardial metabolism and based on available literature that impaired
autophagy in the endothelium impairs its lipid handling, we hypothesized that coronary
endothelial trans-cellular trafficking of fatty acids to neighboring cardiomyocytes will
be affected by impairment of endothelial autophagy. The mechanism by which fatty
acids, particularly the long-chain molecules that are not small enough to travel through
inter-endothelial cell junctions, has been a matter of debate for decades. Interestingly,
we found a considerable effect of ATG7 ablation, an essential component in the
formation of autophagosomes, in the endothelium of mouse hearts on cardiac fatty acid
storage and oxidation rates. This suggests a role of this biological process in endothelial
cells in their cross-transport of lipids to cardiomyocytes. In almost all of these
aforementioned projects, insulin constituted a significant contributor to energy substrate
preference in collaboration with the specific intervention we provided. Cardiac insulin
resistance is one of the metabolic aberrations accompanying several heart diseases and
it is generally believed that improving cardiac insulin sensitivity can improve cardiac

function in such hearts.

Overall, this research provides novel findings regarding the tight connection between
energy metabolism in the heart and its function as well as the dynamic relationship
between the two major energy substrates, fatty acids and glucose, in cardiac energy
homeostasis. Such information may provide insights into how energy metabolism can
be regulated at different levels and through modifying the activity of several
endogenous components. Such ‘tuning’ points can be targeted by researchers and

clinicians to optimize cardiac energy homeostasis in health and disease. The remaining

196



of this chapter will discuss our findings in more detail as well as some associated

limitations and potential future directions for this research.

7.2 Roles of carnitine acetyltransferase in _malonyl-CoA control of

myocardial fatty acid oxidation

The ACC reaction in the heart is essential to the malonyl-CoA axis due to the low levels
of the substrate acetyl-CoA in the cytosol, as well as the tight regulation of ACC by
kinases such as AMPK and hormones such as insulin (238-241). Changes in
mitochondrial acetyl-CoA levels are an important mechanism by which cardiac fatty
acid oxidation and glucose oxidation are controlled in the heart. Mitochondrial CrAT
has an important role in “buffering” this acetyl-CoA, by transferring the acetyl- groups
from acetyl-CoA to acetylcarnitine (80,86). Acetylcarnitine is then shuttled out of the
mitochondria through the carnitine/acylcarnitine translocase (16). However, what
happens to acetylcarnitine in the cytosol has not been previously determined. In our
study presented in Chapter 3, we provide evidence that a cytosolic CrAT functioning in
the reverse direction converts acetylcarnitine back to acetyl-CoA. We show in whole
hearts and in isolated H9¢2 cells that a significant reverse CrAT activity exists, and that
this activity is present in the cytosol. We propose that the cytoplasmic acetyl-CoA
produced by the reverse CrAT activity can then be used for malonyl-CoA synthesis,
thereby regulating mitochondrial fatty acid uptake and oxidation. In the heart, a very
large concentration difference exists between cytosolic and mitochondrial CoA content.

Around 95% of CoA pool (including acetyl-CoA) is in the mitochondria (in the mM
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range) compared to cytosolic CoA (including acetyl-CoA) (low uM range) (231). This
has a particular significance as the cytosolic enzyme ACC2 displays a K, for acetyl-
CoA of 117 uM (29), which is much higher than the total cytosolic CoA concentration.
Consequently, ACC2 is not saturated with its acetyl-CoA substrate, and slight changes
in cytosolic acetyl-CoA should affect its activity to produce malonyl-CoA and thus
inhibit mitochondrial fatty acid uptake and oxidation. Moreover, heart CPT I is
extremely sensitive to malonyl-CoA inhibition. The ICsy of CPT I for malonyl-CoA is =
100nM (29,78). Therefore, small changes in cytosolic acetyl-CoA concentration could

theoretically lead to a strong inhibition of CPT I and fatty acid oxidation (29).

We showed that compared to the liver the heart has >2.5 fold higher cytosolic RCrAT
activity. This is consistent with a putative role of CrAT in the production of cytosolic
acetyl-CoA in the heart and has a special implications, as the heart is not a lipogenic
organ and a higher acetyl-CoA producing capacity would most likely be directed
towards increased malonyl-CoA production for fatty acid oxidation control. ATP-citrate
lyase is another potential source of acetyl-CoA, and has previously been suggested to
generate cytosolic acetyl-CoA in muscle cells (77). While ATP-citrate lyase remains as
a strong candidate for the regeneration of cytosolic acetyl-CoA, our data suggest that
reverse cytosolic CrAT and acetylcarnitine is an alternative and perhaps a

complementary source of acetyl-CoA.

In humans, both mitochondrial and peroxisomal CrAT are encoded by the same gene,
with alternative splicing resulting in different variants targeted to either subcellular
organelle (74). CrAT isoenzyme localization is governed by the presence of an N-

terminal mitochondria signal sequence in the larger variant (626 amino acids) or the
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influence of the C-terminal peroxisomal signal sequence (AKL) in the shorter
isoenzyme (605 amino acids) which lacks the mitochondrial signal sequence (74,75).
The mitochondrial signal seems to dominate and prevent peroxisomal localization,
which implies that the peroxisomal signal is weaker than the mitochondrial signal and
may not be totally efficient, thus leaving some “peroxisomal” CrAT behind in the

cytosol. However, under our experimental conditions, we could not confirm this theory.

In hearts of mice with a cardiac specific ACC2KO and in mice fed a HFD, we observed
a CrAT protein levels that displayed a pattern related to the measured acetyl-CoA/CoA
ratio values and metabolic profiles. CrAT expression is under transcriptional control of
the transcriptional factor PPARa as well as L-carnitine itself (290). This is in agreement
with the fact that in HFD hearts, which showed higher CrAT protein levels, there is a
higher content of fatty acids in the diet that is normally transported to cardiomyocytes
and functions as activators of PPARa to induce transcription of its target genes (1). In
ACC2KO mouse hearts, however, CrAT content was reduced. Similarly, type 2
diabetes patients display reduced CrAT protein and malonyl-CoA levels (79). Whether
the resemblance between the two metabolic conditions in ACC2KO and diabetes in
terms of increased reliance on fatty acid oxidation and decreased production of
malonyl-CoA, is relevant in such comparison is a possibility. Of note, in our post- ex
vivo perfused hearts, malonyl-CoA levels were not different in ACC2KO than their WT
controls. In fact, it is intriguing that ACC2KO hearts show a normal level of malonyl-
CoA. However, this was previously shown in the same animal model in skeletal
muscles (16), and may indicate some compensatory mechanism counteracting the

deletion of ACC2, the major ACC isoform in the heart. Whether this malonyl-CoA
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production is mediated by ACCI1 is not clear, but is still a possibility (29,243). The two
isoforms are encoded by two separate genes, with ACC2 having capacity to bind to the
outer mitochondrial membrane and most likely provide a pool of malonyl-CoA directed
toward CPT I inhibition and fatty acid oxidation regulation. This contrasts ACC1 that is
located in the cytosol and is mostly involved in the synthesis of fatty acids (243,244).
Consequently, accepting the value of total tissue content of malonyl-CoA as a predictor
of malonyl-CoA inhibition of CPT I and fatty acid B-oxidation rates is questionable.
Additionally in both models investigated here, measurements of malonyl-CoA levels
were performed in insulin-treated hearts. Insulin is known to up-regulate ACC activity
through inhibiting its phosphorylation by AMPK and cause an acute increase in
malonyl-CoA levels (26,247). Therefore, theoretically, insulin may have turned all the
ACC “on” producing “maximum” levels of malonyl-CoA and hence the insignificant

differences.

7.3 Mitochondrial calcium uptake and the oxidative metabolism

Mitochondrial Ca*" currents have been proposed to play important regulatory roles in
oxidative energy metabolism, particularly following adrenergic stimulation. This occurs
by increasing the activity of mitochondrial TCA cycle dehydrogenases and PDH
(secondary to activation of PDH phosphatase) (104,105). As Ca®" crosses the inner
mitochondrial membrane primarily through the MCU channel (98), a deficiency in
myocardial MCU is expected to compromise energy production and contractile
function. However, we demonstrate in our study presented in Chapter 4 that MCU

deficiency in murine hearts does not lead to compromised energetics or contractility.
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The cardiac-specific MCU deficient mice showed an unexpectedly higher than normal
cardiac work, even after the induction of adrenergic (isoproterenol, ISO) stress. This
increased work was probably the result of a compensatory increase in energy production
originating from fatty acid B-oxidation. Interestingly, the contribution of glucose
oxidation to energy production was also not compromised in MCU deficient hearts.
This lack of inhibition of overall TCA cycle activity including glucose oxidation
suggested that impaired mitochondrial Ca®" uptake in these hearts, which was
previously confirmed by our collaborators in cardiomyocytes from these animals (109),
is not leading to an impairment of either the TCA cycle dehydrogenases or PDH

activity.

The unexpected preserved cardiac function in MCU deficient hearts even after
adrenergic stimulation appears to agree with a previous study using a MCU activity
inhibitor (112). Another recent study showed in whole body MCU knock-out mice that
although cardiomyocyte mitochondrial matrix Ca®" levels were reduced, normal levels
of cardiac function, ATP, and respiratory control ratio under basal conditions were seen,
in addition to normal responses to ISO stress and transverse aortic constriction (114).
Other studies using myocardial MCU inhibition by transgenic expression of a
dominant-negative MCU or cardiac deletion also showed normal resting heart rates
despite incapability of the animals of physiological “fight or flight” heart rate
acceleration (109,111). Conversely, in another study using ex vivo perfused mouse
hearts, both Ru360 and spermine (an inhibitor and stimulator of MCU, respectively)
induced negative and positive inotropic effects, respectively with antagonistic effects

(113). Additionally, inotropic stimulation with ISO increased mitochondrial Ca*"
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content, elevated oxygen consumption, and increased Ca2+-dependent activation of
PDH. These effects were abolished by Ru360, suggesting an uncoupling between the
workload and ATP production upon MCU inhibition (113). Noteworthy, is that these
studies did not utilize physiologically relevant concentrations of fatty acids, which
would not allow for a compensatory increase in fatty acid B-oxidation, such as we

observed in our research.

The insulin-stimulated increases in glucose oxidation in our MCU deficient hearts are
particularly interesting. A recent study suggested a correlation between reduced levels
of MCU and insulin resistance in type-1 diabetic mice and in mouse neonatal
cardiomyocytes cultured under hyperglycemic conditions (108). In those cells, reduced
MCU levels correlated with decreased glucose oxidation associated with higher
phosphorylation and lower activity of PDH. This altered phosphorylation of PDH was
not reproduced in our study perhaps as a result of the obscuring effect of ISO
stimulation that may have boosted PDH phosphorylation. Here again, however, MCU
deficiency models have shown mixed results regarding PDH phosphorylation/activity
(109,110). The comparable-to-control glucose oxidation rates we observed in MCU
deficient hearts after ISO administration may have resulted from the maximized energy
demands under such increased workload. On the other hand, the increase in fatty acid B-
oxidation seen in MCU deficient hearts was likely due, at least in part, to a decrease in
malonyl-CoA levels, which would increase mitochondrial fatty acid uptake. Our data
suggests that this decrease in malonyl-CoA levels was not due to a reduction in ACC
activity, but rather due to an increase in malonyl-CoA degradation. MCD acetylation

was increased in the MCU deficient hearts, which is associated with stimulation of its
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malonyl-CoA degradation activity (160). In addition, an increased acetylation of the
fatty acid oxidation enzyme, B-HAD occurred, which is correlated with enhanced
activity of fatty acid oxidation (154,175). Therefore, alterations in acetylation of these
enzymes may explain, at least in part, the increase in fatty acid B-oxidation we observed
in MCU deficient hearts. We propose that the drop in NAD" levels seen in the MCU
deficient hearts decreases SIRT3 activity (which deacetylates B-HAD) and decreases
SIRT4 (which deacetylates MCD), leading to an increase in B-HAD activity and a
decrease in malonyl-CoA levels. Combined, this resulted in activation in fatty acid

oxidation in the MCU deficient hearts.

7.4 Microvascular and endothelial energy substrate supply to the

myocardium

One important step in regulating myocardial, and consequently total heart, energy
metabolism is the circulatory supply and delivery of energy substrates to
cardiomyocytes (291). A recent study on coronary arteriole occlusion using
microspheres underlined the importance of microvascular substrate delivery to the
heart, by showing a 50% decline in palmitate oxidation rates in isolated rat hearts upon
microsphere infusion that was accompanied by a 70% attenuation of cardiac
performance (292). The diabetic myocardium, for instance, can be particularly
vulnerable to oxygen deprivation and energy substrate availability. The disrupted
micro- and macro-vascular circulation occurring in the diabetic heart, including thicker

capillary basement membranes, decreased capillary density and endothelial dysfunction,
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can limit oxygen and energy substrate availability to the myocardium that is already

metabolically inflexible (292-294).

Although endogenous TAG stores contribute to fatty acid supply for B-oxidation and
ATP production, exogenous fatty acids are the major source for cardiac fatty acid B-
oxidation and the source of endogenous TAG stores, considering the fact that the heart
is not a lipogenic organ (1,291). Exogenous fatty acids are delivered to the myocardium
either as circulating free fatty acids bound to albumin or packed into the TAG
constituent of chylomicrons or very-low-density lipoproteins (VLDL) (291,295).
Circulating levels of fatty acids directly affect the rates of their uptake and oxidation in
the heart, as well as their storage as endogenous TAG (which can serve as a source of
fatty acids for B-oxidation) (1,291). The majority of circulating fatty acids are in the
form of TAG in lipoprotein, which requires their hydrolysis into simpler free fatty acids
before their uptake into the cardiomyocyte. This occurs by means of lipoprotein lipase
(LPL), which is synthesized in cardiomyocytes as an inactive monomeric proenzyme
before being transferred to the luminal surface of capillary endothelial cells (ECs)
(1,296,297). However, what occurs at the level of trans-endothelial transport of fatty
acids remains poorly understood. Our findings presented in Chapter 5 suggest a role for
an important known component of autophagy in ECs, ATG7, in fatty acid transport.
This may occurs through the role of ATG7 in EC autophagic flux in the control of fatty
acid delivery to myocardial cells. However, whether ATG7 is involved in some other
actions that eventually affect endothelial fatty acid uptake or transport to underlying
cells is still a possibility that we could not determine. Regardless, upon deletion of

ATG7 in ECs, isolated mouse hearts displayed reduced reliance on palmitate B-
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oxidation as an energy source during both insulin stimulation and following induction
of ischemia. This was accompanied by decreased TAG content in EC-ATG7”~ mouse
hearts. In addition, there was a decline in EC fatty acid binding proteins (FABP 4 and
FABP 5) mRNA expression in cultured ECs that were transfected with siRNA against

ATG7 as compare to control siRNA.

ECs dynamically form and degrade lipid droplets with corresponding changes in
enzymes and proteins involved in TAG synthesis and degradation in response to
changes of free fatty acid and TAG levels in the blood (121). This indicates active lipid
metabolism in ECs that not only maintains a buffering mechanism of excess fatty acids
in the blood and lipid homeostasis inside the EC, but also suggests a key role of ECs in
trans-cellular transport of fatty acids from the circulation to adjacent cells such as
cardiomyocytes. Although only 30% of the cells of the heart are cardiomyocytes (with
70% being are other cell types including endothelial cells (ECs), fibroblasts, smooth
muscle cells, and immune cells (298)), the vast majority of volume and contractile
function is attributed to cardiomyocytes (1). Hence, by far the largest energy demand
and production in the heart is ascribed to these cells. On the other hand, mitochondrial
content of ECs is relatively low and these cells rely heavily on glycolysis for energy
production (261). Therefore, the contribution of ECs in coronary vasculature to cardiac
energy metabolism, particularly fatty acid B-oxidation and even glucose oxidation is
minimal and mostly limited to the delivery of such substrates, among others, to
cardiomyocytes. As such, the metabolic rates measured in our isolated hearts largely

represent cardiomyocyte utilization of substrates delivered by coronary endothelium.
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Autophagic flux is regulated by numerous components in and out of the cell at several
steps, ultimately resulting in fine-tuning of this flux to promote cellular survival by
carefully adjusting the degree of proteins and organelle disposal (253,254).
Dysregulation of cellular autophagy may induce a wide list of diseases including
vascular aging, angiogenesis and calcification of the vessel wall (253). A relevant term,
lipophagy, refers to the specific degradation of lipids by the autophagic machinery. A
recent study discussed a dynamic relationship between lipolysis, autophagy, and
mitochondrial fusion existing in mouse embryonic fibroblasts to coordinate the fate of
fatty acids, where they are either: 1) stored in lipid droplets, ii) transported to
mitochondria for oxidation, or iii) transported to autophagosomes for degradation and
transport to the surrounding fluid (129). Interruption of the balance seems to cause
mishandling of these fatty acids and possible lipotoxicity. In this context, genetic
disruption of liver macro autophagy leads to the accumulation of lipid droplets (264).
Further, impaired endothelial autophagy markedly increases atherosclerotic burden in a
chronic model of lipid excess (ApoE'/ " mice) (126). Therefore, endothelial autophagy
appears critically important in limiting lipid accumulation within the vessel wall. A
recent report from our collaborators on this project demonstrated that intact endothelial
autophagy regulates vascular lipid homeostasis (125). After incubating traceable LDL
with HUVECs transfected with GFP-LC3, this LDL was detected within GFP-LC3
positive structures whose appearance was consistent with autophagosomes (which was
confirmed using gold-immunoblotting electron microscopy) (125). These observations
motivated us to examine energy substrate metabolism in EC-ATG7" hearts. Our

findings suggest impaired endothelial transport of fatty acids to myocardial cells when
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autophagy is presumably dysfunctional in ECs. The reduced rates of fatty acid oxidation
in EC-ATG7" hearts suggest a role of intact endothelial autophagy in cardiac energy
metabolism. In ECs, long-chain fatty acids enter into and are handled by cells via
transporter proteins including CD36 and fatty acid binding proteins (FABP) (1). FABP
4 and 5 double knock-out mice exhibit perturbed trans-endothelial fatty acid transport
with remarkably high glucose uptake in the heart and skeletal muscles particularly
during fasting (266). The facts that expression of FABP 4 and 5 was affected by
knocking down ATG7 in our ECs and that TAG content in EC-ATG7" hearts was
decreased, suggest a relationship between ATG7 specifically, or endothelial autophagy
in general, and the delivery of fatty acids through FABP 4 and 5 to cardiomyocytes for
either storage as neutral lipids (TAG) or catabolism in the mitochondria (i.e. fatty acid

oxidation).

7.5 Adropin _enhances insulin effects on glucose and fatty acid

utilization
Insulin stimulates glucose uptake, glycogen production as well as glucose oxidation
(288). The insulin receptor is comprised of 4 subunits: 2 o subunits extending
extracellularly and 2 intracellular B subunits (287). Binding of insulin to its binding site
at the o subunits elicits autophosphorylation of the [ subunits on specific tyrosine
residues, inducing a conformational change that enhances the tyrosine kinase activity of
the receptor to its downstream adaptor or ‘substrate’ proteins (287,288). Among these

substrates are insulin receptor substrate (IRS) proteins. The phosphorylated tyrosine
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residues of IRS represent an interaction points and docking sites for a number of
downstream mediator proteins, including phosphatidyl inositol 3 kinase (PI3K) (287).
PI3K is a key mediator of insulin effects on glucose uptake and subsequent metabolism.
PI3K activity produces phosphatidyl inositol (3,4,5) triphosphate (PIP3) which recruits
phosphoinositide dependent kinase 1 (PDK1) to the cytosolic aspect of cell membrane
where it can phosphorylate Akt (protein kinase B) which in turn, through
phosphorylating and activating AS160 and protein kinase ¢ (PKC) pathways, increases
GLUTH4 translocation to the cell membrane and thus enhances glucose uptake, as well as
affecting other Akt downstream targets such as GSK3p (287,289). The c-Jun amino-
terminal kinase (JNK) inhibitory serine phosphorylation of IRS-1 is known to be
responsible for inflammatory-induced insulin resistance, as well as free fatty acid-
induced insulin resistance (276,286). Therefore, counteracting this process may enhance
insulin signalling and ameliorate insulin resistance. The most direct effect of insulin on
fatty acid oxidation is its inhibition of myocardial AMPK activity leading to the
increase of malonyl-CoA levels and the resulting inhibition of mitochondrial uptake and

oxidation of fatty acids (26,44,299).

While the physiological and biochemical roles of insulin in myocardial cell energy
metabolism are well-established, new approaches to stimulate insulin actions are still
scarce. In Chapter 5, we have shown that administration of adropin, either by three
intraperitoneal injections over 24 hours, or by direct addition to the perfusate of isolated
working hearts, elicited alterations in cardiac energy metabolism characterized by
enhancement of insulin effects on inhibition of fatty acid oxidation (in vivo and ex vivo)

as well as stimulation of glucose oxidation (ex vivo). The mechanism involved in these
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metabolic actions of adropin appears to involve stimulation of insulin signaling and
counteracting of JNK inhibitory serine phosphorylation of IRS-1. Although we showed
in the heart a similar shift towards glucose oxidation (or at least a decrease in reliance
on fatty acids for ATP production) as was shown in previous research in skeletal
muscles (192,194), we could not recapitulate the mechanisms proposed to mediate
adropin’s actions in skeletal muscles. Previously proposed alterations in CD36, CPT I
as well as PDK4 and acetylation of PGC-1a observed in skeletal muscle were not seen
in our heart studies. The reason is not clear although it could have resulted from the
relatively short period of treatment we used. However, the treatment protocol used in
reference (192) was similar to the one adopted by us without reproducing the same
‘transcriptional’ effects of adropin. It is worth mentioning that skeletal muscles were
tested in that study and a possible variable response/mechanism in the cardiac muscle
cannot be excluded. The fact that acute addition of adropin to the perfusate of isolated
working hearts induced fast and strong responses may suggest existence of an
undiscovered plasma-membrane adropin receptor mediating its intracellular actions.
GPR19, an orphan G-protein coupled receptor, has been proposed as membrane
receptor for adropin in cardiomyocytes (284), while a role of Notchl signaling has been
also suggested (194). Regardless, adropin has shown impressive metabolic effects in
our study and deserve further investigation in models of insulin resistance. If successful,
adropin or similar synthetic analogues may provide a therapeutic option that promotes
insulin sensitivity of the diabetic heart with concomitant improvement of cardiac

function.
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7.6 Limitations

7.6.1 The isolated working heart

The isolated working heart is an experimental tool that was used heavily in the studies
in this thesis to examine cardiac function in parallel with measurements of cardiac
energy metabolism. It provides preload and afterload parameters similar to in vivo
conditions. A global ischemia/reperfusion (I/R) protocol can also be introduced. The
perfusate content of energy substrates, addition of treatments, as well as durations can
be adjusted as needed to simulate as much as possible physiological or pathological
conditions required for the specific study. However, an inherent limitation of this
method is that the ex vivo hearts are no longer exposed to the conditions they were
experiencing in vivo. This may be reflected on metabolic rate measurements as not
accurately representing in vivo metabolic rates. Related to limitations of this system is
that in Chapter 5 (EC-ATG7" perfusions) due to technical difficulties, we could not
readily change fatty acid concentration during perfusion experiments and may have
missed the detection of a role of the ATG7” endothelium in ‘buffering’ surges of
circulating fatty acids as occurs in some physiological/pathological situations. However,
this ‘ex vivo’ medium can also represent a strength for this technique, as it allows
chronic changes in cardiac metabolism to be evaluated in isolation from extra-cardiac
physiological/pathological factors. Moreover, it can provide valuable data on direct
effects of an acute treatment on cardiac metabolism and function, as what we achieved
with ex vivo adropin perfusions (Chapter 6). The parameters of ex vivo cardiac function,
although revealing, are not the same as usually investigated functional parameter for in

situ hearts, such as in echocardiography. Additionally, only two-substrate metabolic
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rates can be assessed during a perfusion experiment, corresponding to the two
radioisotopes used (*H and '“C). Therefore, I used two sets of animals to measure each
of the two perfusion protocols in Chapter 6 to yield the desired three metabolic rates:
glucose oxidation, glycolysis, and palmitate oxidation. As energy metabolism is directly
related to cardiac work, the simultaneous assessment of metabolic rates and cardiac
work represent an advantage of this system over some of other more often utilized
techniques for energy metabolism measurement such as whole muscle cell homogenates
or mitochondrial preparations which suffer serious technical issues regarding disrupted
biological membranes, inaccurate metabolite concentrations, and absence of actual
workloads.

7.6.2 In vitro enzyme activity assays and subcellular fractionation

Our enzymatic activity assays used in Chapter 3 provided different milieu compared to
what actually exists at in vivo cellular/tissue levels. These include product inhibition,
allosteric inhibition/activation, co-factors concentrations, activity of
carnitine/acylcarnitine at sarcolemmal and mitochondrial (and possibly on other
organelle) membranes, and the use of carnitine and its acyl esters by other reactions.
The provision of inhibitory products or any other in vivo factors, in isolation or in
combinations, in the assay medium is extremely difficult to apply if not impossible. In
that sense, such in vivo determinants of enzyme activities can never be perfectly
represented in in vitro assays. Nonetheless, the assays we used utilized buffers offering
optimal pH, solubility and unlimited substrates and cofactors, and assessed the activity
at linear steady-state velocity that produces considerable concentrations of products in

the process thus at least partly simulate in vivo conditions.
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High mitochondrial breakage constituted a technical disadvantage of Polytron
homogenization in the study presented in Chapter 3. Therefore, we adopted different
cell permeabilization techniques in the experiments subsequent to Polytron
homogenization to increase specificity. Indeed, mitochondrial breakage was lower in
Potter-Elvehjem homogenized cardiac tissue and H9¢2 cells and further reduced with
the milder digitonin permeabilization. The use of CS enzyme as a marker of
mitochondrial brake may have represented a strength to our subcellular fractionation
method. Both CrAT and CS associate with the inner mitochondrial membrane with
higher ability of CrAT compared to CS which shows limited saturability (236,237).
Accordingly, there is a higher probability that a smaller proportion of mitochondrial
CrAT than that of CS is released from broken mitochondria during homogenization and
centrifugation. Therefore, the calculated (corrected) cytosolic CrAT may have actually

been an underestimate of the actual value or that at least the estimation is safely valid.

7.6.3 Representation of cardiomyocyte energy metabolism by H9¢2 cells

HO9c2 cells are proliferative myoblasts derived from embryonic rat heart ventricle that
show a more glycolytic metabolic phenotype compared with primary adult
cardiomyocytes (227,228). After differentiation, energy metabolism in these cells
becomes relatively more reliant on oxidative mitochondrial metabolism (228). The
relatively higher mitochondrial activities of CrAT and CS in differentiated cells,
compared to undifferentiated cells (Chapter 3) are consistent with mitochondrial
maturity and biogenesis occurring with H9c2 differentiation. However, this is not

complete and still not as oxidative as primary cardiomyocytes. Nonetheless, the
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availability and feasibility of culturing this proliferative cardiac cell line as well as their

metabolic maturity upon differentiation have served our research purposes.

7.6.4 The mouse model, strain-specific differences and genotype characterization
In this thesis we studied energy metabolism in the mouse heart, which when compared
to the rat heart is less representative of the metabolic profile of the human heart (21).
However, in addition to the availability of genetic manipulation in the mouse, which
was used to address the research goals of studies in Chapter 3, 4 and 5, the mouse heart
offers some metabolic advantages regarding the assessment of the response to insulin.
The augmented responses of glucose and fatty acid oxidation, which resembles the
significant responses in humans, allow easier assessment of differences in the effect of
insulin on cardiac energy metabolism (300,301). However, using different mouse
strains as in Chapter 3 (FVB background for ACC2KO vs. C57BL/6 for HFD mice)
may have affected the values measured for metabolic rates as well as malonyl-CoA
levels. Differences in metabolic rate are expected among mouse strains (302). These
could also possibly exist among genotypes across the three research projects in Chapters
3t0 5 (ACC2KO vs. MCU"™M y5 EC-ATG7™). Another limitation of our studies in
Chapter 4 MCU"MMy g Chapter 5 (EC-ATG7") is that within our available
techniques, we could not confirm the genotype characterization such as mitochondrial
Ca®" currents and impairment of endothelial autophagy, and therefore relied on our
collaborators’ recent reports which characterized the same models we obtained from

them to perform our research.
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7.7 Final conclusions

The research in this thesis provides important information regarding the regulation of
cardiac energy substrate metabolism at several molecular levels. The research highlights
checkpoints in the control of cardiac energy metabolism that can be utilized in the
future for the treatment of heart disease. These novel findings suggest that the
relationship between glucose and fatty acid oxidation is more complex than we have
previously thought. We have found that carnitine acetyltransferase, an important
member of the carnitine acyltransferase family, has a small activity in the cytosol of
cardiomyocytes that may complete the picture of its already known roles in
mitochondrial acetyl-CoA buffering, to be extended to a role in cytosolic acetyl-CoA
dynamics. We believe that this could add another integrative part of the Randle cycle
inter-relationship between glucose and fatty acid metabolism through linking
mitochondrial acetyl-CoA to cytosolic malonyl-CoA control of fatty acid oxidation. We
have also been able to show that the proposed concept of mitochondrial Ca** control of
mitochondrial energy production may not be as direct and essential as previously
thought. This adds up to our understanding of mitochondrial energy mechanics and

therefore underlines the need for continuing research in this field.

We also focused on understanding the control of myocardial energy metabolism by
adjacent (coronary endothelium) as well as remote (liver-secreted adropin) tissue types.
We provided novel findings regarding a role of a constitutive biological process in
endothelial cells, autophagosome formation, in lipid transport across the endothelial
layer. To our knowledge, this is the first research to demonstrate this novel observation

linking endothelial autophagy to cardiac energy metabolism. Our data suggest that
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targeting vascular physiology, particularly endothelial autophagy, may offer a new
approach to normalizing deranged myocardial mitochondrial bioenergetics. The
metabolic communication between the liver and the heart in modulating cardiac energy
metabolism by adropin is interesting. Adropin and possibly synthetic analogues may
provide a promising therapeutic option to improve cardiac insulin sensitivity when
insulin resistance is a concern. We speculate that stimulating glucose oxidation through
modulating any of the investigated molecular mechanisms may improve cardiac

function.

7.8 Future directions

The data presented in this thesis raises the potential for considerable amount of future
research. Of importance, more research is required to unequivocally prove cytosolic
CrAT localization through, for example, advanced genetic modification of CrAT
mRNA to hold traceable markers that can be visually detected within the cytosol while
taking into consideration the size of such tags which can confound the results. It
remains to be determined if the cytosolic CrAT is directly providing the acetyl-CoA
molecules that is used by ACC to produce malonyl-CoA and what can be used as direct
inhibitors or activators of CrAT transcription or activity, as well as the metabolic

consequences of such interventions.

Of clinical relevance, it is important to examine if our findings on the effects of chronic
and acute adropin administration on glucose and fatty acid oxidation in the normal heart

can be extended to hearts with insulin resistance such as in db/db or diet induced
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obesity models. Another important area that requires further investigation is whether
adropin is a ligand of a specific undiscovered cell membrane receptor, or if it binds to
an already known receptor of possibly similar ligands. We reported in this thesis that
acute exposure of the hearts produced significant changes in energy substrate
preference. Together with the fact that adropin is a polypeptide that most probably will
not easily enter the cell, these findings point to possible receptor-mediated actions of

this humoral factor.

It will also help to determine how the cardiac-specific inducible knockdown of MCU
enhances cardiac function even in the absence of an ISO challenge. It has been reported
that MCU 1is essential in the acute requirement of energy such as fight or flight
situations stimulation (109). However, this is not consistent with our results and
therefore the findings presented in this thesis will need to be reproduced in vivo and
compared to other models of transgenic MCU expression/ deficiency. Currently, there is
confusion as to the metabolic and functional consequences of modifying MCU
expression/function and future research may provide a clearer image and information on
whether this can have direct clinical relevance.

In accordance with trans-endothelial lipid trafficking through autophagic flux, previous
studies have provided evidence that in primary EC, LDL stimulates autophagosome
formation (125). Research is needed to characterize the link between extracellular LDL,
or possibly free fatty acids, and the incorporation into autophagic structures. Despite the
fact that in the research presented fatty acid oxidation was not largely decreased by EC-
ATG7 deletion under basal conditions, insulin addition elicited significant enhancement

of glucose oxidation in such hearts. Therefore, it would be of value to explore the
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possible link between insulin and endothelial autophagy in the context of cardiac energy
metabolism. In addition, it will also be interesting to test whether strategies for
modulating endothelial autophagy have undesirable systemic effects. Another area that
will be important to further investigate is what other potential mechanisms govern the
endothelial cross transport of fatty acid and glucose to the underlining cardiomyocytes

and whether these can be exploited to improve myocardial viability in response to I/R

injury.
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Appendices

Appendix A: Supplemental Data for Chapter 3

Figure Al. Percentage of mitochondrial breakage in mouse heart ventricular tissue
homogenized by either a Polytron or a Potter-Elvehjem homogenizer.
Mitochondrial breakage was assessed using citrate synthase activity leakage to cytosolic

fractions, n= 5-14.
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Figure A2. Confocal microscopy images of a frozen section of left ventricular
CS57BL/6 mouse heart tissue. The presented field shows immunohistochemistry
fluorescence of nuclei (Dapi), carnitine acetyltransferase (CrAT), catalase (CAT, a
peroxisomal marker), Mitofusin-1 (a mitochondrial marker). Through overlaying the
images, CrAT appears to diffusely localize throughout the cytoplasm with a small
amount of protein expression residing outside mitochondria and peroxisomes (green

colour in the merged image).
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Figure A3. Percentage of mitochondrial breakage in cultured H9c2 cells
permeabilized by either a Potter-Elvehjem homogenizer (A), or by digitonin
plasma membrane permeabilization (B). Mitochondrial breakage was assessed using

citrate synthase activity leakage to cytosolic fractions, n= 3.
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Figure A4. Succinyl CoA levels in heart ventricles of ACC2KO mice as compared
to WT controls. Short CoA esters were assessed by UPLC as explained in chapter 2

and 3, n= 6-7.
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Appendix B: Supplemental Data for Chapter 6

Figure B1. Glucose tolerance test of fasting lean C57BL/6 mice which received

34-76

three injections of 450 nmol/kg adropin or vehicle over 24 hours, n= 7-8.
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Figure B2. Total protein acetylation (A) and PGC1-a (B) in mouse hearts perfused

with ex vivo adropin®*’® (2nM), n= 6.
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