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Chapter 1

Introduction
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Introduction

According to the Heart and Stroke Foundation of Canada, cardiovascular disease
accounts for the deaths of more Canadians than any other disease. In 1998 (the latest year
for which Statistics Canada has data), cardiovascular disease accounted for 79,389
Canadian deaths. Approximately, 35% of all male deaths in Canada in 1998 were due to
heart disease, diseases of the blood vessels and stroke. For women, the toll was even
higher, 38% of all female deaths in 1998 were due to cardiovascular disease.

Cardiovascular disease also has a significant economic impact in Canada, as
measured by direct and indirect costs. Direct costs include the cost of physicians and
other professionals, hospital and nursing home services, the cost of medications, home
health care and other medical durables. Indirect costs include lost productivity that results
from illness and death. According to Health Canada (1997), in 1995, $7.3 billion or 17%
of the total direct costs of illness, was spent on cardiovascular disease. In the same year,
approximately $12.3 billion, or 14.5% of total indirect costs of all disease categories, was
lost due to cardiovascular disease. This percentage is greater than the individual costs
associated with injuries, cancer or respiratory diseases. Therefore, because of the aging
population in the 21% century, cardiovascular disease will become a more prevalent
health risk. Thus, studies done in order to understand the pathogenesis of the disease state
are necessary in order to improve treatment and prevent disease.

One avenue of research that has been explored in the pathogenesis of heart
disease is metabolic disturbances, which can often result in energy depletion. The heart

relies on adenosine triphosphate (ATP) as an energy source to drive contractile function.
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ATP is synthesized by the metabolism of mainly carbohydrates and fat, and hydrolyzed
to release its chemical energy. ATP can be used for a variety of intracellular processes,
with most of the ATP being used for contractile function in the heart. Since the heart
exhibits a high rate of ATP hydrolysis, ATP must be synthesized readily in order to avoid
depletion of intracellular stores of ATP'. The lack of ATP within the heart would
ultimately lead to deficient cardiac function. Reduced blood flow to the peripheral tissues
results in the entire body being deprived of essential nutrients and oxygen.

Recently, it has been suggested that alterations in substrate preference of the
heart may adversely affect cardiac efficiency, thereby disturbing contractile function (see
234 for reviews). Specifically, an imbalance between fatty acid oxidation and glucose
oxidation may cause or contribute to the pathogenesis of ischemic cardiomyopathy, heart
failure, hypertrophy, and dilated cardiomyopathy. The importance of substrate utilization
has been elucidated by a variety of approaches™”, including the use of metabolic
modulators, which increase the efficiency by which energy production is coupled to
contractile work. Several studies using the perfused rat heart model have shown that
inhibition of fatty acid oxidation and increased glucose oxidation can increase the
recovery of the working heart post-ischemia®. This improvement in ischemic heart
recovery is due to enhanced coupling between glycolysis and glucose oxidation, which
decreases lactate production and improves function post-ischemia. Therefore, metabolic

modulation can improve cardiac function in some cases of heart disease in humans.
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Fatty Acid Metabolism in the Healthy Heart

ATP hydrolysis is required for 2 main functions in the heart: 1) to maintain
contractile work, 2) as an energy source for ion pumps, in order to maintain ionic
balance'®. Therefore, it is essential to maintain a constant supply of ATP in order to
sustain a healthy heart. In the healthy heart, ATP is primarily derived from carbohydrate
and fatty acid metabolism. Carbohydrates are metabolized to produce ATP via glycolysis
and glucose oxidation, whereas approximately 60-70% of ATP generation is derived
from fatty acid oxidation in the mitochondria''.

The heart readily takes up fatty acids from the plasma and can subsequently be
oxidized to produce ATP or be converted and stored as triglycerides'?. Since the heart has
extremely high energy demands, approximately 80% of the fatty acids taken up by the
heart are oxidized and the remaining 20% is stored as triglycerides’>. The plasma
concentration of fatty acids can dramatically affect rates of fatty acid oxidation in the
perfused heart'®. Studies conducted on the perfused mouse heart have shown that by
increasing the palmitate concentration in the perfusion buffer (from 0.4 mM to 1.2 mM
palmitate), rates of palmitate oxidation increase concurrently'”. This suggests that fatty
acid metabolism in the heart is partially concentration dependent.

Inside the cardiomyocytes, long chain fatty acids are esterified by long-chain fatty
acyl-CoA synthetases to form long chain fatty acyl CoA'®. In order for long chain fatty
acyl CoA to enter the mitochondria, it must be acted on by 3 enzymes in the carnitine
shuttle (see !’ for review). First, carnitine palmitoyltransferase 1 (CPT 1), which lies on

the outer membrane of the mitochondria, catalyzes the conversion of acyl CoA to
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acylcarnitinels. Second, within the compartment between the inner and outer

mitochondrial membranes, acylcarnitine is transported into the mitochondrial matrix
through the inner membrane by carnitine acylcarnitine translocase'®. Third, carnitine
palmitoyltransferase 2 regenerates acyl CoA by catalyzing the exchange of carnitine for
CoA. The released carnitine is recycled back into the compartment between the inner and
outer mitochondrial membranes via carnitine acylcarnitine translocase, which insures that
a sufficient amount of carnitine is available as a substrate for CPT 1. Since
pharmacological inhibition of CPT 1 results in significantly decreased rates of fatty acid
oxidation, CPT 1 plays an important role in the regulation of fatty acid oxidation in the
heart®'%,

Fatty acid oxidation takes place in the mitochondrial matrix, which produces one
acetyl CoA, one FADH, and one NADH for every turn through the §-oxidation spiral.
Every successive turn of the beta-oxidation spiral cleaves 2-carbons off the fatty acyl
CoA, which are used to produce acetyl CoA. The acetyl CoA is further metabolized
within the Krebs cycle to produce additional NADH and FADH,. The NADH and
FADH,; formed from beta-oxidation are used as reducing equivalents in the electron

transport chain to produce ATP.

Carbohydrate Metabolism in the Healthy Heart

In the healthy heart, approximately 15% of total ATP produced is derived
from glycolysis, glucose oxidation and lactate oxidation®®. As in the case with fatty acid

oxidation, glucose oxidation produces acetyl CoA, which feeds the tricarboxylic acid
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cycle and produces reducing equivalents which drive ATP production. Although the
endpoint is the same, the mechanisms by which ATP is derived from carbohydrates are
vastly different from fatty acid metabolism. The mechanisms involved in this process are
outlined below.

It has been shown that uptake of glucose in the heart is dependent on the
transmembrane glucose gradient and the abundance of glucose transporters on the plasma
membrane”'. Two isoforms of the glucose transporter family have been identified on the
myocardium: GLUT 1 and GLUT 4**%. On a cellular level, GLUT 4 is localized to
intracellular microsomal vesicles, and is translocated from these organelles to the plasma
membrane upon insulin stimulation or ischemia®®. Therefore, glucose transport is
mediated by insulin and signaling mechanisms during ischemia.

Within the cytosol of the cardiomyocyte, it has been shown that glucose is
phosphorylated by hexokinase to glucose-6-phosphate®. Since glucose-6-phosphate is
impermeable to the plasma membrane, the conversion of glucose to glucose-6-phosphate
inhibits the passage of glucose out of the cell. Therefore, a constant concentration
gradient for glucose uptake is produced. Glucose-6-phosphate can either be used for
glycogen synthesis or can enter the glycolytic pathway to produce pyruvate (see *° for a
review). In order to enter the glycolytic pathway, glucose-6-phosphate must first be
converted to fructose-6-phosphate and fructose-6-phosphate is subsequently
phosphorylated by phosphofructokinase I’. From one molecule of glucose, glycolysis
produces 2 NADH, 4 ATP and 2 pyruvate, the latter of which can enter the mitochondria

and undergo oxidation.
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A key regulatory step in glucose oxidation occurs via the pyruvate
dehydrogenase complex (PDH)*®. The active form of PDH metabolizes pyruvate (from
the glycolytic pathway or lactate derived pyruvate) to acetyl CoA and NADH. The acetyl
CoA from glucose oxidation can enter the TCA cycle and further produce reducing
equivalents to produce ATP in the electron transport chain. The PDH complex is tightly
regulated by PDH kinase, which inactivates PDH via phosphorylation, and is reactivated
by the dephosphorylation action of PDH phosphatase®®. Although both fatty acid and
glucose metabolism produce ATP via alternate pathways, there are points where the

pathways intersect, which play a role in determining substrate preference.

Cross-Talk Between Fatty Acid and Carbohydrate Metabolism

As stated above, the majority of the ATP produced in the heart is derived
from oxidation of fatty acids and glucose. Both pathways produce acetyl CoA, which can
enter the TCA cycle and ultimately lead to the production of ATP. In fatty acid oxidation,
acetyl CoA is derived from B-oxidation of fatty acids, whereas in glucose oxidation,
pyruvate is converted into acetyl CoA by the action of the PDH complex. The
contribution of these pathways to ATP production can vary dramatically, and depends on
many factors, including substrate availability to the heart. In situations where plasma
fatty acid concentration is high, such as during myocardial ischemia, the fatty acid
metabolic pathway is able to inhibit carbohydrate metabolism. As described by Randle,
increases in fatty acid oxidation can inhibit glucose oxidation by what is now known as

the Randle Cycle®®. The Randle Cycle involves, fatty acid derived acetyl CoA directly
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inhibiting the PDH complex and stimulation of pyruvate dehydrogenase kinase, which
results in phosphorylation and inhibition of the PDH complex. In the Krebs Cycle, fatty
acid derived acetyl CoA is combined with oxaloacetate and converted into citrate, which
has been suggested to be transported out of the mitochondria via the citrate transporter.
Therefore, high rates of fatty acid metabolism can inhibit glycolysis, since citrate has
been shown to inhibit phosphofructokinase®, resulting in an accumulation of glucose-6-
phosphate and hexokinase inhibition. These steps ultimately result in decreased total
glucose uptake. Together, the effects of high rates of fatty acid oxidation effectively
inhibits glucose utilization in the heart.

Recent evidence has suggested that reciprocal regulation of fatty acid oxidation
by glucose oxidation also exists, mainly through changes in cytosolic concentrations of

malonyl CoA, an endogenous inhibitor of CPT 1°*

. Malonyl CoA is produced in the
cytosol by acetyl CoA carboxylase, which catalyzes the carboxylation of acetyl CoA to
malonyl CoA™®. Therefore, high concentrations of acetyl CoA can drive the reaction that
produces increased amounts of malonyl CoA, thereby inhibiting the flux of fatty acids
through CPT 1. It has been shown that stimulation of PDH with dichloroacetate (DCA),
an inhibitor of PDH kinase™, can lead to an inhibition of fatty acid oxidation®. This is
due to the conversion of mitochondrial produced acetyl CoA to acetylcarnitine, its
transport into the cytoplasm by carnitine acetyl transferase, and its reversion to acetyl
CoA by cytosolic carnitine acetyl transferase (see *® for review). The excess of acetyl
CoA in the cytoplasm can be carboxylated by acetyl CoA carboxylase, therefore,

producing large amounts of malonyl CoA which will inhibit fatty acid oxidation via

increased inhibition of CPT 1. Crosstalk between these metabolic pathways ensure that
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energy substrates presented to the heart will be metabolized and provides an energy

sparing mechanism due to the inhibition of either fatty acid or glucose metabolism.

Malonyl CoA Fuel-Sensing and Signaling Mechanism

In the liver, malonyl CoA is both an intermediate in de novo synthesis of fatty
acids and an allosteric inhibitor of CPT 1, which regulates fatty acid transport into the
mitochondria®®. In skeletal and cardiac muscle, where synthesis of fatty acids is
minimal®’, the main role of malonyl CoA is to regulate fatty acid uptake into the
mitochondria. Studies have shown that malonyl CoA levels in the muscle can change
dramatically within short periods of time. When there is a high energy demand, such as
during exercise’® or contractions”, malonyl CoA levels are diminished within minutes or
seconds in the rat model. Moreover, during times of increased fatty acid oxidation, such
as during fasting, malonyl CoA levels have been shown to drop by 80%*°. This would
relieve the inhibition on CPT 1 and allow fatty acids to enter the mitochondria, thereby
increasing fatty acid oxidation and energy production. Conversely, during times of
decreased fatty acid oxidation, such as upon insulin administration, malonyl CoA levels
can increase 2-6 fold within 20 min*'. These rapid changes in malonyl CoA levels are due

to its tight regulation by several metabolic enzymes involved fuel sensing and signaling.

A) Acetyl CoA Carboxylase (ACC)

Immunological analysis** and cDNA cloning® have revealed that ACC exists as
two isoforms, ACCa (265 kDa) and ACCB (280 kDa). Structurally, both isozymes

exhibit the same catalytic domain, but distribution differs according to their function.
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ACCa is dominant in lipogenic tissues**, whereas ACCRB predominates in oxidative
tissues such as the heart and skeletal muscle. Immunofluorescent microscopic analysis
has suggested that ACCR is localized to the mitochondria, using its extended N-terminus
domain as an anchor to the mitochondrial membrane®.

ACC catalyzes the carboxylation of acetyl CoA to malonyl CoA®. It is this
reaction that is important in the oxidation of fatty acids. In soleus muscle extracted from
ACC knockout mice, rates of fatty acid oxidation increased 30% above control muscle
and were not decreased by insulin*’. Moreover, studies conducted on ischemic perfused
rat hearts have shown that ACC is an important regulator of fatty acid oxidation**. An
early study by Winder demonstrated that the concentration of malonyl CoA diminishes in
rat muscle during exercise®. Electrical stimulation of muscle has also shown that a
decrease in malonyl CoA is associated with a decrease in ACCB activity’ .

The activity of ACCB has been shown to be regulated by glucose and insulin®,
which has been suggested to be controlled by cytosolic concentrations of citrate (see >
for review). The hypothesis states that citrate, which is a metabolite of pyruvate
metabolism in the mitochondria, is transported out of the mitochondria and into the
cytosol via citrate/malate exchanger and can allosterically activate ACC. This provides a
novel mechanism by which the cell is able to control substrate utilization in response to
substrate availability. Activity of ACC has also been shown to be under phosphorylation
control via AMPK, which provides another form of regulation by which malonyl CoA

production and fatty acid oxidation are controlled.

10
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B) AMP-Activated Protein Kinase (AMPK)

AMPK is a heterotrimeric kinase which consists of o, 8 and < subunits, each of
which have at least two isoforms. The « subunit is the catalytic domain, the vy subunit is
the site of AMP binding, whereas the § subunit acts as a scaffold on which the other
subunits reside (see > for review). AMPK was originally identified in the liver, but has
more recently been identified in the heart>, where the o2, 2, v 1 and 7y 2 subunits
dominate. Since the expression pattern varies between tissues, it has been suggested that
the distribution of the subunit isoforms relates to varying tissue functions®.

AMPK exists in an active and an inactive form. In its inactive form, the regulatory
region on the o-subunit inhibits the catalytic site. Upon AMP binding, the auto-inhibitory
interaction between the regulatory and kinase domain is removed”’. Binding of AMP is
important as AMP-bound AMPX is a better substrate for AMPK-kinase (AMPKK) which
phosphorylates and increases AMPK activity 3-fold®. It has been shown that AMPKK
phosphorylates AMPK on the Thr172 residue™. Moreover, the Thr172 site is required for
activity, such that when the site is mutated, AMPK activity is almost completely
abolished®. Therefore, phosphorylation at the Thr172 is indicative of AMPK activity.

AMPK is a kinase that is activated by AMP, which suggests that AMPK is
sensitive to the energy status of the cell. In fact, AMPK has been shown to activate in
response to an increase in the AMP/ATP or creatine/creatine phosphate ratios®. AMPK
is an important determinant of cellular metabolic processes since it shuts down energy
consuming process and stimulates pathways which produce energy’’. As described
above, the 2 main substrates of the heart are glucose and fatty acids, both of which have

been shown to be regulated by AMPK. A study on rat papillary muscles has shown that

11
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translocation of GLUT 4, independent of insulin signaling, can be induced by a non-
specific  AMPK  activator AICAR  (5-aminoimidazole-4-carboxyamide-1-8-D-
ribofuranoside)®. The increase in AMPK activity was accompanied by an increase in
glucose uptake and increased levels of GLUT 4 in the sarcolemmel membrane.
Subsequent studies showed that AMPK activation also leads to increased in the rates of
glycolysis, which was shown to be mediated via phosphorylation of PFK 2, a key step in
glycolysis&. Taken together, these steps provide mechanisms by which AMPK is able to
activate metabolic pathways in order to produce ATP.

The role of AMPK in the regulation of fatty acid oxidation arises through its
effect on regulating malonyl CoA levels. As stated above, ACC is a key regulator of
malonyl CoA in the heart, thus, its activity is a determinant of malonyl CoA levels in the
myocyte. It has been shown from heart tissue that AMPK can phosphorylate both forms
of purified ACC in vitro at Ser7 9%, This phosphorylation is accompanied with a decrease
in ACC activity. Therefore, during times of energy demand in the heart, AMPK is able to
phosphorylate and inhibit ACC, thereby decreasing malonyl CoA levels in the cytosol.
This relieves the inhibition on CPT 1 and fatty acid oxidation is able to increase. Despite
the importance of malonyl CoA production in the heart, malonyl CoA levels are also

regulated by its degradation as well.

C) Malonyl CoA Decarboxylase (MCD)

Malonyl CoA decarboxylase decarboxylates malonyl CoA, producing acetyl

CoAS>5S, Currently, there are two MCD isoforms that have been identified from the

12
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goose uropygial gland®”’. In the mammal, MCD was originally characterized in the rat
liver®, and has more recently been also identified in the heart®® and skeletal muscle®.
Early studies have shown that 80% of MCD activity resides in the mitochondria,
suggesting that MCD was intramitochondrial’”®. This would suggest that MCD would
have no role in regulating cytoplasmic levels of malonyl CoA. Recently, MCD has been
shown to reside in peroxisomes’' and the cytoplasm’*. This localization would provide an
efficient mechanism by which MCD could degrade the cytosolic malonyl CoA which is
in close proximity to the mitochondrial CPT 1. This would allow rapid disinhibition of
CPT 1 and thus, increase fatty acid oxidation to occur when necessary.

Since MCD degrades an endogenous inhibitor of CPT 1, it is likely that MCD
plays an important role in regulating fatty acid oxidation. It has shown that there is a
switch in metabolic substrate preference between 1-day and 7-day rabbit hearts’.
Specifically, there is a switch from a glycolytic fetal heart to a more oxidative heart,
reliant on fatty acids. A study by Dyck et al’”* has shown that MCD is more active in 7-
day old rabbit hearts. This suggests that MCD degradation of malonyl CoA plays a role in
the switch from a fetal heart to adult heart metabolism. Taken together, these data suggest
that malonyl CoA decarboxylase is an important regulator of fatty acid oxidation”.
Therefore, malonyl CoA levels can be altered in order to stimulate or inhibit pathways
according to substrate availability. Metabolic pathways that produce ATP can also be

altered during ischemia.

13
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Fatty Acid and Glucose Oxidation in the Ischemic Heart

Contractile work of the heart depends on a constant supply of ATP. Aerobic
synthesis of ATP depends on myocardial blood flow, oxygen supply and mitochondrial
oxidative phosphorylation (see '¢ for review). Ischemia most frequently occurs in
coronary artery disease patients with deficiencies in coronary flow during times of
increased contractile demand, such as exercise (see '’ for review). This is due to the
presence of vascular lesions, which limit blood flow to the heart. Therefore, pathological
conditions which limit oxygen supply, blood flow or oxidative metabolism can lead to an
imbalance between energy supply and energy demand, leading to cardiovascular
dysfunction.

In a normal healthy hcéart, glycolysis and glucose oxidation are tightly coupled,
where pyruvate from glycolysis is metabolized in the mitochondria to carbon dioxide,
water and ATP. Under aerobic conditions, glycolysis only contributes 10% of total ATP
production in the heart®. However, during ischemia, oxygen is limiting which impairs
aerobic metabolism of energy substrates, resulting in an increase in anaerobic metabolism
(glycolysis) to compensate for the decrease in total ATP production’®. This leads to the
uncoupling of glycolysis from glucose oxidation which results is an increase in proton
production79, since the metabolism of glycolytically derived ATP produces excess
protons. Moreover, pyruvate (from glycolysis) cannot be further metabolized in the
mitochondria, and the accumulated pyruvate is converted into lactate in a reaction which

also reoxidizes NADH to NAD + H".
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The accumulation of protons becomes problematic when the cardiac myocyte
attempts to expel the excess protons via Na'/H" exchange®, leading to Na* accumulation
and subsequent Ca®* accumulation via Na'/Ca? exchange, which can lead to calcium
overload® and cell death (see > for review). In addition, proton accumulation can also
result in decreased efficiency of the contractile proteins®' and decrease cardiac efficiency
(cardiac work/myocardial O, consumption)*®. Thus, high rates of glycolysis are
detrimental to the ischemic heart, as a further uncoupling of glycolysis from glucose
oxidation can occur. Moreover, inhibition of glycolysis has been shown to be beneficial
to the reperfused ischemic heart®.

Upon reperfusion of the ischemic heart, flow is restored which washes out the
metabolic byproducts, such as protons and lactate. In addition, the reperfused heart
exhibits alterations in metabolism which are detrimental to functional recovery.
Specifically, fatty acid oxidation quickly recovers and becomes the dominant energy
substrate that replenishes ATP®, but glucose oxidation remains suppressed due to
increased inhibition of PDH by fatty acid oxidation derived acetyl CoA, as described by
the Randle Cycle. Rates of glycolysis during reperfusion remain high, resulting in an
uncoupling of glycolysis from glucose oxidation and proton productiongz. These protons
exert a negative influence on contractile function as energy is diverted from contractile
function to maintenance of ionic balance. Therefore, metabolic strategies have been
proposed to increase the coupling between glycolysis and glucose oxidation, in order to
alleviate injury during reperfusion of an ischemic heart.

Several metabolic therapies have been proposed for the treatment of ischemic

heart disease. These therapies generally focus on either: 1) inhibiting myocardial fatty
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acid oxidation, thereby increasing the glucose flux through PDH, or 2) activating PDH
and increasing glucose oxidation (see *° for review). Both strategies ultimately improve
coupling of glucose oxidation to glycolysis and thus, decrease the accumulation of
protons and lactate.

One approach to stimulate glucose oxidation is to directly activate PDH, the
rate-limiting enzyme in glucose oxidation. Dichloroacetate (DCA) has been shown in
several studies to increase glucose oxidation by inhibiting PDH kinase, thereby relieving
inhibition on PDH*. Moreover, DCA has been shown to inhibit fatty acid oxidation,
most likely through the shuttling of acetyl CoA out of the mitochondria, and into the
cytoplasm where it is converted into malonyl CoA by acetyl CoA carboxylase”. Studies
conducted on ischemic working rat hearts have shown that treatment with DCA during
reperfusion can significantly improve functional recovery of the heart®.

One approach to alter substrate utilization by decreasing fatty acid oxidation is to
inhibit the transport of fatty acid into the mitochondria. This can be effectively
accomplished through inhibition of CPT 1, the key step in mitochondria fatty acid
transport. There are several pharmacological inhibitors, such as etomoxir, oxfenicine and
perhexiline that have been studied. Studies have shown that oxfenicine can improve

functional recovery of the ischemic heart during reperfusion®®’

, and this beneficial effect
is due to altered preference of fatty acid oxidation to glucose oxidation®’.

More recently, an antianginal agent, trimetazidine, has been shown to be
effective in inhibiting fatty acid oxidation and increasing glucose oxidation®™.

Trimetazidine inhibits the fatty acid (-oxidation enzyme 3-keto-acyl-CoA thiolase (3-

KAT), thereby inhibiting fatty acid oxidation, indirectly increasing glucose oxidation®.
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In working rat hearts subjected to low-flow ischemia, trimetazidine treatment resulted in
210% increase in glucose oxidation, which was accompanied by a 37% increase in the
amount of active PDH®®. Therefore, the antianginal activity may be due to a switch in

substrate preference from mainly fatty acids to glucose.

Fatty Acid Transport

Although regulation of fatty acid oxidation can be controlled at the level of the
mitochondria, the entry of fatty acids into the myocyte may also be a major regulator of
fatty acid oxidation. Fatty acids have been shown to enter the cardiac myocyte by 2

mechanisms: 1) via simple diffusion across the membrane®®

, and 2) via a protein-
mediated process9l. It was previously thought that fatty acids traverse the plasma
membrane by simple diffusion alone. Uptake studies conducted on adipocytes™ and
fibroblasts”® have shown that the uptake process is saturable. In addition, palmitate
transport studies in heart giant vesicles™, have also shown that the transport process is
saturable. The heart giant vesicles are ideal for studying transport as these vesicles are
devoid of metabolism, and rates of fatty acid transport can be measured without
interference from metabolism. This suggests that fatty acid transport can be limited, even
though a fatty acid gradient across the membrane is maintained. The limiting aspect of
fatty acid transport could be explained by the presence of a protein-mediated component
presumably since fatty acid binding sites on the transporter can become fully saturated.

Moreover, pharmacological inhibition of carrier-mediated membrane proteins results in

significant decreases in palmitate transport by heart giant vesicles™. Therefore, a protein-
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mediated component may be necessary in the uptake of fatty acids within a variety of cell

types.

Fatty Acid Transporters

A) Fatty Acid Binding Protein (FABP)

Long chain fatty acid transport has been shown to involve a 40 kDa plasma
membrane fatty acid binding protein (FABPpm). The involvement of FABPpm in fatty
acid transport was originally described in hepatocytes” and adipocytes’®, and more
recently in cardiac myocytes” . Although the specific role of FABPpm in fatty acid
transport has not been elucidated, its expression has been correlated with the oxidative
capacity of certain types of muscle”. Thus far, it has only been shown that FABPpm
plays a role in sarcolemmal fatty acid flux, and that palmitate binding to skeletal muscle
plasma membrane fractions correlates with presence of FABPpm®. Therefore, more
work has to be done on elucidating the specific role of FABPpm and its cooperativity

with other putative fatty acid transporters.

B) Fatty Acid Transport Protein (FATP)

100

FATP!1 was first identified in the mouse adipocyte ", and has subsequently

identified in humans as a 71 kDa transmembrane protein'®’ expressed in skeletal muscle
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and heart'*%. Another isoform, FATPS6, has been shown to be a heart-specific FATP, and
is the predominant FATP in the heart'®. Uptake studies conducted on HEK 293 cells
expressing FATP6 have shown that expression levels of FATP6 correlates with an
increase in fatty acid uptake'®. The same study also showed that FATP6 also partially
colocalizes with another proposed fatty acid transport protein, FAT/CD36, in the mouse
heart. This suggests that FAT/CD36 and FATP6 may work cooperatively in transporting
fatty acids into the cell. Interestingly, there is evidence which suggests that FATP is
actually a very-long chain acyl CoA synthetase, suggesting that it is not directly involved
in fatty acid transport'™. Taken together, these data suggest that FATP plays an important

role in lipid transport and suggest some cooperative aspect with FAT/CD36 and FATP.

C) Fatty Acyl CoA Synthetase (FACS)

FACS catalyzes the conversion of free fatty acids to long-chain acyl CoA esters
by the addition of a hydrophilic CoA head-group. Long-chain acyl CoA esters play a
central role in fatty acid elongation and B-oxidation. Suzuki et al'® have cloned FACS
from the rat liver and demonstrated that FACS1 is present in the heart and skeletal
muscle. Further analysis of FACS has shown that it is present in the vesicular structures,
similar to those of GLUT-4. In addition, FACS has also been shown to associate with the
adipocyte plasma membrane, which suggests that FACS may be able to translocate from

106

intracellular vesicles to the plasma membrane . Moreover, studies by Luiken et al have

shown that FACS1 expression correlates with muscle with high oxidative capacity'®’.
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Taken together, these studies suggest that FACS may play an important role in uptake of

fatty acids in the cell.

D) FAT/CD36

CD36 was first identified as a platelet integral membrane glycoprotein that
bound to thrombospondin, and was classified as a thrombospondin receptor'®.

Thrombospondins are a family of extracellular proteins that have a role in cell-cell

1 2

interaction'®, apoptosis'®’, cell adhesion''®, angiogenesis'"' and signal transduction'"
(see ''* for review). More recently, CD36 has been found to bind to low density
lipoproteinsm, Plasmodium  falciparum malaria-parasitized erythrocytes''”, retinal

7 Based on

photore:ceptors116 and most important to metabolism, long-chain fatty acids
the latter observation, it has been suggested that CD36 is a fatty acid transporter, and has
thus been named fatty acid translocase (FAT)''®. FAT/CD36 belongs to the class B
scavenger receptor family, which also includes the receptor for selective cholesterol ester
uptake, scavenger receptor class B type I (SR-B1) (see '*° for review). FAT/CD36 has an
apparent molecular weight of 53 kDa, but since it is heavily glycosylated, the molecular
weight increases to 88 kDa''”. The heavy glycosylation is thought to protect FAT/CD36
from proteinase-rich environments, found in areas of inflammation. Moreover, it has been
shown that mutations of the amino acids in the glycosylated regions of the SR-B1 have
resulted in a marked reduction in lipid transport capability'®’, suggesting that post-

translational modification my play a role in the function of FAT/CD36. Structurally, there

are 2 hydrophobic regions on FAT/CD36, corresponding to transmembrane domains, one
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on the carboxyl-terminal and the other on the N-terminal. Therefore, the predicted
orientation projects FAT/CD36 mainly residing extracellularly, with 2 short intracellular
domains (see ''? for review).

FAT/CD36 has been identified in various tissues such as, adiopocytes,
platelets, skeletal muscle, intestine and the heart (see ''° for review). On a cellular level,
FAT/CD36 colocalizes with caveolin in specialized plasma membrane microdomains
known as caveolae'”'. These lipids structures are known scaffolds of concentrated signal
transduction mediators, suggesting that FAT/CD36 may play a role in signal
transduction. In fact, it has been shown that Src-related protein tyrosine kinases are
physically associated with the surface antigen FAT/CD36 in human dermal
microvascular endothelial cells''. In addition, FAT/CD36 is physically associated with

the Fyn, Lyn, and Yes protein-tyrosine kinases in human platelets'**

, although these
signaling cascades have not been identified in the heart.

In skeletal muscle, FAT/CD36 has been found to localize to intracellular
microsomal vesicles'” and caveolae membrane domains in the plasma membrane'?!

4'* Therefore

which is homologous to the distribution of the glucose transporter GLUT
it has been suggested that FAT/CD36 may colocalize with GLUT 4 in intracellular
compartments and share similar cellular machinery involved in their recruitment to the
plasma membrane. Interestingly, studies in skeletal muscle have shown that insulin
stimulates the translocation of both FAT/CD36 and GLUT 4 from intracellular
microsomes to the plasma membrane'®* (discussed below). Although it may be

reasonable to propose that FAT/CD36 and GLUT 4 are colocalized in intracellular

compartments, it has been demonstrated that FAT/CD36 and GLUT4 are not localized
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% Due to this controversy, the question of whether

together in skeletal muscle
FAT/CD36 and GLUT 4 are colocalized in the microsomal compartment remains

vhanswered.

Translocation of FAT/CD36

It has been shown in studies using cardiac myocytes that GLUT 4 translocates
from small tubulo-vesicular elements to the sarcolemmel membrane upon insulin
stimulation'?. Interestingly, studies have shown that FAT/CD36 is able to translocate
from the intracellular compartments to the plasma membrane upon insulin stimulation'*,

. 7 . 12
GXEI‘CISGD12 and contraction 8

, In cardiac myocytes. This suggests a novel mechanism by
which insulin may be able to regulate fatty acid uptake and oxidation. Insulin is generally
thought to decrease fatty acid oxidation by increasing the amount of malonyl CoA in the
cytosol of the cell'”. Therefore, a decrease in the rate of fatty acid oxidation
accompanied by an increase in fatty acid uptake, upon insulin stimulation, may provide a
mechanism by which fatty acids are shuttled to triglyceride production and storage. This
increase in triglyceride production could become detrimental to the heart, as triglyceride
accumulation has been associated with a lipotoxic cardiomyopathy'*. Interestingly, a
more recent study showed that triglyceride production may protect against fatty acid-
induced lipotoxicty in cultured cell lines''. This protection has been proposed to be due
to channeling of free fatty acids away from an apoptotic-pathway, and towards inert

1

triglyceride storage’®’. Therefore, controversy exists as to whether an increase in

triglyceride formation would be beneficial or detrimental to the heart.
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Luiken et al'®® demonstrated in cardiac myocytes that electrical stimulation also
resulted in translocation of FAT/CD36 from the intracellular compartment to the plasma
membrane. Interestingly, the increase in palmitate uptake by insulin treatment and
electrical stimulation were additive, which suggests that there are two distinct pools of
FAT/CD36, both of which are able to translocate to the membrane upon different

2 Moreover, the stimulation induced increase in palmitate uptake, via

stimuli
FAT/CD36 translocation, is not inhibited by wortmannin, whereas the insulin induced
uptake is decreased to basal levels, confirming that the effect of insulin is
phosphatidylinositol-3 (PI-3) kinase dependent. On the other hand, contraction induced
stimulation of FAT/CD36 translocation was shown to be mediated by AMPK'?, which
would suggest that the heart may be attempting to increase fatty acid metabolism during
times of increased energy demand. In addition, AMPK-mediated translocation of

FAT/CD36 suggests that the translocation process may be under phosphorylation control,

although the direct mechanism has yet to be elucidated.

FAT/CD36: Role in Regulating Fatty Acid Oxidation

The role of FAT/CD36 in fatty acid transport was uncovered mainly through
studies conducted using the FAT/CD36 knockout (KO) mouse’’. The FAT/CD36 KO
mice contain a mutated allele, which exhibits a deletion of 30 amino acids which code for
the N-terminal transmembrane domain of FAT/CD36. Therefore, the FAT/CD36 gene is
effectively knocked out. Early studies examining palmitate transport into adipocytes from

the FAT/CD36 KO mice showed that knockout mice exhibited lower levels of palmitate
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uptake, as compared to wildtype (WT) adipocytes. Moreover, plasma analysis from
FAT/CD36 KO and WT mice showed that FAT/CD36 KO mice exhibited significantly
higher levels of plasma triglycerides and cholesterol”. The higher levels of plasma
triglyceride are a consequence of decreased fatty acid uptake into tissues, since higher
levels of fatty acid will be presented to the liver, resulting in increased plasma
triglyceride. This suggests that FAT/CD36 is essential in the uptake of fatty acids and
deficiency results in impaired fatty acid transport. Subsequent studies were conducted in
order to examine fatty acid metabolism.

In order to examine further the role of FAT/CD36 in fatty acid transport and
metabolism, transgenic mice overexpressing FAT/CD36 in muscle were generated'*?.
Palmitate oxidation rates in perfused soleus muscle from the transgenic mice were
significantly elevated compared to WT controls'**. Contrasting the characteristics of the
FAT/CD36 KO mouse, the FAT/CD36 overexpressor exhibited significantly lower levels
of plasma trigycerides. This suggests that the increase in the expression of FAT/CD36
results in higher levels of fatty acid uptake from the plasma. These studies provide
evidence for the importance of FAT/CD36 in fatty acid transport in adipocytes and
skeletal muscle.

Studies have also been conducted investigating the role of FAT/CD36 in fatty

acid oxidation in isolated adult rat cardiac myocytes. A study by Luiken et al'*?

measured
palmitate oxidation, in the presence or absence of sulfo-N-succinimidyloleate (SSO), in
quiescent and electrostimulated cardiac myocytes. SSO is a fatty acid derivative that

specifically covalently modifies FAT/CD36, thereby disrupting its transport capability.

Electrostimulation of the cardiac myocytes significantly increases palmitate oxidation,
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with a parallel increase in palmitate transport, which is due to an increase in metabolic
demand in response to increased contractile work'>. Upon incubation with SSO, both
quiescent and electrostimulated myocytes exhibited palmitate oxidation rates
significantly below controls'”, suggesting that contraction-induced increase in fatty acid
uptake is FAT/CD36 mediated. This also suggests that FAT/CD36 may be rate-limiting
in fatty acid oxidation. Before studies performed for this thesis, the role of FAT/CD36 in
fatty acid oxidation in the intact working heart was unknown. Moreover, whether
decreased rates of fatty acid oxidation in the working heart result in increased

susceptibility to ischemic injury was unknown.

FAT/CD36: The New Frontier

Although progress has been made to characterize FAT/CD36, there are many
avenues of research that remain. It has been shown in several studies that FAT/CD36 is
important in regulating uptake of fatty acids into various cell types”™'**** but the role of
FAT/CD36 in regulating fatty acid oxidation in the isolated working heart is unknown.
Moreover, the question of whether the FAT/CD36 KO hearts are energetically
compromised, suggesting that decreased rates of fatty acid oxidation in the working heart
result in increased susceptibility to ischemic injury, has not been examined.

Investigation into alterations in signaling mechanisms involving energy
metabolism in the FAT/CD36 KO mouse needs to be examined. Since AMPK, ACC and
MCD all have been shown to be important in regulating fatty acid oxidation through

malonyl CoA, it is not know whether FAT/CD36 deficient animals exhibit changes in
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these metabolic proteins. It is possible that there is an upregulation in the expression of
AMPK and ACC and a decrease in MCD expression, which would lead to a decrease in
malonyl CoA levels that would be able to compensate for a hypothetical decrease in fatty
acid oxidation rate due to diminished fatty acid uptake. This would be especially
important in an ischemic heart, where inhibition of fatty acid oxidation has been shown to
be beneficial to functional recovery®.

Further characterization of the function of FAT/CD36 is required. Although
FAT/CD36 overexpression study has been conducted"*?, this study does not elucidate the
role of FAT/CD36 expression alone, since other proteins involved in fatty acid transport,
such as FACS, are present in the adult mouse. This is important since the hypothesis of
whether FAT/CD36 and FACS cooperate in order to transport fatty acids across the
membrane has been proposed. Therefore, a model where only FAT/CD36 and FACS are
present in high levels must be used in order address this hypothesis.

The translocation of FAT/CD36, upon insulin and AMPK stimulation, has been
studied by the use of membrane fractionation'>*'?, but the process has not been
visualized or characterized. Therefore, an improved model is required in order to further

examine the translocation process.
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Heart Perfusions- Hearts from wild type and FAT/CD36 KO male mice, 10-12 weeks of
age, were perfused in the working mode as described. Briefly, mice were anesthetized
with 12 mg intraperitoneal injection of pentobarbitol sodium. Hearts were than excised
and immediately immersed in ice cold Krebs-Henseleit bicarbonate solution containing
118.5 mM NaCl, 25 mM NaHCO;, 4.7 mM KCl, 1.2 mM MgSO,, 1.2 mM KH,POy4, 2.5
mM CaCl,, 0.5 mM EDTA, 5 mM [U- "*C]glucose and either 0.4 mM or 1.2 mM [9, 10-
*H] palmitate prebound to 3% fatty acid free bovine serum albumin, and 100 pU/mL
insulin. The aorta was then cannulated and was subject to a Langendorff perfusion (at 60
mmHg) for 10 min. Upon cannulation of the pulmonary vein, the heart was switched
from the Langendorff to the working mode. The left atrium was perfused at a preload
pressure of 11.5 mmHg, and afterload was set at 50 mmHg. A 2.5 mL sample of
perfusate was taken every 10 min. Hearts were either perfused aerobically for 30 min or
aerobically for 30 min and then were subjected to 18 min of global no-flow ischemia
followed by 40 min of aerobic reperfusion. At the end of the experiment, hearts were

frozen in liquid nitrogen and stored at —-80 °C.

Measurement of Cardiac Function- Heart rate and pressure measurements were recorded
using a pressure transducer in the aortic outflow line (Harvard Apparatus). Data were
collected using an MP100 system from AcqKnowledge (BIOPAC Systems, Inc.).
Cardiac output and aortic flows were obtained by measuring the flow into the left atria
and from the afterload line using Transonic flow probes. Cardiac work was calculated as
the product of peak systolic pressure and cardiac output. Coronary flow was calculated

from the difference of the cardiac output and aortic flows. Frozen hearts were powdered
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and ~20 mg (wet weight) were dried at 60 °C overnight to remove all water (dry weight).
The ratio of this sample (dry/wet weight) was used to calculate the total dry mass of the

heart.

Glucose Oxidation Rates- Glucose oxidation rates were determined by measuring Hco,
released from the metabolism of [U-"*]glucose, as described B33 Briefly, released '*CO;
was trapped using 1 M hyamine hydroxide, and collected by continuously bubbling
outflow gases from the perfusion apparatus through 15 mL of hyamine hydroxide. A 300
pL sample of hyamine hydroxide was taken every 10 min. The CO, trapped in the
perfusion buffer was released by the addition of 9 N H,SO4 to 1 ml of perfusion buffer in
sealed test tubes. The flasks were shaken overnight and the released '*CO, was trapped
by the center well containing 300 pL of hyamine hydroxide. Hyamine hydroxide
samples were counted using CytoScint® scintillation cocktail (ICN). Total "o,
production was calculated by adding the values for CO, obtained from the outflow gas

and from the perfusion buffer.

Palmitate Oxidation Rates- Palmitate oxidation rates were measured from the release of
3H,0, derived from the metabolism of [9, 10- 3H]palmitate, as described '*°. Briefly,
H,0 was separated from 9,10-[° H]palmitate by mixing 0.5 ml of the perfusion buffer
samples with 1.88 ml of a 1:2 vol/vol ratio of chloroform and methanol. Next, 0.625 ml
of chloroform was added, followed by the addition of 0.625 ml of 1.1 M KC], dissolved
in 0.9 M HCI. Samples were allowed to separate into polar and non-polar phases and the

polar phase was removed. The polar phase was mixed with 1 ml chloroform, 1 ml
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methanol, 0.9 ml of KCI:HCI mixture. Again, the polar and non-polar phases were

allowed to form and a 0.5 ml aliquot of the polar phase was removed and counted for *H.

Calculation of Tricarboxylic Acid Cycle (TCA) Activity- Contribution of both glucose and
palmitate oxidation to the TCA cycle was calculated as the product of the respective rates
of oxidation and the amount of acetyl-CoA derived from glucose and palmitate,
respectively. A value of 2 acetyl CoA per molecule of glucose oxidized and 8 acetyl

CoA per molecule of palmitate oxidized was used.

Measurement of ATP Levels- Frozen mouse heart tissue (20 mg) was homogenized in a
6% perchloric acid/0.5 mM EGTA solution. The homogenate was incubated on ice for
10 min and centrifuged at 10000 g for 2 min. The supernatant was collected and ATP
concentrations were determined by HPLC. Separation was performed on a Beckman
System Gold with a UV detector 167. Each sample was run through a precolumn
cartridge and a microsorb short-one column. A gradient was set up using buffer A,
consisting of 0.2 M NaH,PO,, pH 5.0, and buffer B, consisting of 0.25 M NaH,PO, and
acetonitrile, pH 5.0, at a ratio of 80:20 (v/v). Both buffers were filtered using Nylon-66
filter membrane (Pierce). Buffers were initially mixed at 97% buffer A and 3% buffer B
and maintained for 2.5 min, and changed to 18% B for 5 min. The gradient was changed
to 37% buffer B for 3 min and to 90% buffer B for 17 min. At 42 min, buffer B was
returned to 3% over 0.5 min and at 50 min, equilibration was completed. Peaks were

integrated by Beckman System Gold.
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Cell Culture. Hearts from 2-day old neonatal rat pups were isolated and placed in ice-
cold 1 x phosphate buffered saline (PBS) solution. After repeated rinsing, the atria were
removed and the ventricles were minced with scissors. The minced tissue was washed 3
times in ice cold PBS solution and then placed in a T-25 c¢cm’ tissue culture flask
containing 19.5 mL ice cold PBS, 0.025% DNAse (w/v), 0.1% collagenase (w/v) and
0.05% trypsin (w/v). The tissue was digested on a rotary shaker at 37 ° C for 20 min.
After digesting, the tissue was centrifuged at 114 x g for 1 min at 4 ° C in 20 mL of DF20
media, 20% fetal bovine serum and 50 pg/mL gentamicin. The supernatant was discarded
and the pellet was subsequently digested with DNAse/collagenase/trypsin buffer for an
additional 20 min at 37 © C. After the second digestion, 20 mL of DF20 media was added
to the tissue and centrifuged at 114 x g for 1 min at 4 ° C. This step was repeated once
more. After the final digestion, all the supernatant fractions were pooled and centrifuged
at 300 x g for 7 min at 4 ° C. The resulting pellet was resuspended in 10 mL of plating
media (DF20 media, 5% fetal bovine serum, 10% horse serum and 50 ug/mL gentamicin)
and incubated at 37 ° C in a T-75 cm? flask for 60 min. After 60 min the supernatant was
removed and placed into another T-75 cm? flask and incubated for another 60 min at 37 °
C. After serial plating, the resulting pellet was resuspended in plating media and plated in

35 mm” primeria dishes (Falcon) at a density of 1.8 x 10° cells/plate.

Measurement of Fatty Acid Oxidation in Rat Neonatal Cardiac Myocytes. After 48 hrs of
incubation, fatty acid oxidation rates were measured in isolated neonatal rat cardiac
myocytes. Media of the myocytes was changed to a Krebs-Henseleit bicarbonate solution
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containing 118.5 mM NaCl, 25 mM NaHCO;, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM
KH,POy, 2.5 mM CaCl,, 0.5 mM EDTA, and 1.2 mM [9, 10- 3H] palmitate prebound to
3% fatty acid free bovine serum albumin, which was also supplemented with L-carnitine
(0.25 mM). Cardiac myocytes were incubated for 3 hrs at 37 ° C. After 3 hrs, 200 yL of
the labeled media aliquoted into an eppendorff tube, placed in a scintillation vial. The
scintillation vials, containing both the labeled media and eppendorff tube, was incubated
for 24 hrs at 50 ° C. After 24 hrs, the eppendorff tube was removed from the scintillation
vial and the latter was counted. The remaining media from the cardiac myocytes was
removed and cells were scraped in 120 pL of buffer containing 20mM Tris-HCL, pH 7.4,
50mM NaCl, 50 mM NaF, 5SmM Na pyrophosphate, 0.25 M sucrose, protease inhibitor
cocktail #1 (Sigma P8340), phosphatase inhibitor cocktail (Sigma P2850) and 1M DTT.
Cell lysates were sonicated and centrifuged for 8 min at 1000 x g in order to remove cell
debris. The supernatant was aliquoted, frozen with liquid nitrogen and stored at -80 ° C.
A protein assay (BioRad) was conducted on the cell lysates to determine protein content

of the samples.

Triglyceride Measurements. Cardiac myocyte homogenates from fatty acid oxidation
measurements were used to examine triglyceride content in the cells. Cell homogenates
were assayed using the L-Type TG H kit (WAKO). Briefly, 80 puL of Enzyme Color A
was added to 10 uL sample and mixed. The mixture was incubated for 5 min, then,
Enzyme Color B was added to the mixture, followed by a 5 min incubation. Absorbance
of the samples and standards were measured at 600/700 nm. Total triglyceride content

was expressed as pg of triglyceride per pg of total protein.
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Lipid Extraction for Thin Layer Chromatography. 90 pl. samples were taken from
cardiac myocyte cell homogenates from fatty acid oxidation assay and aliquoted into
glass tubes. 1 mL of methanol was added to the sample, followed by 500 puL of
chloroform. If the mixed sample was not monophasic, than methanol was added drop
wise until sample was one phase. Next, 500 uL of 1 M NaCl, which was slightly acidified
with acetic acid, was added, followed by 1 mL of chloroform. This resulted in a biphasic
sample consisting of organic and aqueous phases. The samples were centrifuged at 1000
rpm for 5 min to further separate the phases. After centrifugation, the organic phase
(bottom) was collected carefully, without contamination from the upper aqueous phase,
and the extraction protocol was repeated on the aqueous phase to further extract the
lipids. The two organic phases were pooled in a glass tube and dried under a stream of

N;. The dried residue was dissolved in 200 uL of 2:1 chloroform:methanol.

Western Blot Analysis. Heart tissue was homogenized in buffer containing 20 mM Tris-
HCL, pH 7.4, 50 mM NaCl, 50 mM NaF, 5 mM Na pyrophosphate, 0.25 M sucrose,
protease inhibitor cocktail #1 (Sigma P8340), phosphatase inhibitor cocktail (Sigma
P2850) and 1M DTT. Protein was separated using SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked with 5% milk in Tris-buffered-
saline solution containing 0.1% Tween (TBST). Membranes were incubated with an
antibody against the protein of interest, washed 3-times with TBST, then incubated with a
secondary antibody (Santa Cruz biotechnologies) conjugated to horseradish peroxidase

and washed 3-times TBST. Signals were visualized using the ECL detection system
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(Amersham). Densitometric scans were taken with the GS-800 scanner and analyzed with

Quantity One software.

PCA Extraction of Acetyl CoA and Malonyl CoA. Approximately 25 mg of powdered
heart tissue from ischemic FAT/CD36 KO and wildtype mice were weighed out into
cryovials. The heart tissue was transferred to Dounce homogenizers and homogenized in
6% perchloric acid. The homogenate was centrifuged at 3500 RPM for 10 min at 4°C.
The samples were then analyzed with HPLC. Separation was performed on a Beckman
System Gold with a UV detector 167. Each sample was run through a precolumn
cartridge and a microsorb short-one column. A gradient was set up using buffer A,
consisting of 0.2 M NaH,PO,, pH 5.0, and buffer B, consisting of 0.25 M NaH,PQO, and
acetonitrile, pH 5.0, at a ratio of 80:20 (v/v). Both buffers were filtered using Nylon-66
filter membrane (Pierce). Buffers were initially mixed at 97% buffer A and 3% buffer B
and maintained for 2.5 min, and changed to 18% B for 5 min. The gradient was changed
to 37% buffer B for 3 min and to 90% buffer B for 17 min. At 42 min, buffer B was
returned to 3% over 0.5 min and at 50 min, equilibration was completed. Peaks were

integrated by Beckman System Gold.

Cell Transfection. Both COS-7 cells and neonatal rat cardiac myocytes were used in
transfection experiments. COS-7 cells were maintained in DMEM supplemented with
10% fetal bovine serum and cardiomyocytes were maintained in DMEM supplemented
with insulin-transferrin-sodium selenite media supplement (ITS) (SIGMA) and AraC

(SIGMA). COS-7 cells were transfected with 1 pg CD36/DsRed2 DNA using 3 pL
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FuGENE 6 (ROCHE) and cardiomyocytes were transfected with 2 ug CD36/DsRed2
DNA using 6 pL FuGENE 6 according to the manufacturer's instructions. Cells were
incubated in the transfection medium for 24 hours, after which medium was changed and

cells were incubated for 24 hours in serum free medium.

Mitochondrial Staining. For cardiac myocyte staining, MitoTracker Green was diluted to
a working concentration of 25 nM in 1 mL of prewarmed serum free DMEM. Neonatal
rat cardiac myocytes were incubated for 30 min with the stain and replaced with

prewarmed serum free DMEM after incubation.

Statistical Analysis- Data is expressed as mean + S.E. Comparisons between wild type
and FAT/CD36 deficient hearts were performed using the unpaired Student's two-tailed t-
test. Differences were judged to be significant when p<0.05. When more than two groups
were being analyzed, an unpaired ANOVA was conducted with a Student-Newmann-

Keuls post test. Differences were judged to be significant when p<0.05.
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Table 1. Immunblotting Protocol

Protein [1° Ab] Incubation in [2° Ab] Incubation in 2°
1° Ab (at4° Ab
C)
CD36 1:5000 Overnight GAM 1:2000 1 hour
Streptavidin 1:500 Overnight Not required Not required
labelled
peroxidase
MCD 1:1000 Overnight GAR 1:2000 1 hour
FACS 1:5000 Overnight GAR 1:10000 1 hour
Actin 1:250 Ovemight DAG 1:2000 1 hour
P-ACC 1:1000 Overnight GAR 1:2000 1 hour
AMPK 1:1000 Overnight GAR 1:2000 1 hour
P-AMPK 1:1000 Overnight GAR 1:2000 1 hour
PPARQ 1:500 Overnight GAM 1:1000 1 hour
Goat-anti-mouse (GAR)
Donkey-anti-goat (DAG)
Goat-anti-mouse (GAM)
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Chapter 3

FAT/CD36 Deficiency does not Energetically or
Functionally Compromise Hearts Prior to or

Following Ischemia

A portion of this chapter was published in the journal Circulation. (Kuang M, Febbraio
M, Wagg C, Lopaschuk GD, Dyck JR. Fatty acid translocase/CD36 deficiency does not
energetically or functionally compromise hearts before or after ischemia. Circulation.
2004 Mar 30;109(12):1550-7.)

Acknowledgements: Heart perfusions and measurements of palmitate and glucose
oxidation were conducted by Cory Wagg. HPLC was conducted by Kenneth Strynadka
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Introduction

In adult cardiac myocyte the oxidation of fatty acids provides the majority of
energy needed to support contractile function. Although the heart has the ability to store
fatty acids, it has a limited capacity to maintain its high metabolic demand on
endogenous sources alone and relies on continuous uptake from blood !, Despite the
obvious importance of fatty acid uptake to the cardiac myocyte, controversy still exists
with respect to the exact process by which fatty acids enter into cells. The two main
mechanisms proposed for transport of fatty acids into cells are: 1) passive diffusion
and/or 2) protein mediated transport >°. Accumulating evidence supports a role for fatty
acid translocase (FAT; also known as CD36 *) in protein mediated fatty acid uptake in
cardiac myocytes.

FAT/CD36 is an 88 kD ditopic glycosylated protein that belongs to the class B
family of scavenger receptors. This family also includes scavenger receptor class B type
I (SR-BI), the receptor for selective cholesteryl ester uptake and lysosomal integral
membrane protein I (LIMP-II) (see > for review). Studies utilizing a non-metabolizable
fatty acid analog, BMIPP suggest that FAT/CD36 accounts for 50 - 80 % of the total fatty
acid uptake by the heart °. Polymorphisms in human FAT/CD36 occur in Asian and
African populations at a relatively high frequency, and there have been reports that these

714 and  cardiac

deficient individuals have reduced cardiac fatty acid uptake
abnormalities. However, considerable controversy exists with respect to the potential
involvement of FAT/CD36 deficiency in the development of hypertrophic

7,15-19

cardiomyopathy and it has not been directly proven whether patients with
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FAT/CD36 deficiency have reduced cardiac fatty acid oxidation rates or energetically |
compromised hearts.

To understand better the effects of FAT/CD36 deficiency, a mouse model of
FAT/CD36 deficiency has been developed *°. A recent report by Irie et al 21 suggested
that hearts from FAT/CD36 null mice were energetically deficient. However,
involvement of FAT/CD36 in regulation of fatty acid oxidation rates was determined
using isolated cardiac myocytes and thus, may be skewed by the fact that isolated cardiac
myocytes do not perform significant amounts of contractile work and therefore, have
very low rates of fatty acid oxidation. It has not yet been determined whether
FAT/CD36-mediated fatty acid uptake can regulate fatty acid oxidation rates in the intact
working heart. In addition, the ability of carbohydrate oxidation to compensate for
changes in fatty acid oxidation, such that the energy status of the heart can be determined,
also needs to be assessed to understand fully the impact of FAT/CD36 deficiency.

The report by Irie et al*! also suggested that hearts from FAT/CD36 null mice
were less tolerant to ischemia, primarily due to deficiency in fatty acid oxidation and
decreased ATP supply. However, we have previously shown that excessively high fatty
acid oxidation rates contribute to ischemic injury by inhibiting glucose oxidation *2. As a
result, it is possible that depressed fatty acid oxidation rates, as seen in FAT/CD36 KOs,
may actually protect the heart from ischemic damage. Therefore, the question remains as
to whether FAT/CD36 deficiency leads to energetically deficient hearts and/or whether
an alteration in fatty acid oxidation, due to FAT/CD36 deficiency, is detrimental or

beneficial to the ischemic heart.
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Using isoléted working hearts from wild type and FAT/CD36 null mice, we
directly measured fatty acid oxidation rates in hearts perfused with both low and high
levels of fatty acids. We also investigated the relationship between fatty acid oxidation
and glucose oxidation rates in FAT/CD36 deficient hearts and determined whether

FAT/CD36 deficiency was beneficial or detrimental to the ischemic heart.

Hypothesis

We hypothesize that FAT/CD36 KO mouse hearts will exhibit low rates of
palmitate oxidation, which will be compensated for by increased rates of glucose
oxidation, as compared to the wildtype mouse hearts. Due to this switch in energy
substrate utilization, the FAT/CD36 KO mouse hearts will demonstrate improved
recovery of cardiac work after an ischemic insult, as compared to wildtype hearts.
Therefore, we hypothesize that the FAT/CD36 KO mouse hearts are not energetically or
functionally compromised, before or after ischemia, as compared to the wildtype mouse

hearts.

Materials and Methods

Mice- CD36 KO mice and a littermate control line were created as previously described
20 Mice were backcrossed 6x to C57BY6. Mice were maintained in a fully accredited
facility on a 12 hour dark/light schedule with ad libitum access to food and water. The

University of Alberta adheres to the principles developed by the Council for International
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Organizations of Medical Sciences for biomedical research involving animals and

complies with National Institutes of Health animal care guidelines.

Heart Perfusions- As described in the Methods and Materials section.

Measurement of Cardiac Function- As described in the Methods and Materials section.

Glucose Oxidation Rates- As described in the Methods and Materials section.

Palmitate Oxidation Rates- As described in the Methods and Materials section.

Calculation of Tricarboxylic Acid Cycle (TCA) Activity- As described in the Methods and

Materials section.

Measurement of ATP Levels- Frozen mouse heart tissue (20 mg) was homogenized in a
6% perchloric acid/0.5 mM EGTA solution. The homogenate was incubated on ice for
10 min and centrifuged at 10000 ¢ g for 2 min. The supernatant was collected and ATP

concentrations were determined by HPLC as described »°.

Statistical Analysis- Data are expressed as mean £ SEM. Comparisons between wild type
and FAT/CD36 deficient hearts were performed using the unpaired Student's two-tailed t-

test. Differences were judged to be significant when p<0.05.
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Results

Fatty Acid Oxidation Rates in Hearts Perfused Aerobically with 0.4 mM Palmitate - To
examine whether FAT/CD36 mediated fatty acid uptake is rate-limiting for fatty acid
oxidation, the rates of palmitate oxidation in the intact working heart were measured. In
the presence of low levels of fatty acids (0.4 mM palmitate), rates of fatty acid oxidation
in wild type hearts paralleled rates seen in other studies **. Palmitate oxidation rates in
FAT/CD36 KO hearts were significantly lower compared with those in wild type hearts
(Figure 3-1), supporting a role for FAT/CD36 as a fatty acid transporter in cardiac
myocytes. Importantly, this did not result in compromised cardiac function (Table 3-1).
Heart rate, coronary flow, cardiac work and peak systolic pressure measurements were
not significantly different between wild-type and FAT/CD36 KO hearts, and these values

compared well with those published for wild type hearts in previous studies **.

Fatty Acid Oxidation and Glucose Oxidation Rates in Hearts Perfused Aerobically with
1.2 mM Palmitate - To determine if FAT/CD36 deficient hearts were energetically and/or
functionally compromised during conditions where the heart relies heavily on fatty acid
oxidation for ATP, wild type and FAT/CD36 KO hearts were perfused with a high
concentration of palmitate (1.2 mM). Under these conditions, rates of palmitate
oxidation in wild type hearts were 6-fold higher than rates measured in the presence of
0.4 mM palmitate. Interestingly, fatty acid oxidation rates in FAT/CD36 KO hearts
perfused with 1.2 mM palmitate were also elevated about 6-fold, but remained

significantly lower than those in the wild type hearts (Figure 3-2A). Since palmitate
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oxidation was significantly decreased in FAT/CD36 KO hearts, we determined if an
increase in glucose oxidation was compensating for the loss of palmitate-derived ATP.
We found that the reduction in the rate of fatty acid oxidation was accompanied by a 3-
fold increase in the rate of glucose oxidation in FAT/CD36 KO hearts (Figure 3-2B). In
wild type hearts perfused with 1.2 mM palmitate, the majority of TCA cycle acetyl-CoA
originated from palmitate (80%), and the remainder from glucose (20%) (Figure 3-2C).
In contrast, FAT/CD36 KO hearts derived 62% of the total acetyl-CoA from glucose, and
only 38% from palmitate (Figure 3-2C). Despite this dramatic switch in energy substrate
utilization, the total amount of TCA cycle acetyl-CoA derived from both palmitate and
glucose oxidation was similar in both wild type and FAT/CD36 KO hearts (Figure 3-2C),
demonstrating that FAT/CD36 deficient hearts were not energetically compromised. In
addition, as was the case when the hearts were perfused with 0.4 mM palmitate, there
were either no changes or no negative effects of FAT/CD36 deficiency on heart rate,
peak systolic pressure, coronary flow, cardiac output or cardiac work in hearts perfused
with 1.2 mM palmitate, demonstrating that FAT/CD36 deficient hearts were also not

functionally compromised.

Effects of Ischemia on Wild type and FAT/CD36 Deficient Hearts - In order to determine
how altered energy substrate preference effects functional recovery from ischemia, wild
type and FAT/CD36 KO hearts were subjected to 30 min of aerobic perfusion, 18 min of
global no-flow ischemia, followed by 40 min of aerobic reperfusion. During the pre-
ischemic aerobic period, FAT/CD36 deficient hearts exhibited significantly higher levels

of cardiac work as compared to wild type hearts (Figure 3-3A). Although pre-ischemic
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work in the FAT/CD36 KO hearts were significantly elevated, as compared to wildtype

hearts, both the wildtype and FAT/CD36 KO hearts exhibited similar levels of cardiac
work post-ischemia (Figure 3-3A). When expressed as a percent recovery of cardiac

work the recovery of FAT/CD36 KO and wild type hearts were not significantly different

(Figure 3-3B).

Fatty Acid Oxidation and Glucose Oxidation Rates in Hearts Perfused Aerobically with
1.2 mM Palmitate afier Ischemia- A recent study suggested that FAT/CD36 KO hearts
recovered poorly following ischemia, due to decreased fatty acid metabolism. To
determine if this were the case, we directly examined energy metabolism during
reperfusion in wild type and FAT/CD36 deficient hearts. Upon aerobic reperfusion after
ischemia, fatty acid oxidation rates in FAT/CD36 KO hearts were significantly lower
(37%), compared to wild type hearts (Figure 3-4A). However, similar to the pre-ischemic
period, the decrease in fatty acid oxidation rates in FAT/CD36 deficient hearts was
compensated by a 2-fold increase in the rate of glucose oxidation (Figure 3-4B). During
reperfusion, wild type hearts derived 66% of TCA cycle acetyl-CoA from palmitate. In
contrast, FAT/CD36 KO hearts derived only half as much TCA cycle acetyl-CoA from
palmitate (36%). There was a concomitant increase in TCA cycle acetyl-CoA from
glucose in hearts from FAT/CD36 KOs: 34% vs 64% of TCA cycle acetyl-CoA from
glucose, in wild type and FAT/CD36 KO hearts, respectively. Despite the continued
depressed rates of fatty acid oxidation in FAT/CD36 KO hearts during reperfusion, the
total amount of acetyl-CoA derived from palmitate and glucose oxidation was similar in

both wild type and FAT/CD36 KO hearts (Figure 3-4C). Furthermore, ATP levels
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measured in hearts at the end of reperfusion were similar in both groups (10.9£1.2 vs
13.8+1.2 nmol/g dry wt in wild type and FAT/CD36 KO hearts, respectively), confirming

that FAT/CD36 KO hearts were not energetically deficient during reperfusion following

ischemia.

Discussion

FAT/CD36 has been proposed to be a major regulator of fatty acid uptake by
hearts. Evidence in support of this includes studies utilizing the non-metabolizable fatty
acid analog, BMIPP, in FAT/CD36 deficient humans and KO mice. These studies
showed a decrease in fatty acid transport in heart %, but the importance of this in the
intact functioning heart remains unknown. In this study we examined whether a decrease
in FAT/CD36- mediated fatty acid uptake resulted in depressed rates of fatty acid
oxidation in ex vivo working mouse hearts. Our data show that FAT/CD36-mediated
fatty acid uptake accounts for 40-60% of fatty acid oxidation in the heart under
conditions of low and high palmitate (Figures 1A and 2A). Under both conditions, rates
of fatty acid oxidation were significantly decreased in FAT/CD36 KO hearts. Despite the
decrease in fatty acid oxidation in FAT/CD36 deficient hearts perfused with 0.4 mM
palmitate, cardiac work was not different from wildtype hearts (Table 1). However, at 1.2
mM palmitate, FAT/CD36 KO hearts exhibited increased levels of cardiac work
compared to the wildtype hearts. Although the reason(s) for this increased function in
FAT/CD36 KO hearts is not known, the ability of FAT/CD36 KO hearts to maintain and

in fact, increase cardiac function, despite exhibiting depressed fatty acid oxidation rates is
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most likely due to a compensatory increase in glucose oxidation rates, which maintained
adequate TCA cycle ATP supply in the FAT/CD36 deficient hearts. Although we did not
measure ATP levels in hearts prior to ischemia, total acetyl-CoA production was not
different in the wildtype and FAT/CD36 deficient hearts, suggests that the ATP
production in the two sets of hearts are similar prior to ischemia.

In stark contrast to the study of Irie et al ! which showed general poor function of
FAT/CD36 KO hearts, we found cardiac function to be significantly elevated in the
FAT/CD36 KO hearts as compared to wild type hearts. One potential mechanism for the
improved cardiac function of FAT/CD36 deficient hearts, supported by our data, is the
observed increase in glucose oxidation rates, which would result in more acetyl-CoA per
molecule of oxygen and subsequent increase in cardiac efficiency. In the present study,
hearts were perfused with insulin. However, insulin did not appear to be present in the
perfusate of the Irie et al*' study, which may have inhibited glucose uptake®®. In addition,
since the concentration of insulin used in our study was super-physiological, it is possible
that this high concentration of insulin may have beneficial effects on function by itself *'.
The presence of insulin in the perfusate may have increased cardiac glucose utilization,
which could play a role in the improved performance observed in the FAT/CD36 KO
hearts in this study.

Our data suggest that FAT/CD36 deficient hearts, regardless of fatty acid
concentration, are not energetically or functionally compromised during basal conditions
that do not stress the heart. Since it has been reported that FAT/CD36 deficiency is
detrimental during ischemia 7‘1, we also subjected hearts to an 18 min of global no flow

ischemia followed by 40 min of aerobic reperfusion. Again, in contrast to the study by
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Irie et al 2', we found that reperfused ischemic FAT/CD36 deficient and wild type hearts
recovered to a similar degree (Figure 3). In this study, we confirmed that FAT/CD36
deficient hearts had significantly lower palmitate oxidation rates under these conditions
but this did not affect functional recovery. In the Irie et al study *', the authors speculated
that the inability of FAT/CD36 KO hearts to oxidize fatty acids resulted in an energetic
deficient state, thereby compromising functional recovery. However, energy metabolism
or energy status of the hearts during reperfusion was not measured in that study. Our
data show that the loss of energy from decreased rates of palmitate oxidation was
completely compensated by increased rates of glucose oxidation in FAT/CD36 deficient
hearts. Following ischemia there is an overall decrease in oxidative metabolism for both
wildtype and FAT/CD36 KO hearts. However, in the FAT/CD36 KO hearts, the relative
contribution to overall acetyl-CoA production by glucose and fatty acids in not different
between pre- and post-ischemic hearts. Furthermore, ATP levels at the end of
reperfusion in FAT/CD36 KO and wild type hearts were similar (10.9+1.2 vs 13.8+1.2
nmol/g dry wt, respectively). Therefore, our results clearly show that FAT/CD36
deficient hearts are not energetically compromised during reperfusion and that the
hypothesis of Irie et al ! is not supported by measurements of energy metabolism and
status.

The discrepancy between our data and that of Irie et al !

may be explained by
differences in the overall health of the hearts before experimentation. We noted, for
example, the low end-diastolic pressures in the perfused hearts utilized in the Irie et al*!

study. A study by Larsen® has shown that end-diastolic pressure should match more

closely to preload pressure. In the case of Irie*!, the end-diastolic pressure is lower than
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that of the preload pressure, which suggests that the hearts used in their study exhibited
poor function before ischemia. This is consistent with the fact that their hearts were not
able to tolerate more that 6 min of ischemia and that all hearts (wild type and FAT/CD36
KO) failed to function after 12 min of ischemia. In our study, hearts were able to recover
to approximately 50 % of their pre-ischemic values after 18 min of ischemia, while 12
minutes of ischemia resulted in 100% recovery of all hearts (data not shown). Another
explanation for the differences in our data may be the apparent absence of albumin in the
fatty acid free perfusate used in the Irie et al 2! study. Hearts perfused without fatty acids
and albumin were compared to hearts perfused with fatty acids and albumin. It has
previously been shown that albumin protects the heart against ischemic injury, and that
hearts perfused without albumin exhibit increased tissue edema®’. Therefore, the absence
of albumin in hearts perfused without fatty acids in the Irie et al *' study could provide an
alternate explanation for decreased function in the glucose perfused FAT/CD36 KO
hearts reperfused following ischemia. It is not unreasonable to predict that the
FAT/CD36 KO hearts perfused in the absence of fatty acids and albumin, as in the Irie et
al *! study , would be energetically deficient, but the effect cannot necessarily be related
to absence of FAT/CD36 due to the artificial conditions used (i.e. the total lack of fatty
acids as a major source of myocardial energy). Although FAT/CD36 is responsible for
40-60% of cardiac fatty acid uptake, other mechanisms provide the heart with the
remainder, and this could be an important nutritional resource which provides protection.
The total lack of a major source of myocardial energy supply in the Irie et al *' study

makes conclusions with regard to FAT/CD36 function impossible. It is important to note
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that in the clinical situation of ischemia and reperfusion (i.e. post myocardial infarction or
post-surgery) the heart is normally exposed to high levels of fatty acid 2931

Irie et al *! concluded that the poor functional recovery of FAT/CD36 deficient
hearts upon reperfusion was due to a decrease in fatty acid transport and the subsequent
drop in fatty acid oxidation and energy production. Therefore, they concluded, lack of
palmitate was detrimental to the recovery of hearts during reperfusion. Contrasting this
data, previous studies have shown that decreased fatty acid oxidation during reperfusion
is actually beneficial to functional recovery of the heart *2. Normally, acetyl-CoA
derived from fatty acid oxidation stimulates PDH kinase, inactivates the PDH complex,
and decreases the rate of glucose oxidation. Therefore, in situations where fatty acid
oxidation is decreased, glucose oxidation increases during reperfusion, leading to
improved functional recovery. Moreover, pharmacological inhibition of fatty acid
oxidation (i.e. inhibition of carnitine palmitoyl transferase I) has also been shown to be
beneficial to the reperfused ischemic heart **. Thus, our data with regard to FAT/CD36

KO hearts are more consistent than the Irie et al 2!

study with what has previously been
published.

One observation made in the Irie et al *' study that cannot be attributed to
perfusion conditions is that non-perfused FAT/CD36 KO hearts exhibited lower levels of
ATP compared to the wildtype hearts. This decrease in ATP may reflect lower energy
production in vivo due to decreased rates of fatty acid oxidation. However, there are no
reports showing that the decrease in ATP effects function in FAT/CD36 KO hearts in

vivo, nor do the decreases in ATP adversely affect function in vitro if hearts are

adequately perfused. It is possible that the lower ATP levels produced in FAT/CD36 KO
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hearts may only depress cardiac function when stressed by potentially injurious
perfusions, which may rapidly deplete myocardial ATP. In this instance, hearts with a
higher energy reserve (i.e. wildtype hearts) would be less susceptible to ischemic injury.
Indeed, our study demonstrates that, when adequately perfused, the initial decrease in

total ATP does not hinder cardiac function.

Conclusion

We show that FAT/CD36 mediated fatty acid uptake is an important regulator of
fatty acid oxidation in the heart. Hearts from FAT/CD36 KO mice exhibit 40-60% lower
rates of palmitate oxidation, as compared to wild type hearts. However, regardless of
whether perfused under aerobic conditions or during reperfusion following ischemia,
FAT/CD36 deficient hearts are not functionally or energetically compromised. This is
because glucose oxidation rates compensate for the depressed rates of fatty acid
oxidation. Therefore, in contrast to the findings of Irie et al*!, the loss of FAT/CD36 is

not detrimental to the heart either in the absence or presence of ischemia.
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Table 1-1  Cardiac Function in FAT/CD36 Knockout Mouse Hearts Aerobically

Perfused with Low Levels of Fatty Acids

Wildtype FAT/CD36

Knockout
(0=6) (n=8)
Heart rate (beats'min‘l) 261+49 271463
Peak systolic pressure (mm Hg) 6642 65+1
Coronary flow (mlemin™) 23+04  4.2+1
Cardiac output (mlemin™) 7.7+1 9.3+1
Cardiac Work (mlemmHgemin™'+107) 5.1+1 6.1£0.8

Functional parameters were measured in isolated working hearts from FAT/CD36

knockout and wildtype mice perfused with 5.5 mM glucose, 0.4 mM palmitate,

3% bovine serum albumin and 100 uU/mL insulin, at a 11.5 mmHg preload
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Table 1-2  Cardiac Function in FAT/CD36 Knockout Mouse Hearts Aerobically

Perfused with High Levels of Fatty Acids

Wildtype FAT/CD36

Knockout
(n=13) (0=13)
Heart rate (beatsemin’") 24610  275+7 *
Peak systolic pressure (mm Hg) 69+1 68+1
Coronary flow (mlemin™) 29403  3.940.5
Cardiac output (mlemin™) 8.140.3 10404 #
Cardiac Work (mlemmHgemin™'+10?) 55+0.1 6.8+02 7

Functional parameters were measured in isolated working hearts from FAT/CD36

knockout and wildtype mice perfused with 5.5 mM glucose, 0.4 mM palmitate,

3% bovine serum albumin and 100 pU/mL insulin, at a 11.5 mmHg preload

and 50 mmHg afterload.

* significantly different from wildtype value. p < 0.05

# significantly different from wildtype value. p < 0.005
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Table 1-3  Cardiac Function in FAT/CD36 Knockout Mouse Hearts Aerobically
Perfused with High Levels of Fatty Acids and Reperfused
Following Ischemia

Wildtype FAT/CD36
Knockout

(@=13)  (n=13)

Heart rate (beatsemin™) 211+13  245+10 *
Peak systolic pressure (mm Hg) 6312 59+2
Coronary flow (ml-min'l) 29404 42409
Cardiac output (mlemin™) 56+0.5  6.4+1

Functional parameters were measured in isolated working hearts from FAT/CD36
knockout and wildtype mice perfused with 5.5 mM glucose, 1.2 mM palmitate,
3% bovine serum albumin and 100 pU/mL insulin, at a 11.5 mmHg preload

and 50 mmHg afterload. Hearts were perfused for a 30 min aerobic period,

followed by 18 min global no flow ischemia and 40 min aerobic reperfusion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76



140 4
§ 120 —
o '?
ke
S E
g 2
R %
80 —
fa =
o [
py = 60 —
- B
aS e
R ]
ég 40 —
pummny
5 )
20 -
0—.

Wildtype FAT/CD36 KO

Figure 3-1. Palmitate oxidation in FAT/CD36 knockout (KO) and wildtype
mouse hearts perfused with 0.4 mM palmitate. Values represent the mean +
S.E. 8 KO and 6 wildtype mouse hearts for palmitate oxidation. *, significantly
different from wild type mouse hearts, P < 0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

77



>

300 =}
700 ~4
600 1
500 -
400
300 ~

200 -1

Palmitate Oxidation Rates
(nmoleg dry wtlemin)

100 ~

@!

7000 -

6000

g
g
3

1

2000

1000

TCA Cycle Acetyl CoA Production
{(nmoleg dry wt'emin)

vy

2500 9

2000

1500 =3

1000

Glucose Oxidation Rates
(nmoleg dry wttemin)

v

=3

S
1

Wildtype

FAT/CD36 KO

Wildtype FAT/CD36 KO

B Palmitate
[ Glucose

Wildtype

FAT/CD36 KO

Fig. 3-2. Palmitate oxidation (A), glucose oxidation (B) and tricarboxylic acid
(TCA) acetyl-CoA production (C) for the TCA cycle in FAT/CD36 knockout
(KO) and wildtype (WT) mouse hearts perfused with 1.2 mM palmitate. Values
represent the mean + S.E. 5 KO and 6 WT mouse hearts for palmitate oxidation; 8 KO
and 7 WT mouse hearts for glucose oxidation. 13 KO and WT mouse hearts were used
to calculate acetyl-CoA production from palmitate oxidation and glucose oxidation.
TCA cycle activity was calculated from the rates of palmitate and glucose oxidation
from A and B, using 8 mol of acetyl-CoA from every mol of palmitate oxidized and 2
mol of acetyl-CoA for every 1 mol of glucose oxidized. *, significantly different from
WT mouse hearts, p<0.01.
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Fig. 3-3. Cardiac work (A) and % recovery of cardiac work (B) in FAT/CD36
knockout (KO) and wildtype (WT) mouse hearts. Cardiac work was calculated as a
product of cardiac output and peak systolic pressure. Hearts perfused with 5.5 mM
glucose, 1.2 mM palmitate, 3% BSA and 100 yU/mL insulin were aerobically
perfused for 30 min, followed by 18 min global no-flow ischemia and 40 min of
aerobic reperfusion. *, significantly different from WT values, p<0.001. Recovery of
cardiac function (measured after 40 min reperfusion) was calculated as a percentage of
pre-ischemic values for the FAT/CD36 KO and WT mouse hearts
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Fig. 3-4. Palmitate oxidation (A), glucose oxidation (B) and tricarboxylic acid
(TCA) acetyl-CoA production (C) for the TCA cycle in FAT/CD36 knockout
(KO) and wildtype (WT) mouse hearts during reperfusion after ischemia. Values
represent the mean = S.E. 5 KO and 6 WT mouse hearts for palmitate oxidation; 8 KO
and 7 WT mouse hearts for glucose oxidation. 13 KO and WT mouse hearts were used
to calculate acetyl-CoA production from palmitate oxidation and glucose oxidation.
TCA cycle activity was calculated from the rates of palmitate and glucose oxidation
from A and B, using 8 mol of acetyl-CoA from every mol of palmitate oxidized and 2
mol of acetyl-CoA for every 1 mol of glucose oxidized. *, significantly different from
WT mouse hearts, p<0.01.
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Chapter 4

The Role of FAT/CD36 and FACS in Cardiac

Myocyte Fatty Acid Oxidation

Acknowledgements: Neonatal cardiac myocytes were isolated by Suzanne Kovacic, and
adenoviruses were constructed by Amy Barr
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Introduction

In adult cardiac myocytes the oxidation of fatty acids provides the majority of
energy needed to support contractile function'. Although the heart has the ability to store
fatty acids, it has a limited capacity to maintain its high metabolic demand on
endogenous sources alone and relies on continuous uptake from blood?. Despite the
obvious importance of fatty acid uptake to the cardiac myocyte, controversy exists with
respect to the process by which fatty acids enter into cells. The two main mechanisms by
which fatty acids are transported into cells are: 1) passive diffusion and/or 2) protein
mediated transport3’4. Accumulating evidence supports a role for fatty acid translocase
(FAT; also known as CD36°) in protein mediated fatty acid uptake in cardiac myocytes.

In studies wsing mice overexpressing FAT/CD36, palmitate oxidation rates in
perfused soleus muscle from the overexpressors were significantly elevated, compared to
WT controls®. Contrasting the characteristics of the FAT/CD36 KO mouse, the
FAT/CD36 overexpressor exhibited significantly lower levels of plasma trigycerides,
which suggests that the increase in the expression of FAT/CD36 results in higher levels
of fatty acid uptake from the plasma. These studies provide evidence for the importance
of FAT/CD36 in fatty acid transport in adipocytes and skeletal muscle. But the effect of
FAT/CD36 overexpression on palmitate oxidation in the neonatal cardiac myocyte is
currently unknown.

Studies have also been conducted investigating the role of FAT/CD36 in fatty
acid oxidation in isolated adult rat cardiac myocytes. A study by Luiken et al’ measured
palmitate oxidation in the presence or absence of the FAT/CD36 inhibitor, sulfo-N-

succinimidyloleate (SSO) in quiescent and electrostimulated cardiac myocytes. The study
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demonstrates that electrostimulation significantly increases palmitate oxidation, with a
parallel increase in palmitate uptake. Upon incubation with SSO, both quiescent and
electrostimulated myocytes exhibited palmitate oxidation rates significantly below
controls’, suggesting that both basal and contraction-induced increase in fatty acid uptake
is FAT/CD36 mediated. This also suggests that FAT/CD36 may be rate-limiting in fatty
acid oxidation.

In cultured neonatal cardiac myocytes, treatment with fatty acid resulted in
increased mRNA levels of FAT/CD36, heart-type fatty acid binding protein (H-FABP),
fatty acyl CoA synthetase (FACS) and long-chain acyl-CoA dehydrogenase (LCAD)
compared to cardiac myocytes exposed to glucose only’. This increase in the mRNA
level of the proteins involved in fatty acid metabolism was accompanied by a 70%
increase in rates of fatty acid oxidation’. The increase in gene expression was due to fatty
acid activation of peroxisome proliferators-activated receptor o (PPARc). The Van der
Lee et al’ study demonstrates that fatty acids can alter expression of FAT/CD36 and
FACS, two proteins suggested to work in cooperation to promote fatty acid uptake into
the cardiac myocyte®. However, the question of whether FAT/CD36 and FACS work in
coordination to transport fatty acids remains unanswered.

FACS catalyzes the ligation of a fatty acid with coenzyme A which produces acyl
CoAs®, which are substrates for energy metabolism and are required for synthesis of
triglycerides and phospholipids (see ' for review). Currently, five rat long-chain FACS
isoforms have been cloned, each of which share common structural homology''. One
isoform, FACS1, has been identified in the heart'? and its expression has been shown to

be induced by PPAR« ligands'*'*. Since PPARa ligands have been shown to increase
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mRNA levels of genes involved in fatty acid metabolism’, FACS1 may play a role in
fatty acid oxidation in the heart. Currently, it is not known if FAT/CD36 and FACS work
coordinately to transport fatty acids into the cell.

A study by Van Nieuwenhoven et al have shown that FAT/CD36 and H-FABP
exist in similar levels in the same tissues'”. This is not unreasonable since a mechanism
could exist where FAT/CD36 transports fatty acids into the cell and H-FABP binds the
fatty acids, thereby maintaining the a concentration gradient of fatty acid across the
membrane. These possible cooperative mechanisms may also exist in cardiac myocytes
and can be examined. Schaffer and Lodish have proposed a model by which protein-
mediated transport of long-chain fatty acids into the cell and activation by FACS1 are
tightly coupled, thereby preventing the backflow of fatty acids across the membrane'®.
Studies on adipocytes have already shown that FACS and FATP work coordinately to
increase fatty acid uptake'’, suggesting that fatty acid uptake is tightly coupled with
metabolism. Moreover, the same study also shows that FACS resides in the plasma
membrane, much like FAT/CD36'". Therefore, it is not inconceivable that FACS1 may
play a role in fatty acid metabolism, in coordination with FAT/CD36. In fact, a study by
Luiken et al* have shown that long-chain fatty acid uptake and metabolism are tightly
coupled by the conversion of fatty acids into acyl CoA by FACS1 in adult cardiac
myocytes. In line with the previous study, a more recent study by Luiken et al® has shown
that mRNA of FACS and FAT/CD36 increase in a linear fashion to the same degree upon
muscle stimulation. Moreover, the increases in FAT/CD36 and FACS1 mRNA induced
by muscle contraction are highly correlated. The coordinate increase in both FAT/CD36

and FACS1 may allow a greater rate of fatty acid transport into the cells during times of
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energy demand. Despite this hypothesis, direct evidence demonstrating cooperation
between FACS and FAT/CD36 in fatty acid metabolism has not been shown. Therefore,
the purpose of this study was to coordinately express FACS and FAT/CD36 in neonatal

rat cardiac myocytes and measure rates of palmitate uptake and utilization.

Hypothesis

We hypothesize that FAT/CD36 and FACS cooperate in order to transport fatty
acids across the plasma membrane. Therefore, we expect that the neonatal rat cardiac
myocytes expressing FAT/CD36 or FACS alone will not exhibit higher rates of palmitate
uptake. On the other hand, cardiac myocytes expressing both FAT/CD36 and FACS will

exhibit significantly higher rates of palmitate uptake and utilization.

Methods and Materials

Cell Culture. As described in the Methods and Materials section.

Adenovirus Construction. The adenoviruses were constructed as described for Ad.GFPlS,

Ad.FACS", Ad.Null and Ad.CD36%.

Adenovirus Infection of Rat Neonatal Cardiac Myocytes. After 18 hours of culture,
isolated neonatal rat cardiac myocytes were rinsed 2 times with Hank’s Balanced Salt
Solution (Gibco) and infected with 10 plaque forming units (PFU) of adenovirus, as

follows:
Ad.Null + Ad.GFP, Ad.CD36 + Ad.GFP, Ad.Null + Ad.FACS, Ad.CD36 + Ad.FACS

Ad.Null - virus that encodes the vector for the CD36 virus
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Ad.GFP - virus that encodes for green fluorescent protein
Ad.CD36 — virus that encodes for CD36

Ad.FACS — Virus that encodes for fatty acyl CoA synthetase

After infection, the media was changed to DMEM supplemented with ITS and a selective
inhibitor of DNA synthesis, cytosine (BETA)-D-arabinofuranoside free base (AraC)

(SIGMA), and cultured for an additional 48 hrs.

Measurement of Fatty Acid Oxidation in Rat Neonatal Cardiac Myocytes. As described

in the Methods and Materials section.

Triacylglyceride Measurements. As described in the Methods and Materials section.

Lipid Extraction for Thin Layer Chromatography. 90 uL samples were taken from
cardiac myocyte cell homogenates from fatty acid oxidation assay and aliquoted into
glass tubes. 1 mL of methanol was added to the sample, followed by 500 ul of
chloroform. 'If the mixed sample was not monophasic, than methanol was added drop
wise until sample was one phase. Next, 500 pL of 1 M NaCl, which was slightly acidified
with acetic acid, was added, followed by 1 mL of chloroform. This resulted in a biphasic
sample consisting of organic and aqueous phases. The samples were centrifuged at 1000
rpm for 5 min to further separate the phases. After centrifugation, the organic phase
(bottom) was collected carefully, without contamination from the upper aqueous phase,

and the extraction protocol was repeated on the aqueous phase to further extract the
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lipids. The two organic phases were pooled in a glass tube and dried under a stream of

N,. The dried residue was dissolved in 200 uL of 2:1 chloroform:methanol.

Thin Layer Chromatography. Extracted lipids were loaded onto a Silica Gel G plate
(FISHERbrand). The silica gel was placed in a TLC tank containing heptane:diisopropyl
cther:acetic acid, at a ratio of 60:40:4, respectively. The plate was air dried and visualized
with iodine vapors and TG segments were marked. The TLC plate was steamed in order
to soften the silica and marked areas were scrapped and counted after addition of 5 mL of
scintillation fluid (Cytoscint). The remainder of the TLC plate was scraped and counted

in order to determine lipid content, excluding TG.

Western Blot Analysis. Heart tissue was homogenized in buffer containing 20mM Tris-
HCL, pH 7.4, 50mM NaCl, 50 mM NaF, SmM Na pyrophosphate, 0.25 M sucrose,
protease inhibitor cocktail #1 (Sigma P8340), phosphatase inhibitor cocktail (Sigma
P2850) and 1M DTT. Protein was separated using SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked with 5% milk in Tris-buffered-
saline solution containing 0.1% Tween (TBST). Membranes were incubated with
antibodies against FAT/CD36 (Cascade Bioscience) and FACS, washed 3-times with
TBST, then incubated with a secondary antibody (See Antibody Table) conjugated to
horseradish peroxidase and washed 3-times TBST. Signals were visualized using the
ECL detection system (Amersham). Densitometric scans were taken with the GS-800

scanner and analyzed with Quantity One software.
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Statistical Analysis- Multiple corparisons were calculated using an unpaired ANOVA
was conducted with a Student-Newmann-Keuls post test. Differences were judged to be

significant when p<0.05.

Results

FACS Infection of Neonatal Rat Cardiac Myocytes. Neonatal rat cardiac myocytes were
infected with 10 PFU of FACS adenovirus. After 48 hours, all lysates were subject to
immunoblot analysis against anti-FACS antibody (Figure 4-1A). Cells infected with
Ad.FACS demonstrate a significant increase in FACS expression, as compared to
Ad.GFP infected cells. The associated densitometric analysis demonstrates the

overexpression of FACS in the Ad.FACS infected myocytes (Figure 4-1B).

FAT/CD36 Infection of Neonatal Cardiac Myocytes. Neonatal rat cardiac myocytes were
infected with 10 PFU of Ad.CD36 adenovirus. After 48 hours, all lysates were subject to
immunoblot analysis against anti-CD36 antibody (Figure 4-2A). Cells infected with
Ad.CD36 demonstrate a significant increase in FAT/CD36 expression, as compared to
AdNull infected cells. The associated densitometric analysis demonstrates the
overexpression of FAT/CD36 in the Ad.CD36 infected myocytes (Figure 4-2B). There is
no FAT/CD36 in the Ad.Null infected cells because we probed with a mouse specific
FAT/CD36 antibody because the Ad.CD36 virus codes for a mouse isoform of

FAT/CD36.
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Rates of Fatty Acid Oxidation in Neonatal Rat Cardiac Myocytes. Rates of fatty acid
oxidation were a function of specific activity of the non metabolized palmitate buffer. In
order to establish linearity of our fatty acid oxidation assay, cardiac myocytes were
incubated with 1.2 mM [3H]palmitate buffer for 0, 1.5, 3, 3.5 and 6 hours and rates of
fatty acid oxidation were measured. The effect of time of incubation on rates of fatty acid
oxidation is shown (Figure 4-3). Since fatty acid oxidation rates are linear at 3 hours of
incubation with 1.2 mM [*H]palmitate, this incubation time was chosen for subsequent
fatty acid oxidation assays. The mean rates of fatty acid oxidation, from six independent
cardiac myocyte preparations, from each group were pooled and graphed. In figure 4-4,
the Ad.Null/Ad.GFP infected group was normalized to 100 percent. Figure 4-4
demonstrates that cells expressing FAT/CD36 displayed marginally increased rates fatty
acid oxidation, but did not reach statistical significance as compared to control (100 vs.
122+24). Moreover, cells expressing FACS also demonstrated slightly increased rates of
fatty acid oxidation over control rates, but again, did not reach statistical significance
(100 vs. 154+26). In cells infected with both FACS and FAT/CD36, the rates of fatty acid

oxidation significantly increase above control rates (100 vs. 187+24).

Rates of Palmitate Incorporation into Triglyceride. Rates of labeled palmitate
incorporation into triglyceride stores in neonatal cardiac myocytes are shown in Figure 4-
5. In figure 4-5, the Ad.Null/Ad.GFP infected group was normalized to 100 percent.
There are no significant differences between the Ad.Null/Ad.GFP control group and the
experimental groups. Although the Ad.CD36/Ad.GFP group exhibits a trend for an

increase in rates of triglyceride above the control, the values do not reach statistical
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significance (100 vs. 149+39). Moreover, rates of triglyceride incorporation appear to be
enhanced in the Ad.Null/Ad.FACS group, compared to both the Ad.Null/Ad.GFP and
Ad.CD36/Ad.GFP groups, but again, they do not reach statistical significance (203£53

vs. 100 and 203+53 vs. 149+39, respectively).

Rates of Palmitate Incorporation into Lipids. Rates of labeled palmitate incorporation
into lipids in neonatal rat cardiac myocytes are depicted in Figure 4-6. In Figure 4-6, the
Ad.Null/Ad.GFP infected group was normalized to 100 percent. There is no significant
difference in rates of palmitate incorporation into lipids between Ad.CD36/Ad.GFP and
Ad.Null/Ad.GFP control (111+26 vs. 100). Similarly, the Ad.Nul/Ad.FACS and
Ad.Null/Ad.GFP groups exhibited no significant difference in palmitate incorporation
(145+£23 vs. 100). On the other hand, the Ad.CD36/Ad.FACS group exhibited
significantly higher rates of palmitate incorporation into lipids, as compared to controls

(219+43 vs. 100, respectively).

Rates of Fatty Acid Uptake into Neonatal Rat Cardiac Myocytes. Rates of fatty acid
uptake into neonatal rat cardiac myocytes are displayed in Figure 4-7. In figure 4-7, the
Ad.Null and Ad.GFP infected group was normalized to 100 percent. Rates of fatty acid
uptake in Ad.CD36/Ad.GFP and Ad.Null/Ad.FACS groups are not significantly different.
from control groups (10749 vs. 100 and 139+9 vs. 100, respectively). On the other hand,
the Ad.CD36/Ad.FACS group exhibited significantly higher rates of fatty acid uptake, as

compared to controls (168420 vs. 100).
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Measurement of Total Triglyceride Pool in Neonatal Rat Cardiac Myocytes. In order to
determine if either FAT/CD36 and/or FACS expression altered triglyceride pools, the
total triglyceride pool was measured using the L-Type TG H kit (WAKO). Aliquots were
taken from myocyte cell homogenates from fatty acid oxidation assay and assayed for
total triglycerides. Total triglyceride pools in neonatal cardiac myocytes infected with
specific viruses are depicted in Figure 4-8. There were no significant differences in the

amount of total triglyceride in each experimental group of cardiac myocytes.

Rates of Palmitate Incorporation in Neonatal Rat Cardiac Myocytes. The total rate of
palmitate utilization is shown in Fig. 4-9. There is no change in the amount of palmitate
utilized by cells infected with Ad.CD36/Ad.GFP or Ad.Null/Ad.FACS alone, as
compared to the control. However, when cells are infected with Ad.CD36 and Ad.FACS,

there is an increase in palmitate utilization, specifically oxidation.

Discussion

The relatively low levels of proteins involved in fatty acid uptake and metabolism
render the neonatal rat cardiac myocyte an excellent model for the study of cooperation
between FAT/CD36 and FACS in fatty acid uptake. Using this model, we are able to
overexpress selected proteins in an environment where endogenous levels of these
proteins are low. This allows us to elucidate the role of FAT/CD36 and FACS in fatty
acid transport and metabolism. Despite the benefit of this model, the use of cardiac

myocytes is limited by the fact that they are not performing sufficient amounts of
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contractile work. Therefore, measurements of metabolism differ from those observed in
the isolated working heart.

These are the first studies that demonstrate that FAT/CD36 or FACS alone is not
adequate to significantly increase rates of fatty acid uptake in neonatal rat cardiac
myocytes. However, when FAT/CD36 and FACS are expressed together, a significant
increase in fatty acid uptake is observed. Expression of both FAT/CD36 and FACS, also
resulted in a significant increase in rates of fatty acid oxidation and incorporation of
palmitate into lipids, as compared to the Ad.Null/Ad.GFP group. This suggests that the
increased levels of fatty acid that entered the myocytes were shuttled towards the
mitochondria in order to be oxidized and directed towards lipid esterfication.

In the present study, it appears that FAT/CD36 overexpression alone does not
lead to increased rates of fatty acid oxidation. This is in direct contrast to a study by
Ibrahimi et a16, which demonstrated that contracting muscle from FAT/CD36 transgenic
mice exhibited significantly higher levels of fatty acid oxidation, as compared to controls.
Although the reason(s) for this discrepancy is(are) unknown, the differences in the data
may be due to the use of adult skeletal muscle in the Ibrahimi study versus the use of
neonatal rat cardiac myocytes in the present study. Earlier studies have shown that the

fetal heart relies mainly on glucose as an energy substrate?'

. Upon birth, the post-natal
heart exhibits an enhanced ability to oxidize fatty acids®. In addition, it has been
demonstrated that neonatal rat cardiac myocytes exhibit low levels of PPAR transcription
factors, which are responsible for activating genes involved in fatty acid

metabolism***>*®. Taken together, these data suggest that the neonatal rat cardiac

myocyte may exhibit hindered fatty acid metabolism as compared to adult soleus muscle,
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since the expression of proteins involved in fatty acid transport, such as FACS and FATP,
are diminished in neonatal rat cardiac myocytes. Therefore, fatty acid oxidation is able to
increase in the adult soleus because other proteins involved in fatty acid transport are
expressed, whereas expression of these proteins is lower in the neonatal rat cardiac
myocyte. This further implicates the presence of a fatty acid transport complex, as being
essential for fatty acid uptake.

The present study demonstrates that fatty acid uptake was only moderately
increased when FAT/CD36 or FACS were expressed, suggesting that FAT/CD36 or
FACS expression alone was not sufficient to increase the amount of fatty acid transported
across the sarcolemmel membrane. However, when FAT/CD36 and FACS were
coexpressed, there was a significant increase the rate of palmitate transport across the
membrane (Figure 4-7). This suggests that FAT/CD36 and FACS may work coordinately
in order to transport fatty acids into the cell. This is in line with data from Luiken et al
which suggest that fatty acid uptake and metabolism are tightly coupled in cardiac
myocytes’. Although we cannot confirm this in the present study, it is not unreasonable to
hypothesize that FACS associates with FAT/CD36 at the plasma membrane, in order to
convert the incoming fatty acids into fatty acyl CoA esters. This concept is not unlike that
of Van Nieuwenhoven et al'’, where FAT/CD36 and H-FABP are coexpressed in the
heart and skeletal muscle and their association has been shown in the mammary gland®”’,
or that of Gimeno et al*®, where FAT/CD36 has been shown to colocalize with FATPS.
Therefore, it has already been shown that FAT/CD36 associates with proteins, H-FABP
and FATP6, are involved in fatty acid transport across the sarcolemmel membrane, much

like FACS.
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In this study, we also demonstrate that the labeled palmitate that was transported
into the myocytes and not oxidized was incorporated into lipids stores. The myocytes
expressing FAT/CD36 alone do not exhibit a significant increase in lipid incorporation
(Figure 4-6). On the other hand, myocytes expressing both FAT/CD36 and FACS
exhibited significantly higher rates of lipid incorporation, as compared to FAT/CD36 and
FACS expressed alone (Figure 4-6). Again, this supports the hypothesis that FACS and

FAT/CD36 work in cooperation to transport fatty acids into the myocyte.

Conclusion

Taken together, the data presented in this chapter suggest that FAT/CD36 and
FACS are able to function in cooperation to transport fatty acids into neonatal cardiac
myocytes. Although the mechanism by which this occurs remains unknown, it is likely
that FAT/CD36 transports fatty acids across the plasma membrane, where FACS can
activate the fatty acid by converting it into an acyl CoA. This would lead to formation of
an acyl CoA sink which would maintain a fatty acid gradient and allow more fatty acids
to be transported into the myocyte. The data suggest that FAT/CD36 and FACS are able
to interact cooperatively and alter fatty acid uptake and metabolism in the neonatal rat
cardiac myocyte. Further studies need to be conducted in order to investigate the role of
expressing H-FABP and/or FATP on the uptake of fatty acids. This would determine
whether FAT/CD36 is able to function in cooperation with H-FABP and/or FATP in the

heart.
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Fig. 4-1. Expression of FACS in cardiac myocytes infected with GFP or FACS
virus. Western blot of homogenates from cardiac myocytes infected with GFP or
FACS virus and probed with FACS antibody (A). Included is the associated
densitometric analysis of the Western blot (B). Western blot protocol was conducted
as described in “Methods and Materials” section.
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Fig. 4-2. Expression of FAT/CD36 in cardiac myocytes infected with GFP or
CD36 virus. Western blot of homogenates from cardiac myocytes infected with GFP
or CD36 virus and probed with FAT/CD36 antibody (A). Included is the associated
densitometric analysis of the Western blot (B). Western blot protocol was conducted
as described in “Methods and Materials™ section.
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Fig. 4-3. The effect of time on rates of fatty acid oxidation in cardiac myocytes.
Palmitate oxidation was calculated as function of *H,0 production and was quantified
as described in “Methods and Materials”. Rates of palmitate oxidation are expressed
as nmol of palmitate oxidized per gram protein. Values are the mean of one sample in
duplicate per time interval.
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Fig. 4-4. Rates of palmitate oxidation in neonatal rat cardiac myocytes.
Palmitate oxidation were calculated as a function of the amount of palmitate
oxidized per gram cell mass per minute and expressed as a percent of control (Null
GFP). Cell mass was calculated as a mean of eighteen pellets from neonatal cardiac
rat myocyte cell homogenates. Data are means + S.E. of six experiments carried out
with six different cardiomyocyte cell preparations. *, signifies significantly different
from Null GFP infected cardiac myocytes, p < 0.05. NS, signifies not significant.
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Fig. 4-5. Rates of palmitate incorporation into triglycerides in neonatal rat
cardiac myocytes. Palmitate incorporation into triglycerides was calculated as a
function of the amount of palmitate incorporated per gram cell mass per minute
and expressed as a percent of control (Null GFP). Cell mass was calculated as a
mean of eighteen pellets from neonatal cardiac rat myocyte cell homogenates.
Data are means + S.E. of six experiments carried out with six different
cardiomyocyte cell preparations. NS, signifies not significant.
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Fig. 4-6. Rates of palmitate incorporation into lipids in neonatal rat cardiac
myocytes. Palmitate incorporation was calculated as a function of the amount of
palmitate oxidized per gram cell mass per minute and expressed as a percent of
control (Null GFP). Cell mass was calculated as a mean of eighteen pellets from
neonatal cardiac rat myocyte cell homogenates. Data are means + S.E. of six
experiments carried out with six different cardiomyocyte cell preparations. *,
signifies significantly different from Null GFP infected cardiac myocytes, p <
0.05. 1, signifies significantly different from Ad.CD36 GFP infected cardiac
myocytes, p < 0.05. NS, signifies not significant.
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Fig. 4-7. Rates of palmitate uptake in neonatal rat cardiac myocytes. Palmitate
uptake was calculated as the sum of fatty acid oxidation, palmitate incorporation into
triglycerides and palmitate incorporation into neutral lipids. Data are means + S.E. of
six experiments carried out with six different cardiomyocyte cell preparations. *,
signifies significantly different from Null GFP infected cardiac myocytes, p < 0.05.
NS, signifies not significant.
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Fig. 4-8. Total triglyceride levels in neonatal rat cardiac myocytes. Data are means
+ S.E. of six experiments carried out with six different cardiomyocyte cell
preparations.
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Fig. 4-9. Rates of palmitate incorporation in neonatal rat cardiac myocytes. Rates
of palmitate incorporation into cardiac myocytes were calculated as a percent of
control of each lipid fate. Each lipid fate in the Null GFP group was set a 100% and
every other compared was compared to this control group. Data are means of six
experiments carried out with six different cardiac myocyte preparations.
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Chapter 5

Alterations in the AMPK-ACC-Malonyl CoA

Signaling Axis in the FAT/CD36 Deficient Mouse

Acknowledgements: Heart perfusions were performed by Cory Wagg and HPLC was
conducted by Kenneth Strynadka

10%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction

Our previous study (Chapter 3) showed that the FAT/CD36 KO mouse hearts
exhibit significantly lower rates of palmitate oxidation during pre- and post-ischemic
periods. In the present study, we sought to determine if the FAT/CD36 KO hearts attempt
to restore rates of fatty acid oxidation during times deficient fatty acid oxidation. We
have already shown that the FAT/CD36 KO hearts do not compensate for the loss in fatty
acid oxidation. However, there may be signaling pathways that are altered in order to
increase rates of fatty acid oxidation which may account for some of the palmitate
oxidized in the in the FAT/CD36 KO mouse heart.

Since AMPK activation has been shown to accelerate fatty acid oxidation in the
heart', it is possible that AMPK is activated in response to decreased rates of fatty acid
oxidation in the FAT/CD36 KO heart. In addition, since AMPK is activated during
ischemia', it is not unreasonable to hypothesize that AMPK is more highly active in the
FAT/CD36 KO mouse heart when subjected to ischemia. This would result in an increase
in phosphorylation and inhibition of ACC, subsequently leading to decreased malonyl
CoA levels in the heart. Therefore, we also examined phospho-ACC 280 kDa (since the
280 kDa isoform is dominant in the heart compared to the 265 kDa isoform) and whether
the FAT/CD36 KO hearts exhibited lower levels of malonyl CoA, as a compensatory
mechanism to drive fatty acid oxidation in times of high energy demand and decreased
rates of fatty acid oxidation. We also examined direct changes in MCD, as decreases in
MCD levels could also compensate for the decreased rates of fatty acid oxidation

observed in the FAT/CD36 deficient mice. We also examined levels of PPARa, which
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are a family of receptors that have been shown to be activated by fatty acids, to induce
gene transcription (see > for review). A study utilizing PPARca KO mice indicated that
MCD expression is controlled by PPARc?, much like other genes involved in fatty acid

oxidation, such as FACS, FAT/CD36 and FABP.

Hypothesis

We hypothesize that FAT/CD36 KO mouse hearts will exhibit compensatory
intracellular mechanisms in response to the decrease in fatty acid oxidation. Specifically,
the FAT/CD36 KO hearts will demonstrate higher levels of phospho-AMPK (Thr172),
phospho-ACC (Ser79) and total MCD protein. These molecular changes will ultimately
result in significantly lower levels of malonyl CoA, as compared to the wildtype hearts,

which would normally accelerate fatty acid oxidation.

Materials and Methods

Western Blot Analysis. As described in the Methods and Materials section.

PCA Extraction of Acetyl CoA and Malonyl CoA. Approximately 25 mg of powdered
heart tissue from ischemic FAT/CD36 KO and wildtype mice were weighed out into
cryovials. The heart tissue was transferred to Dounce homogenizers and homogenized in
6% perchloric acid. The homogenate was centrifuged at 3500 RPM for 10 min at 4°C.
The samples were then analyzed with HPLC. Separation was performed on a Beckman
System Gold with a UV detector 167. Each sample was run through a precolumn
cartridge and a microsorb short-one column. A gradient was set up using buffer A,

consisting of 0.2 M NaH,PO4, pH 5.0, and buffer B, consisting of 0.25 M NaH,PO, and
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acetonitrile, pH 5.0, at a ratio of 80:20 (v/v). Both buffers were filtered using Nylon-66
filter membrane (Pierce). Buffers were initially mixed at 97% buffer A and 3% buffer B
and maintained for 2.5 min, and changed to 18% B for 5 min. The gradient was changed
to 37% buffer B for 3 min and to 90% buffer B for 17 min. At 42 min, buffer B was
returned to 3% over 0.5 min and at 50 min, equilibration was completed. Peaks were

integrated by Beckman System Gold.

Statistical Analysis- Data is expressed as mean + S.E. Comparisons between wild type
and FAT/CD36 deficient hearts were performed using the unpaired Student's two-tailed t-

test. Differences were judged to be significant when p<0.05.

Results

Phospho-AMPK (Thr172) levels in reperfused FAT/CD36 KO and wildtype mouse hearts
— Phospho-a-AMPK levels (Thr172) were determined in order to examine whether there
was an increase in AMPK activity in the FAT/CD36 KO hearts as compared to the
wildtype hearts following ischemia and reperfusion. The FAT/CD36 KO hearts exhibited
significantly higher levels of phospho-a-AMPK as compared to the wildtype hearts when
normalized to total a-AMPK (Figure 5-1A). Densitometric analysis also showed that P-
AMPK levels were significantly elevated in FAT/CD36 deficient hearts when normalized
to total a-AMPK (Figure 5-1B). Moreover, when total a-AMPK blots were normalized to
actin levels in the tissue, we found that there was no significant difference between

wildtype and FAT/CD36 KO hearts (Figure 5-2A). Densitometric analysis also showed
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that there was no difference in actin between wildtype and FAT/CD36 deficient hearts

(Figure 5-2B).

ACC levels in reperfused FAT/CD36 KO and wildtype mouse hearts — We examined
phospho-ACC as a measure of ACC activity and also of AMPK activity, since the Ser79
residue of ACC 1s phosphorylated by AMPK. The phosphorylated form of the 280 kDa
isoform of ACC was used to determine if ACC was more active in FAT/CD36 KO hearts
as compared to wildtype controls. We found that the FAT/CD36 KO hearts exhibited
significantly higher levels of phospho-ACC (280 kDa) as compared to wildtype heart
tissue, when normalized to the amount of total ACC (280 kDa) in the tissue (Figure 5-

3A).

MCD levels in reperfused FAT/CD36 KO and wildtype mouse hearts — We examined
MCD levels in the heart tissues in order to determine if FAT/CD36 KO hearts exhibited
altered levels of MCD as compared to the wildtype controls. We found that FAT/CD36
KO heart tissue exhibited significantly lower levels of MCD as compared to wildtype

controls, when normalized to actin levels (Figure 5-4A).

Malonyl CoA levels in reperfused FAT/CD36 KO and wildtype mouse hearts — Since
FAT/CD36 KO hearts exhibited higher levels of phospho-AMPK, the corresponding
increased levels of phospho-ACC and decreased levels of MCD, we examined whether

the FAT/CD36 KO hearts demonstrated changes in malonyl CoA levels. We found that
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both sets of hearts exhibited similar levels of malonyl CoA afier reperfusion (Figure 5-

5A).

Acetyl CoA levels in reperfused FAT/CD36 KO and wildtype mouse hearts — Our
previous study showed that the FAT/CD36 KO hearts are not energetically compromised
since they compensate for the loss in fatty acid oxidation by increasing glucose oxidation.
We calculated the amount of acetyl CoA theoretically produced in both sets of hearts and
found that they produce similar amounts of acetyl CoA. In the current study, we also
demonstrated that both sets of hearts produce similar amounts of acetyl CoA, following
ischemia and reperfusion, confirming that FAT/CD36 KO hearts are not energetically
compromised (Figure 5-5B). Acetyl CoA was calculated as a productof the rate of

oxidation and number of acetyl CoA molecules produced from palmitate and glucose.

Peroxisome proliferator-activated receptor alpha (PPARa) levels in FAT/CD36 KO and
wildtype mouse hearts — We attempted to examine PPARa levels in FAT/CD36 KO and
wildtype hearts in order to determine if the low MCD levels observed in FAT/CD36 KO
mouse hearts were due to decreased levels of PPARa. The results are inconclusive as the
antibodies used failed to result in a clear band signifying PPARc. In Figure 5-6A, we
show that perfused hearts overexpressing PPAR«a (lane 1) and hearts from a PPAR«x
knockout mouse (lane 2), exhibit no observable differences in immunoreactive bands.
Therefore, we concluded that the PPARa antibody was nonfunctional. Another
possibility for the failed Western blot could be unsuccessful lysis of the nucleus, which

would hinder the ability of the antibody to bind with PPARa. In order to eliminate this as
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a possibility, we probed the tissue homogenate for the nuclear protein, poly(ADP-ribose)
polymerase (PARP). Figure 5-6B depicts a Western blot demonstrating the presence of
PARP, which confirms that the nucleus was lysed. This data suggests that the PPARa

antibody used was nonfunctional and could not detect the presence of PPARa.

Discussion

In the current study, we hypothesized that the FAT/CD36 KO mouse hearts would
exhibit altered signaling mechanisms to compensate for the decrease in rates of fatty acid
oxidation. First we examined levels phospho-AMPK (Thr172), which is a surrogate of
AMPK activity. We found that levels of phospho-AMPK were significantly higher in the
FAT/CD36 KO mouse hearts, as compared to wildtype hearts. This suggests that AMPK
activity is significantly higher in the FAT/CD36 KO hearts. Second, we examined levels
of phospho-ACC, which is indicative of AMPK and ACC activity’. We found that levels
of phospho-ACC were significantly increased in FAT/CD36 KO hearts as compared to
controls, which also confirms that the activity of AMPK is increased. In addition,
increased phospho-ACC will decrease ACC activity, decrease malonyl CoA production,
thereby relieve inhibition of CPT 1 and increase rates of fatty acid oxidation. However,
when malonyl CoA levels were examined in the FAT/CD36 KO hearts, we found that
both the FAT/CD36 KO and wildtype hearts exhibited similar levels of malonyl CoA.
This may be due to the fact that measurements of total cellular malonyl CoA also include
mitochondrial malonyl CoA levels, which may mask changes in cytosolic malonyl CoA
levels. Although we believe this to be the most likely scenario, the higher than expected

levels of malonyl CoA in the FAT/CD36 KO hearts may also be explained by the
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significantly lower levels of MCD found in these hearts, as compared to wildtype
controls. If the FAT/CD36 KO hearts produce less malonyl CoA, due to increased
phospho-ACC, this could be counteracted by a decrease in the amount of malonyl CoA
degraded. This would explain why both the FAT/CD36 KO and wildtype hearts contain
similar levels of malonyl CoA. The decreased levels of MCD may be explained by its
regulation via peroxisome proliferator-activated receptor alpha (PPARc). Indeed, in
situations where fatty acids are limiting, such as FAT/CD36 deficiency, PPARa would
not be activated leading to a decrease in expression of MCD. Thus, the reduction in MCD
in FAT/CD36 KO hearts maybe due to the decreased concentration of intracellular fatty
acids, which would reduce the activation of PPAR«a to induce MCD expression.
However, the inability to detect PPARa using Western blot analysis precluded us from
confirming if decreased levels of PPARa also contributed to these effects (Figure 5-6).

The present study suggests that the amount of malonyl CoA in the FAT/CD36 KO
hearts are regulated by the activity of AMPK and the amount of MCD. Although the
FAT/CD36 KO heart may attempt to compensate for the decrease in fatty acid oxidation
by activating AMPK and lowering levels of malonyl CoA, the rate of malonyl CoA
degradation is limited by decreased levels of MCD. Although the precise reasons for
decreased MCD expression in the FAT/CD36 KO hearts are not known, it may be due to
a decrease in intracellular fatty acids and a subsequent decrease in PPAR« activation.

Our previous study (Chapter 3) showed that functional recovery during
reperfusion of ischemic FAT/CD36 KO hearts was similar to recovery of the wildtype
hearts. In the current study, we suggest that the FAT/CD36 KO hearts do not recover

better than the wildtype hearts because FAT/CD36 KO hearts exhibit higher levels of
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phospho-AMPK. It is well known that ischemic injury arises, in part, due to an
uncoupling of glycolysis from glucose oxidation’. Moreover, it has been shown by
several studies that inhibition of glycolysis has a beneficial effect on contractile recovery
after ischemia®’. Upon examination of reperfused FAT/CD36 KO hearts, we found that
these hearts exhibited higher levels of phospho-a-AMPK, when normalized to total a-
AMPK, as compared to wildtype hearts. It has been shown in several studies that AMPK
can stimulate glycolysis through activation of PFK-2%°. Thus, an increase in AMPK
activity, which has been shown to be indicative of AMPK (Thr172) phosphorylation'?,
would lead to an increase in PFK-2 flux, followed by an increase in PFK-1 activity and
ultimately glycolysis. Therefore, we suggest that the FAT/CD36 KO hearts exhibited
significantly higher rates of glycolysis, as compared to wildtype hearts, leading to further
uncoupling of glycolysis from glucose oxidation and tissue damage. Obviously, these

experiments would have to be performed before we can make these conclusions.

Conclusion

These data suggest that the increase in AMPK phosphorylation may be a
compensatory mechanism to increase rates of fatty acid oxidation in the FAT/CD36 KO
heart. The increase in AMPK phosphorylation leads to higher levels of phospho-ACC,
which confirms that AMPK is more active in the FAT/CD36 KO and suggests that
malonyl CoA levels may be decreased. However, the latter is not the case as malonyl
CoA levels in the FAT/CD36 KO and wildtype hearts were found to be similar. This is
due to the fact that MCD levels in the FAT/CD36 KO hearts were significantly
decreased, which is likely due to diminished PPARa levels, as compared to the wildtype

heart. Thus, the decrease in malonyl CoA production is balanced with a decrease in
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malonyl CoA degradation, which resulted in no change in malonyl CoA levels, as
compared to wildtype levels. In addition, the FAT/CD36 KO ischemic heart may not
recover better than its wildtype counterpart because the KO heart exhibits enhanced
levels of phospho-a-AMPK. Although glycolysis was not measured in our study,
increased AMPK phosphorylation suggests that glycolytic rates were increased in the
reperfused FAT/CD36 KO heart.

In conclusion, the deficiency in fatty acid uptake in the FAT/CD36 KO heart may
oppose a compensatory decrease in malonyl CoA, which would attempt increase rates of
fatty oxidation. Specifically, the lack of fatty acids as activators of PPARa, would lead to
decreased levels of MCD and malonyl CoA degradation. Therefore, no compensatory
mechanism exists in the malonyl CoA axis because fatty acid supply is limited due to the

absence of FAT/CD36.
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Figure. 5-1. Western blot analysis of tissue homogenates from FAT/CD36 KO
and wildtype reperfused mouse hearts. Hearts were homogenized and subjected to
SDS-PAGE followed by Western blot analysis using the phospho-AMPK (Thr172)
and AMPK antibodies (A). Western blots were then subjected to densitometric
analysis and the p-AMPK/AMPK ratio was graphed (B). n = 5 for both the FAT/CD36
KO and wildtype hearts. *, significantly different from wildtype , p < 0.05.
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Figure 5-2. Western blot analysis of tissue homogenates from FAT/CD36 KO and
wildtype reperfused mouse hearts. Hearts were homogenized and subjected to SDS-
PAGE followed by Western blot analysis using the actin antibody (A). Western blots
were then subjected to densitometric analysis and the AMPK/Actin ratio was graphed
(B). n=>5 for both the FAT/CD36 KO and wildtype hearts.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P-ACC
ACC
B WT KO
6.0 -
* . WwWT
50 [ KO
£ 40
:
:g 3.0 -
£
2.0 -

Figure 5-3. Western blot analysis of tissue homogenates from FAT/CD36 KO and
wildtype reperfused mouse hearts. Hearts were homogenized and subjected to SDS-
PAGE followed by Western blot analysis using the Phospho-ACC antibody and
streptavidin labeled peroxidase for ACC quantification (A). Western blots were then
subjected to densitometric analysis and the p-ACC/ACC ratio was graphed (B). n=5
for both the FAT/CD36 KO and wildtype hearts. *, significantly different from
wildtype , p < 0.05.
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Figure 5-4. Western blot analysis of tissue homogenates from FAT/CD36 KO and
wildtype reperfused mouse hearts. Hearts were homogenized and subjected to SDS-
PAGE followed by Western blot analysis using the MCD and actin antibodies (A).
Western blots were then subjected to densitometric analysis and the MCD/Actin ratio
was graphed (B). n = 5 for both the FAT/CD36 KO and wildtype hearts. *,
significantly different from wildtype , p < 0.05.
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Fig. 5-5. Malonyl CoA (A) and acetyl CoA (B) levels in FAT/CD36 KO and
wildtype reperfused hearts. Heart samples were homogenized with a 6% perchloric
acid solution. Heart homogenates were cleared using centrifugation and the resulting
supernatant was subje ted to high performance liquid chromatography. n = 8 for
wildtype hearts and n = 7 for FAT/CD36 KO hearts.
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Figure 5-6. Western blot analysis of MHC-PPAR and PPAR KO mouse hearts
(A) and FAT/CD36 KO and wildtype reperfused mouse hearts (B). Hearts were
homogenized and subjected to SDS-PAGE followed by Western blot analysis using
the PPAR« antibody (A). FAT/CD36 KO and wildtype hearts were homogenized and
subjected to SDS-PAGE followed by Western blot analysis using the PARP antibody
(B). n =5 for both the FAT/CD36 KO and wildtype hearts.
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Chapter 6

Development of a New Model to Study

Localization and Translocation of FAT/CD36

Acknowledgements: Neonatal rat cardiac myocytes were isolated by Suzanne Kovacic,
aid was given by Jennifer Douglas in the construction of the FAT/CD36-DsRed2
construct and aid was given by Honey Chan with the confocal microscope.
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Introduction

FAT/CD36 is an 88 kDa ditopic glycosylated protein that belongs to the class B
family of scavenger receptors. This family also includes scavenger receptor class B type
I (SR-BI), the receptor for selective cholesteryl ester uptake and lysosomal integral
membrane protein I (LIMP-II) (see ' for review). FAT/CD36 has been found to localize
to intracellular microsomal vesicles’ and caveolac membrane domains in the plasma
membrane’ of skeletal muscle cells.

It has been shown that FAT/CD36 is localized to the intracellular microsomal
vesicles’, which is homologous to the distribution of the glucose transporter GLUT4",
Therefore it has been suggested that FAT/CD36 may colocalize with GLUT4 in
intracellular compartments and share similar cellular machinery involved in their
recruitment to the plasma membrane. Although it may be reasonable to propose that
FAT/CD36 and GLUT4 are colocalized, there is contradictory evidence demonstrating
FAT/CD36 and GLUT4 are not colocalized in skeletal muscle’. Due to this controversy,
the question of whether FAT/CD36 and GLUT 4 are colocalized in the microsomal
compartment remains unanswered.

In addition, FAT/CD36 has recently been shown to localize in the mitochondria
of skeletal muscle, where it is thought to aid CPT-1 in facilitating movement of long
chain fatty acids into fhe mitochondria®. Specifically, it has been suggested that
FAT/CD36 acts as a long chain fatty acid acceptor and is involved in the transfer of fatty
acids to CPT-1, which are subsequently transported into the mitochondrial matrix. The

recruitment of FAT/CD36 from the endosomal compartment to the mitochondria would
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provide a mechanism by which energy supply could be enhanced in response to increased
energy demand. Therefore, the translocation process may be an important mechanism by
which metabolism is regulated.

The translocation process has not been visualized nor is it well understood in the
heart. Therefore, we have created a FAT/CD36 — [pDsRed2-N1] (Clontech) fusion
protein in order to visualize and study FAT/CD36 intracellular localization and
translocation. The pDsRed2-N1 plasmid encodes DsRed2, a red fluorescent protein,
which can be detected using fluorescence microscopy. Large insoluble aggregates of
protein, often observed in bacterial and mammalian cell systems expressing DsRed 1, are
dramatically reduced in cells expressing DsRed2, making FAT/CD36-DsRed2 an

effective molecular tool in order to investigate properties of FAT/CD36.

Hypothesis

With the transfection of the FAT/CD36-DsRed2 DNA into COS-7 cells and
cardiac myocytes, we hypothesize that the FAT/CD36-DsRed?2 protein will localize in the
plasma membrane and intracellular compartments. Addition of insulin and AICAR, will
stimulate the insulin signaling and AMPK cascades, respectively. This will result in the
translocation of FAT/CD36-DsRed2 from the intracellular compartment to the plasma
membrane. We also hypothesize that FAT/CD36-DsRed2 can colocalize with the
mitochondria, which may provide a mechanism by which fatty acids are transported into

the mitochondria.
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Materials and Methods

Cell Culture. As described in the Methods and Materials section.

Construction of CD36/DsRed2 Fusion Protein. Cloned mouse FAT/CD36 ¢cDNA (kindly
provided by Maria Febbraio) was cut at the multiple cloning sites surrounding mouse
FAT/CD36 cDNA by restriction enzymes EcoR1 and BamH]1. This reaction yielded a
linear 1.7 kb fragment, which coded for mouse FAT/CD36. The FAT/CD36 fragment
was gel purified using a 1% agarose gel, and amplified by PCR using primers derived
from the fragment. The antisense primer contained a BamH]1 restriction site which was
used for directional cloning. The 4.7 kb pDsRed2-N1 vector (Clontech) was also digested
with restriction enzymes EcoR1 and BamH1 to produce linear pDsRed2-N1. Both the
linearized pDsRed2-N1 and FAT/CD36 PCR product were ligated together to produce a
6.4 kb plasmid. The new plasmid was transformed into supercompetent XL-1 Blue cells
(Stratagene), plated and positive colonies cultured in large volumes (500 mL). DNA from

the resulting cultures was extracted and purified using a Plasmid MAXI kit (Qiagen).

Cell Transfection. Both COS-7 cells and neonatal rat cardiac myocytes were used in
transfection experiments. COS-7 cells were maintained in DMEM supplemented with
10% fetal bovine serum and cardiomyocytes were maintained in DMEM supplemented
with ITS (SIGMA) and AraC (SIGMA). COS-7 cells were transfected with 1 ug
CD36/DsRed2 DNA using 3 pL FuGENE 6 (ROCHE) and cardiomyocytes were
transfected with 2 pg CD36/DsRed2 DNA using 6 pL. FuGENE 6 according to the

manufacturer's instructions. Cells were incubated in the transfection media for 24 hours,
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after which media was changed and cells were incubated for 24 hours in serum free

media.

Mitochondrial Staining. For cardiac myocyte staining, MitoTracker Green was diluted to
a working concentration of 25 nM in 1 mL of prewarmed serum free DMEM. Neonatal
rat cardiac myocytes were incubated for 30 min with the stain and replaced with

prewarmed serum free DMEM after incubation.

Confocal Laser Scanning Microscopy (CLSM). Localization of FAT/CD36, GLUT4 and
mitochondria in COS-7 and neonatal rat cardiac myocytes were studied using CLSM
(Zeiss LSM 510). For excitation of the green fluoresin (MitoTracker Green and GLUT4-
GFP), a 488 nm argon laser was used. For excitation of the DsRed2 fluoresin a 543 nm
helium-neon (HeNe) laser was used to visualize. The multi track option of the
microscope was used to scan each laser line separately for individual excitation of the

dyes, to exclude cross-excitation between detection channels.

Results

Transfection with DsRed2— Cells transfected with the DsRed2 vector appeared a solid red
color, with no signs of punctuates (Figure 6-1). However, cells transfected with the
FAT/CD36-DsRed? fusion protein displayed red punctuates, suggesting that intracellular

endosomes carry FAT/CD36 (Figure 6-2).

Translocation of FAT/CD36-DsRed? in response to insulin and AMPK stimulation — Live

COS-7 cells were transfected with the FAT/CD36-DsRed2 expression plasmid and
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allowed to express the protein for 48 hours. Cells were subsequently treated with 1 nM
insulin (Figure 6-3) or 1 mM AICAR (Figure 6-4) for 20 min and 30 min, respectively, in
order to investigate translocation of FAT/CD36. Appearance of transfected COS-7 cells
treated with insulin for 30 min differed from the COS-7 cells at time zero (before insulin
treatment). Specifically, the punctuates containing FAT/CD36-DsRed2 fusion proteins
appeared to translocate from the intracellular compartment to the plasma membrane. No
change in punctuates, containing FAT/CD36 fusion proteins, localization was observed in

those cells treated with ImM AICAR at 30 min or time zero.

Colocalization of FAT/CD36 with the mitochondria — Live cells were transfected with
FAT/CD36-DsRed2 expression plasmid and allowed to express the protein for 48 hours.
Cells were subsequently stained with MitoTracker Green in order to examine possible
FAT/CD36 localization in the mitochondria. Confocal images depicting cells transfected
with FAT/CD36-DsRed2 and stained with MitoTracker green are shown in Figure 6-5
and Figure 6-6. Figure 6-5 depicts cells that express FAT/CD36-DsRed2 which do not
colocalize with mitochondria. Figure 6-6 depicts cells that express FAT/CD36-DsRed2

which colocalize with mitochondria.

Colocalization of FAT/CD36 with GLUT 4 — Live cells were transfected with both
FAT/CD36-DsRed2 expression plasmid and GLUT 4-GFP expression plasmid in order
to examine colocalization of FAT/CD36 and GLUT 4 (Figure 6-7). Confocal images
show that GLUT 4 and FAT/CD36-DsRed2 are present in the intracellular compartments

(A, B) and (C,D), respectively. Confocal images demonstrate that red punctuates,
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containing the FAT/CD36-DsRed2 fusion protein, do not colocalize with the green

punctuates of the GLUT4-GFP construct (E, F).

Discussion

In the present study, we have created a novel research tool in order to investigate
localization and translocation of FAT/CD36. Using membrane fractionations and
palmitate uptake studies Luiken et al*’ have shown that insulin and AMPK result in
translocation of FAT/CD36 from an intracellular compartment to the plasma membrane.
However, the localization and translocation has not been visualized within the cardiac
myocyte. Therefore, we have created a FAT/CD36-DsRed2 fusion protein that can be
studied in live cells using fluorescent microscopy. Although this is an effective method in
the examination of FAT/CD36 localization and translocation, there are several limitations
to this study that warrant further discussion.

Although the data clearly show that the FAT/CD36-DsRed2 fusion protein does
not colocalize with the mitochondria or GLUT4, we cannot conclude that endogenous
FAT/CD36 behaves in the same manner. This is because the DsRed2 fluorescent protein
may interfere with normal function and localization of FAT/CD36. Despite this potential
drawback, the confocal images suggest that FAT/CD36 localizes to intracellular
compartments in the cardiac myocyte, may localize to the mitochondria, and does not
colocalize with GLUT4.

Another interesting finding is that the FAT/CD36-DsRed2 fusion protein appears

to localize in the nuclear membrane of cardiac myocytes, suggesting that FAT/CD36 may
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be involved in the transport of fatty acids into the nucleus. It is not unreasonable to
hypothesize that nuclear membrane bound FAT/CD36 transports long chain fatty acid
into the nucleus, where they can act as ligands for PPARc. It has been shown that long
chain fatty acids trans-activate PPARC, but the mechanism by which fatty acids are
presented to PPAR« remains unknown. Although there is some evidence which suggests
that FABP is involved in the transfer of fatty acids to PPAR’, we cannot exclude the
possible role of FAT/CD36 in the transfer of fatty acids to PPARs. In order to investigate
this hypothesis, several studies need to be conducted. Purification of the nuclear
membrane fraction of cardiac myocytes would have to be done, followed by the probing
of this fraction with a FAT/CD36 antibody. This would determine if FAT/CD36 is
present in the nuclear membrane. Second, the transfer of fatty acids from FAT/CD36 to
PPAR« would have to be established. This could be accomplished by the addition of
labeled fatty acids to wildtype neonatal rat cardiac myocytes and those overexpressing
FAT/CD36. The nucleus of the cells would need to be isolated, and the PPARa could
than be immunoprecipitated and counted for radioactivity. This would determine whether
labeled fatty acids, from FAT/CD36, were transferred to PPAR«. Third, the association
of FAT/CD36 and PPAR«a would have to be determined. This could be accomplished by
the use of immunohistochemistry, utilizing antibodies against FAT/CD36 and PPARc.
These studies would have to be conducted, in conjunction with the current confocal
imagery, in order to conclude that FAT/CD36 is localized to the nuclear membrane in
order to transfer fatty acids to PPARc.

The confocal images depicting the translocation of FAT/CD36-DsRed2 fusion

proteins from the intracellular compartment to the plasma membrane are inconclusive
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without further study. Although there are definite changes in the location of the
fluorescent ‘punctuates, without a phase contrast image of cells prior to insulin addition,
we are not able to determine whether the punctates reside on the plasma membrane prior
to insulin treatment. Changes in cell morphology or membrane blebbing could be the
cause of the changes in location of the fluorescent punctuates during the time of
incubation with insulin. In order to determine whether the FAT/CD36-DsRed2 fusion
protein functions as previously described"’, membrane fractionations must be conducted
in cells prior to and after addition of insulin, in order to separate the plasma membrane
and endosomal fractions. These fractions can than be probed with the DsRed antibody in
order to determine if the amount of DsRed, which equates to the amount of FAT/CD36,
in the fractions.

In summary, no definitive conclusion can be made from the current study because
of the limitations of the model. Although it appears that FAT/CD36-DsRed2 fusion
protein does not colocalize with the mitochondria or GLUT4, more studies have to be
conducted in order to determine the whether the present results are representative of the
true cellular function of FAT/CD36. Moreover, the functional aspect of the construct
must also be determined. Although there are limits to the current study, the FAT/CD36-
DsRed2 construct may be an effective molecular tool that can be used in conjunction with

other studies in order characterize the localization and translocation FAT/CD36.
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Fig. 6-1. Confocal images of DsRed2
transfection in COS-7 and neonatal
rat cardiac myocytes. The DsRed2
vector was transfected COS-7 cells
(A,B) and neonatal rat cardiac
myocytes. Cells were than stained with
MitoTracker Green FM dye, for 30 min
and visualized. The 488 nm argon laser
was used to excite the MitoTracker
Green. n =1 for all experiments.
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Fig. 6-2. Confocal images of FAT/CD36-DsRed2 transfection in COS-7 and
neonatal rat cardiac myocytes. The FAT/CD36-DsRed2 plasmid was transfected
into COS-7 cells (A) and neonatal rat cardiac myocytes (B). The 488 nm argon laser
was used to excite the DsRed2 fluorophore. n =1 for all experiments.

A

Fig. 6-3. Confocal images of FAT/CD36-DsRed2 transfection in COS-7 Cells and
FAT/CD36 translocation. The FAT/CD36-DsRed2 plasmid was transfected into
COS-7 cells and allowd to express for 48 hours. Cells were subsequently treated with
1 nM insulin for 20 min. Cells were than stained with MitoTracker Green FM dye for
30 min and visualized. The 488 nm argon laser was used to excite the DsRed2
fluorophore and the 543 HeNe laser was used to excite the MitoTracker Green.
Confocal images were taken at time zero, before insulin addition (A) and 20 min after
insulin addition, which is shown in phase contrast (B). n =1 for all experiments.
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Fig. 6-4. Confocal images of FAT/CD36-DsRed2 transfection in neonatal rat
cardiac myocytes and FAT/CD36 translocation. The FAT/CD36-DsRed2 plasmid
was transfected into cardiac myocytes and allowed to express for 48 hours. Cells were
subsequently treated with 1 mM AICAR for 30 min. Cells were than stained with
MitoTracker Green FM dye for 30 min and visualized. The 488 nm argon laser was
used to excite the DsRed2 fluorophore and the 543 HeNe laser was used to excite the
MitoTracker Green. Confocal images were taken at time 30 min (A) and in phase
contrast (B). n =1 for all experiments.
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Fig. 6-5. Confocal images of FAT/CD36-
DsRed2 transfection in neonatal rat
cardiac myocytes stained  with
MitoTracker Green. The FAT/CD36-
DsRed2 plasmid was transfected into
neonatal cardiac myocytes and allowed to
express for 48 hours. Cells were
subsequently stained with MitoTracker
Green for 30 min (A,B,C). The 488 nm
argon laser was used to excite the DsRed2
fluorophore and the 543 HeNe laser was
used to excite the MitoTracker Green. n =1
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Fig. 6-6. Confocal images of FAT/CD36-DsRed2 transfection in
neonatal rat cardiac myocytes stained with MitoTracker Green.
The FAT/CD36-DsRed2 plasmid was transfected into neonatal
cardiac myocytes and allowed to express for 48 hours. Cell were
subsequently stained with MitoTracker Green for 30 min (A,B). The
488 nm argon laser was used to excite the DsRed2 fluorophore and
the 543 HeNe laser was used to excite the MitoTracker Green. n =1
for all experiments.
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Fig. 6-7. Confocal images of FAT/CD36-DsRed2 and GLUT4-GFP transfection
in neonatal rat cardiac myocytes. The GLUT4-GFP and FAT/CD36-DsRed2
expression plasmids were transfected into neonatal cardiac myocytes and allowed to
express for 48 hours. Cells expressing GLUT4 are shown in (A,B). Cells expressing
FAT/CD36-DsRed2 fusion proteins are shown in (CD). Cells from (C,D)
coexpressing GLUT4 and FAT/CD36-DsRed2 fusion proteins are shown in (E,b).
The 488 nm argon laser was used to excite the DsRed2 fluorophore and the 543
HeNe laser was used to excite the GFP fluorophore. n =1 for all experiments.
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Chapter 7

Conclusions and Future Directions
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In this thesis, evidence has been presented to suggest that FAT/CD36 is an
important regulator of fatty acid oxidation in the heart. Although several studies have
examined the effect of FAT/CD36 deficiency on lipid metabolism in skeletal muscle and
isolated cell lines, the effect of FAT/CD36 deficiency on fatty acid oxidation in the intact
heart was unknown. Our studies conducted on the isolated perfused mouse heart showed
that FAT/CD36 deficiency results in significantly lower rates of fatty acid oxidation,
which is compensated for by an increase in glucose oxidation. Due to this increase in
glucose oxidation, FAT/CD36 deficient hearts were not energetically compromised, as
previously suggested'. Since the FAT/CD36 deficient heart exhibits an increase in
glucose oxidation, it would be interesting to examine whether rates of glucose uptake are
correspondingly increased. Moreover, the activities and expression of GLUT 1 and
GLUT 4 at the plasma membrane remains unknown. The FAT/CD36 deficient mouse
heart also exhibited similar levels of cardiac function before and after ischemia as
compared to the wildtype heart. Therefore, the current study demonstrates that
FAT/CD36 deficiency does not result in energetically or functionally compromised
hearts, as was previously proposed'.

Since rates of glucose oxidation are significantly enhanced in the FAT/CD36
deficient hearts and rates of fatty acid oxidation are significantly decreased, it would be
expected that these hearts would recover better than wildtype hearts. As shown by the
perfusion data, this is not the case. Therefore we also sought to elucidate the cause of this
discrepancy. The current study demonstrates that there are alterations in signaling
mechanisms in the FAT/CD36 deficient ischemic heart. Specifically, levels and/or

activities of proteins involved in the AMPK-ACC-malonyl CoA axis are significantly
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altered. We found that levels of P-AMPK, which is indicative of activity, are significantly
enhanced in FAT/CD36 deficient hearts. Therefore, it is possible that the enhanced
activity of AMPXK increases glycolytic rates in the FAT/CD36 deficient hearts during
reperfusion. This would negate the beneficial effect of increased rates of glucose
oxidation by further uncoupling glycolysis from glucose oxidation, resulting in proton
accumulation and poor functional recovery. Although this may be a potential rationale for
the poorer than expected functional recovery of the knockout hearts, this must be
examined further.

One study that could be conducted would be to perfuse FAT/CD36 deficient and
wildtype hearts and measure rates of glycolysis to confirm that rates of glycolysis are
elevated in the knockout hearts. Another study that could be conducted would be to
subject FAT/CD36 deficient and wildtype hearts to ischemia/reperfusion in the presence
or absence of cyclohexyladenosine (CHA), which has been shown to inhibit glycolysis in
the perfused heart’. If the FAT/CD36 deficient hearts exhibit higher rates of glycolysis,
CHA would improve the coupling between glycolysis and glucose oxidation and improve
functional recovery during reperfusion.

Another reason why contractile recovery of ischemic FAT/CD36 KO is lower
than expected, is that there could also be other signaling mechanisms in the FAT/CD36
deficient heart. FAT/CD36 is a surface receptor and is involved in intracellular signaling
(see ° for review). Therefore a null mutation in FAT/CD36 could lead to an alteration
and/or aberration in intracellular signaling, which could have a negative impact on the
heart. Currently, there are only a limited number of studies examining the signaling

pathways to which FAT/CD36 is involved. It has been shown that scavenger receptor
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type Bl is involved in activation of the mitogen-activated protein kinase (MAPK)
pathway® and p38 MAPK activation has been shown to be detrimental to recovery of the
ischemic heart’. Therefore, the FAT/CD36 deficient heart could also exhibit alterations in
the MAPK signaling pathway, which could alter cardiovascular function. Currently, the
role of FAT/CD36 in the activation of MAPKs is unknown.

The current study also demonstrates that FAT/CD36 expression, by itself, is not
sufficient to increase rates of fatty acid transport and oxidation. However, the
overexpression of FACS and FAT/CD36 resulted in a significant increase in fatty acid
metabolism in neonatal rat cardiac myocytes. This suggests that FAT/CD36 does not
function as a lone entity to transport fatty acids across the membrane, but works in
cooperation with other proteins, such as FACS, to increase fatty acid uptake in the
myocyte. It has been suggested by other studies that FAT/CD36 and FACS work in
coordination®, but this is the first report that presents functional data which demonstrates
cooperation. Other studies that must be conducted to elucidate further the function of
FAT/CD36 would be the expression of combinations of FAT/CD36, FACS, FATP and
H-FABP in cardiac myocytes. This would determine whether FAT/CD36 works in
cooperation with these proposed fatty acid transport proteins. Also, these coexpression
studies would demonstrate whether FAT/CD36 has a preference for either FACS or H-
FABP in maintaining a fatty acid concentration gradient across the sarcolemmel
membrane.

Taken together, the research presented in this thesis demonstrates that FAT/CD36
is important in fatty acid metabolism and may be rate limiting for fatty acid oxidation.

Moreover, FAT/CD36 deficiency also leads to alterations in signaling within the AMPK-
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ACC-malonyl CoA axis. This suggests that the FAT/CD36 KO mouse attempts to
compensate for the decrease in fatty acid oxidation, but the limited uptake of fatty acids
lowers the expression of MCD, thereby eliminating a potential compensatory effect.
Also, FAT/CD36 may work in cooperation with other proteins involved in fatty acid
uptake into the cardiac myocytes. Finally, the study provides advances towards a new
cellular model that can be used to examine the regulation of FAT/CD36. The DsRed2-
FAT/CD36 fusion protein, if found to be functional, could be a very useful tool in order
to examine translocation and colocalization. Although the current study sheds some light
on the role and regulation of FAT/CD36, more research must be conducted in order to

further examine FAT/CD36.
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