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Chaptey 1

INTRODUCTION
The heart predominantly consists of specialized muscle cells, cardiac myocytes, which perform
contractions in a coordinated manner. During the energy demanding contraction process ATP
is generated by the oxidation of substrates!. Under physiel ogical conditions cardlac myocytes
predominantly utilize long-chain fatty acids [LCFAs, 60- -70%) with the Temainder being
covered by carbohydrates, f.e.. g]uccse (20%) and lactate [10%)2:3, The uptake of both LCFAs
and glucose is regulated by mg sarcolemmal content of specific transport proteins, i.e., fatty
acid translocase (FAT)/CD36 and GLUT4, respectwely“ These- transport proteins-are not
only present at the sarcolemma, but also in intracellular storage compartments®?. The
regulatory mechanisms involved in GLUT4-mediated glucose uptake by cardiac myocytes have
been well described. Both an increased workload and the hormone insilin, via the activation
of AMP-activated kinase (AMPK) and phosphaﬂdylmmsml -3 kinase {PI5K), respectively, acutely
regulate glucose uptake by -recruiting GLUT4 to the sarcolernma?10, At present several
putative LCFA transport proteins have been mennf'ed ie,, FAT/CD36, plasmalemmal fatty
acid binding protein (FABPpm} and fatty acid transport pmtem (FATP) Both-the subcellular
localization and the regulation by insulin‘of FAT/CD36 resemble that of GLUT4!!. However,
whether an increased workload also affects FAT/CD36 in the same manner as GLUT4 is
uncertain. Studies presented in this thesis will contribute to the elucidation of the signalling
pathway activated by.an J’mcreased wgrkmad and modulatmg FAT/C]D30 medialed LCFA
uptake by cardiac myomftes ' 4 s

The incidence of-obesity and type 2 dmbetes mellitus [T2DMI 15 drastu:aly increasing
worldwide!214, Heart disease is the leading cause of mortality and death in fhese patient
populations!> !¢, The mechanism underlying cardiac dysfunction in T2DM is unknown, but
alterations in the utilization of substrates by the heart have been proposed to contribute to the
functional impairment. In this thesis, animal studies were performed {o obtain new insights
into substrate utilization by cardiac myocytes in the presence of insulin resistance.

AIMS OF THIS THESIS

The first aim of this thesis was to analyze the subcellular localization of FAT/CD36 in isolated
rat cardiac myocytes during cellular contractions. Moreover, components of the contraction-
signalling pathway resulting in increased cardiac substrate uptake were to be unravelled. The
second alm was to investigate in isolated cardiac myocytes from insulin resistant, obese Zucker
rats, the content and subcellular localization of FAT/CD36. Moreover, in these cardiac
myocytes the recruitability of FAT/CD36 upon insulin treatment or increased workload, and
the consequences for LCFA utilization were investigated. The third aim was to determine
whether the total amount and subcellular localization of FAT/CD36, and of other putative
LCFA transport proteins, i.e., FABPpm and FATPI, in metabolically important tissues are
affected in obese Zucker rats treated with a well-established oral insulin sensitizing agent, i.e.,
rosiglitazone. The final aim was to investigate the effects of possible new insulin sensitizing
agents, i.e., sulfo-Msuccinimidyl esters of LCFAs that specifically bind to FAT/CD36, on
cellular LCFA uptake and utilization both in witro and in vivo.



GENERAL INTRODUCTION

ISOLATED RAT CARDIAC MYOCYTES IN SUSPENSION FOR STUDYING CONTRACTION SIGNALLING

Most studies presented in this thesis are based on measurements performed in isolated rat
cardiac myocytes. By retrograde Langendorf perfusion cardiac myocytes were isolated from arat
heart and thereafter, were kept in suspension [Fig. 1.1). These single-cell suspensions are easily

accessible by pharmacologically active compounds. In additon, the extracellular envitonment

is well controlied and vascular factors are elimihated. Although cardiac myocyies contract

constantly in vivo, in suspension the trigger for controlled contractions is not present resulting
in a decline in metabolic rate. Therefore, Luiken et al!17 developed an experimental setup that
induces contractions at 200V with a frequency of 4-Hz into cardiac myocytes in suspension.

Moreover, in cardiac myocytes the contraction-signalling pathway can he pharmacologically

induced by (i} S-aminoimidazole-4-carboxamide-1-B-D-ribofuranoside [AICAR], which is

intracellularly phosphorylated into AICAR monophosphate (ZMP], an AMP analog, and [if]

oligomycin, a mitochondrial F,/F, ATPase inhibitor.

Figure 1.1: Isolated rat cardiac myocytes in suspension.

The cardiac myocytes possess a specialized contractile machinery which is composed
of bundles of myofibrils containing myofilaments's, The sarcomere, a region of
myofflament structures between two Z-ines, is the basic contractile device and 8
composed of myosin and actin filaments. Interactions between gctin and myosin
cause shortening of the sarcomere length making the cardiac myocyte to contiact
during the process of excitation-contraction coupling'®.

OUTLINE OF THESIS

Following an overview of cardiac substrate uptake and utilization and membrane-associated
substrate transport proteins under physiological conditions, Chapter 2 describes current insights
on the regulation of substrate utilization by an increased workload and the hormone insulin,
Moreover, alterations in substrate utilization by cardiac myocytes in obesity progressing towards
type-2 diabetes mellitus (T2DM), the aggravation of cardiac insulin resistance and possible
manipulations that could prevent an impaired insulin-stimuwlated GLUT4 translocation are
addressed in detail.

It is weil documented that cellular contractions of cardiac myocytes increase the activity
of AMPK resulting in translocation of GLUT4 to the sarcolemma thereby increasing myocardial
glucose uptake®. In Chapter 3 the involvement of AMPK in regulating LCFA uptake at the
level of the sarcolemma through modulation of the subcellular distribution of FAT/CD36 is
described. In cardiac myocytes, contractions increase the uptake of glucose and of LCFAs by a
similar intracetiular signalling pathway20.2!, However, a pharmacological agent, i.e., dipyridamole,
is able to alter cardiac substrate preference by inducing translocation of FAT/CD36, but not
that of GLUT4, and is discussed in detail in Chapter 4. Moreover, in identifying other components
of the contraction signalling pathway members of the protein kinase C (PKC) family are attractive
candidates. In rat cardiac myocytes PKCs are activated during cellular contractlons??24 and in



Chapter 1

Chapter 5 the involvement of PKCs in myocardial LCFA uptake is presented. T2DM is a
disease in which disturbances in substrate metabolism play a key role. One of the hallmarks of
TZDM is muscle insulin resistance, which is defined as an impaired insulin-stimulated glucose
uptake?526, Moreover, the predominant cause of death in T2DM patients is cardiovascular
disease, and alterations in substrate utilization are thought to underlie cardiac’ dysfunction?>.
[n Chapter 6 alterations in ghucose and LCFA uptake and LCFA utilization by cardiac myocytes
from insulin resistant, obese Zucker rats are presented. The regulation of these metabolic processes
by insulin or oligowriycin, a contraction mimetic agent, is also discussed in detail in Chapter 6.

A new class of oral insulin sensitizing agents are the thiazolidinediones {TZDs), which are
potent peroxisome proliferator activated receptor (PPAR}y-agonists?7.28. PPARy is known to
influence lipid hormeostasis in the body thereby improving the whole-body insulin
resistance2%:30, Chapter 7 addresses divergent effects of rosiglitazone, a member of the TZDs,
on the cellular LCFA uptake capacity and transporter proteins in adipose tissue and muscle
tissues of obese Zucker rats.

Current insulin sensitizing agents often have negative side effects. Therefore, we propose
to ameliorate insulin sensitivity by inhibiting cellular LCEA transport. Effects of sulfo- M-
succinimidyl esters of LCFAs, agents that specifically bind to FAT/CD36, on substrate uptake
and metabolism in several cell types are presented in Chapter 8, Part 1. Moreover, in Chapter
8, Part 2 kinetics of the sulfo-Msuccinimidyl esters of LCFAs when applied intraperitoneally
to rats were studied. Subsequently, in the addendum of Chapter 8 an approach for chronic
intravenous application of these esters to rats is presented.

The new insights obtained by studies presented in this thesis will be discussed and placed
in a broader perspective in Chapter 9 while a brief summary will conclude this thesis.
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ardiovascular disease is the primary cause of death in obesity and type-2 diabetes ‘
P\ mellitus (T2DM). Alterations in substrate metabolism are believed to be involved r
| in the development of both cardiac dysfunction and insulin resistance in these j
L M conditions. Under physiological conditions the heart utilizes predominantly long-
i cham fatty acids (LCFAs, 60-70%), with the remainder being covered by carbohydrates, i.e.,
| glucose (20%) and lactate (10%). The cellular uptake of both LCFAs and glucose is regulated
by the sarcolemmal amount of specific transport proteins, i.e., fatty acid translocase (FAT)/-
CD36 and GLUT4, respectively. These transport proteins are not only present at the
sarcolemma, but also in intracellular storage compartments. Both an increased workload
and the hormone insulin induce translocation of FAT/CD36 and GLUT4 to the
sarcolemma. In this review, recent findings on the insulin and contraction signalling
pathways involved in substrate uptake and utilization by cardiac myocytes under
physiological conditions are discussed. New insights in alterations in substrate
uptake and utilization during insulin resistance and its progression towards
T2DM suggest a pivotal role for substrate transporters. In the early stages o,
of TZDM, relocation of FAT/CD30 to the sarcolemma is associated with '
the myocardial accumulation of triacylglycerols (TAGS) eventually lead;mg
to-an impaired insulin-stimulated GLUT4-translocation. These novel
insights may result in new strategies for the prevention of develop- :
ment of cardiac dysfunction and insulin resistance in obesity and
T2DM. '




CARDIAC SUBSTRATE UTILIZATION IN OBESITY AND TYPE-2 DIABETES

INTRODUCTION

In both Europe and the United States of America the incidence of obesity and type-2 diabetes
mellitus (T2DM] is drastically increasing!-S. Obesity has been defined as having too much fat
body mass compared to lean body mass. A western lifestyle and genetic factors play major roles
in the development of obesity®7. It is well known that obesity influences the total body
metabolism of both lipids and carbohydrates, the regulation of blood pressure, and thrombaotic
and inflammatory reactions8. Most obese patients develop insulin resistance, which is
characterized by impairment in the insulin-mediated glucose uptake by muscle and adipose
tissue. Insulin resistance is also one of the key features of patients with T2DM. In T2DM
insulin resistance occurs before the onset of hyperglycemia.

Although the heart plays a minor role in the development of whole-body insulin resistance,
cardiovascular complications are one of the main causes of morbidity and death in insulin
resistant obese and T2DM patients!®:!1. Obesity and T2DM are both independent risk factors
for the development of cardiac dysfunction!2-14. In T2DM patients who have no clinically
manifested cardiovascular diseases, the left ventricular mass is increased, in combination with
diastolic dysfunction, whereas in general systolic function is normal!510. These structural and
functional alterations in the hearts of T2DM patients are referred to as diabetic cardiomyopathy,
and are even present in the absence of hypertension and coronary artery disease!3.17. During
the course of T2ZDM this cardiomyopathy can progress towards heart failure. Diabetic
cardiomyopathy is the outcome of a multifactorial process and the following disturbances are
believed to be involved in its development; alterations in the renin-angiotensin system,
aldosterone-induced fibrosis, endothelial dysfunction, arterial stiffness, autonomic neuropathy,
hyperglycemia and alterations in myocardial substrate utilization!8.19.

In this review we will address recent findings on the role of sarcolemma-associated
substrate transporters and their regulation in myocardial substrate utilization in obesity and
T2DM. These findings lead us to hypothesize that disturbances in the regulation of cardiac
long-chain fatty acid (LCFA) utilization play a role in the development of cardiac dysfunction
and insulin resistance. First, we discuss various aspects of cardiac substrate metabolism under
physiological conditions. Second, we will focus on the regulation of the cardiac substrate
metabolism by both an increased workload and the hormone insulin. Third, alterations of
cardiac substrate metabolism in obesity and T2DM will be discussed. Finally, possible
therapeutic strategies aiming at correcting cardiac substrate metabolism are addressed.

MECHANISM OF GLUCOSE AND LONG-CHAIN FATTY ACID UPTAKE AND METABOLISM IN
THE HEART

The heart predominantly consists of specialized muscle cells, cardiac myocytes, which perform
a constant contraction and relaxation cycle in a coordinated fashion. To be able to contract
cardiac myocytes need to generate energy, which is derived from adenosine triphosphate (ATP)
hydrolysis20. ATP itself is generated during the oxidation of substrates. Cardiac myocytes
behave like omnivores and can utilize fatty acids, carbohydrates, and ketone bodies?!. Under
physiological conditions these cells oxidize predominantly long-chain fatty acids (LCFAs,
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60-70%), with the remainder covered by carbohydrates, i.e., glucose (20%) and lactate
{10%)22.23, Before intracellular oxidation, these substrates have to enter the cardiac myocytes
by crossing the sarcolemima.

The uptake of extracellular glucose by cardiac myocytes is regulated by the amount and

. Cactivity of glucose transporters at the sacrolemma?é. In the heart two glucose transport

proteins, i.e., GLUT1 and GLUT4 are present, of which GLUT4 is most abundant?> (Fig. 2.1).
Both GLUT? and GLUT4 are not only located at the sarcolemma, but also in intracellular
storage compartments2¢, Upon entering cardiac myocytes, glucose is rapidly phosphorylated
into glucose-6-phosphate by hexokinase, resulting in intracellular trapping. Thereafter, glucose-
6-phosphate can either be stored as glycogen or enter the glycolytic pathway (Fig. 2.1). The
end product of glycolysis, pyruvate, crosses the mitochondrial membranes and once present in
the mitochondrial matrix is converted into acetyl-CoA by the enzymatic action of pyruvate
dehydrogenase (PDH) (Fig. 2.2). Acetyl-CoA undergoes further mitochondrial metabolism
resulting in the synthesis of ATP by oxidative phosphorylation.

LCFAs destined for cardiac utilization are delivered in two different forms, (i} in complex
with albumin and (i} esterified in the lipid core of very-low density lipoproteins (VLDLs} and
chylomicrons?7.28, While albumin-bound LCFAs easily dissociated from albumiin, the esterified
L.CFAs have to be hydrolyzed by the action of lipoprotein lipase at the luminal surface of the
endothelium before they become available. Thereafter, LCFAs are transported across the
endothelium, via a mechanism that is yet unclear. Once present in the interstitial space LCFAs
are complexed with alburnin, thefr transport vehicle through this aqueous compartment (Fig. 2.1).
Prior to their transport across the sarcolemma, LCFAs dissociate again from albumin. Although
it was originally believed that the transport of LCFAs across the sarcolemma into cardiac
myocytes occurs solely by passive diffusion2%30, now it is generally accepted that the bulk of
LCEAs are taken up via a protein-mediated (facilitated) transport system3!,32,

Several putative LCFA transport proteins have been identified and are thought to act in
concert to facilitate cardiac LCFA uptake. However, the molecular mechanism by which these
transport proteins mediate LCFA transpoit across the sarcolemma is incompletely
understood33, Evidence Is accumulating that the 88 kDa fatty acid transiocase [FAT), a rat
homologue of human CD36, is the main putative LCFA transport protein [reviewed by
Brinkmann et al34) {Fig. 2.1). FAT/CD36, like GLUT4, is not only present at the sarcolemma,
but also in intracellular storage compartments3s, A strong positive correlation between the
amount of FAT/CD36 present at the sarcolemma and the uptake of LCFAs has been observed
In cardlac myocytes3¢. Moreover, by blocking FAT/CD36 with sulfo-Msuccinimidyl oleate
(S5O, which specifically binds to FAT/CD36, myocardial LCFA uptake is markedly inhibited37.
In addition to FAT/CD36, other proteins play a role in the sarcolemmal transport system, but
they are believed to be non-regulating. First, at the outer leaflet of the sarcolemma a 43 kDa
fatty acid binding protein (FABPpm) is present3® (Fig. 2.1]. By specifically inhibiting FABPpm
with an anti-FABPpm aniibody LCFA transport across the sarcolemmal membrane was
decreased32. Interestingly, the inhibitory actions of SSO and anti-FABPpm were non-additive,
suggesting the FAT/CD36 and FABPpm act together in the LCFA uptake process32. Second,
two isoforms of the fatty acid transport protein (FATP) family, i.e., FATP1 and FATP6, are
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present in cardiac myocytes and each exhibit acyl-CoA synthetase activity (feviewed by Stahl
et al3) (Fig. 2.1). FATP6 is expressed exclusively in the heart, and also more-abundant than
FATP 14041, Since FATP is associated with the sarcolemma and colocalizes with FAT/CD36 it
is suggested that these two LCFA transport proteins act in concertd!;

Once inside the cardiac myocyte, LCFAs bind to 15 kDa cytoplasmic heart-type fatty acid
binding protein (H-FABPc] (Fig. 2.1). Using this protein as a vehicle non-esterified LCFAs are
transported inside the cardiac myocytes towards their site of metabolic conversion or
action42:43, Subsequently, they are activated into acyl-CoAs by the enzyme acyl-CoA synthetase
(ACS)#4. These acyl-CoAs can bind to the cytosplasmic acyl-CoA binding protein (ACBP)45:46,
Acyl-CoAs either enter the mitochondria or are incorporated into the intracellular lipid pools
{Fig. 2.1]. Transport of acyl-CoAs into the mitochondria is mediated by the concerted action of
three carnitine-dependent enzymes#’ (Fig. 2.2). At the outer mitochondrial membrane carnitine
palmitoyl transferase | {CPT-) is present, catalyzing the formation of acylcarnitine. Thereafter,
carnitine/acylcarnitine transferase {CACT) transports acylcarnitine into the mitochondria and
at the inner mitochondrial membrane, CPT-Il generates acyl-CoA. In the mitochondrial LCFA

interstitial space
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Figure 2.1: Glucose and long-chain fatty acid uptake and metabolism in cardiac myocytes under physiological
conditions.

Glu = glucose, FA = long-chain fatty acid, CD36 = fatty acid transiocase [FAT/CD36), FABPpm = plasmalemmal fatty
actd binding protein, FABPc =cytoplasmic fatty acid binding protein, FATP = fatly acid transport protein, ACBP =
acyl-CoA binding protein, GLUT = glucose transport protein either 1 or 4, HK = hexokinase, ACS = acyl-CoA
synthetase, TAG = triacylglycerol, and PL =phospholipid, See text under Mechanism of subsirate uptake and
metabolism in the heart for a detailed description of this figure.
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Figure 2.2: Substrate oxidation and ATP generation in cardiac myocytes under physiological conditions.

Glu = glucose, Fru = fructose, Pyr = pyruvate, Lac = lactate, PDH = pyruvate dehydrogenase, CPT 1711 = carnitine
palmitoyl transferase 1/l, CACT = cartinine/acylcarnitine transferase. See text under Mechanism of substrate
uptake and metabolism in the heart for a detafled description of this figure.

uptake process CPT-l is the key regulatory enzyme. Once inside the mitochondria acyl-CoAs
are oxidized via p-oxidation and the endproduct, acetyl-CoA, is gradually degraded in the citric
acid cycle484Y (Fig. 2.2]. At this point the pathways for giucose and LCFA oxidation merge.

Interestingly, whereas oxidation and esterification of LCFAs occur within minutes, within
days intracellular LCFAs also exert effects on their own utilization. These LCFAs induce the
expression of genes involved in LCFA metabolism by activating a family of ligand-activated
nuclear receptor, the peroxisome proliferator activated receptors (PPARs] that consists of three
isoforms, Le., a, B/6 and y595!. In cardiac myocytes, PPARa and B/8 are the predominant
isoforms and the abundance of PPARy is very low>2. Gilde et al5? demonstrated that in
neonatal cardiac myocytes activation of PPARa and B/8, but not that of PPARy, results in an
increased expression of genes encoding for proteins involved in cardiac LCFA oxidation,
including FAT/CD36 and CPT-L.

CONTRACTION PATHWAY IN CARDIAC MYOCYTES

Cardiac myocytes possess a specialized contractile machinery that enables them to contract
and relax in a regular fashions3, The contraction process is an energy requiring process, which
is accounted for by increased utilization of substrates by cardiac myocytes. It is demonstrated
that in contracting isolated rat cardiac myocytes translocation of GLUT45455 and FAT/CD3656
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from intracellular storage compartments towards the sarcolemma occurs, resulting in an
increased glucose and LCFA uptake, respectively. Moreover, cellular contractions do not only
induce FAT/CD36-mediated LCFA uptake, but also the LCFA oxidation rate, whereas the
LCFA storage rate into TAGS remains unaltered (Fig. 2.4). Several proteins, i.e., protein kinase
A (PKA], AMP-activated kinase [AMPK] and protein kinases C [PKCs), are potential candidates
to be involved in the signalling pathway activated upon cellular contractions. These proteins
and their role in the regulation of cardiac substrate utilization and substrate transport proteins
localization are subject of intensive studies, the outcome of which will be discussed in detail
below.

Protein kinase A

PKA is a serine/threonine kinase and activated by cyclic AMP [cAMP}57.58, In its inactive form,
the enzyme consisting of two catalytic subunits and a regulatory dimer. Binding of cAMP 1o
the reguiatory dimer results in the dissociation of the dimer from the catalytic PKA subunits,
resulting in the activation of PKA. Activated PKA phosphorylates other proteins containing
specific serine/threonine residues (see for review5758}, Intramyocellular cAMP levels increase
during acute exercise. Upon B-adrenergic receptor stimulation a sarcolemmal heterotrimeric
GTP-binding protein is activated, which stimulates adenylyl cyclase to produce cAMP.
Activation of PKA by cAMP results in the phosphorylation of several proteins involved in
chronotropic and inotropic mechanisms in the cardiac myocytes, i.e., L-type-Ca2+ channels,
and myosin binding protein5%60. Mareover, activation of PKA results in the phosphorylation of
acetyl-CoA carboxylase (ACC) at Serine-77 [Ser77) and Ser120001.62 (Fig, 2.3). In the heart
two isoforms of ACC with subunit sizes of 265 (o] and 280 (B) kDa have been identified.
ACCB is the major cardiac isoform and is involved in the regulation of LCEA metabolism®3,
Phosphorylation of ACC at critical sites, i.e., Ser120004, inhibits its activity, resulting in a fall
of intramyocellular malonyl-CoA thereby deinhibiting the catalytic activity of CPTI and
accelerating p-oxidation4” (Fig. 2.3). In contrast to the stimulatory effect of cAMP on LCFA
oxidation, cardiac LCFA uptake is not regulated by intramyocellular cAMP levels and thus the
activation of PKASS, In cardiac myocytes, in which cAMP levels are pharmacologically
increased, LCFA uptake®® and subcellular distribution of FAT/CD36¢5 were unaltered.
Collectively, these findings indicate that PKA directs intracellular LCFAs towards
mitochondrial B-oxidation, whereas the subcellular localization of FAT/CD36 and hence
cellular LCFA uptake remain unaltered.

AMP kinase

AMP kinase [AMPK) is a heterotrimeric protein consisting of one catalytic subunit, and two
regulatory subunits. Activation of AMP kinase occurs through phosphorylation of threonine-
172 (Thr172) in the catalytic domain by one or more upstrearn AMPK kinases (AMPKKs),
such as the recently discovered LKB167, and allosterically by binding of AMP to one of the
regulatory subunits®849 (see in more detail Chapter 3). Coven and coworkers?® demonstrated
that AMPK is activated in the rat heart during exercise, emphasizing the importance of AMPK
in this organ. In muscle cells AMPK can be pharmacologically activated by 5-aminoimidazole-
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4-carboxamide-1-8-D-ribofuranoside (AICAR]), which is intracellularly phosphorylated into
AICAR monophosphate (ZMP) that closely resembles the chemical structure of AMP7L72, [t
has been demonstrated that in both electrically stimulated and AICAR-treated cardiac
myocytes GLUT4 translocates to the sarcolemma thereby increasing glucose uptake34,35, Since
not only GLUT4-mediated glucose uptake, but also FAT/CD36-mediated LCFA uptake was
induced in cardiac myocytes during cellular contractions (Fig. 2.4}, we were interested in
whether AMPK is involved in FAT/CD36 translocation: Subsequently, we were the first fo
demonstrate that in cardiac myocytes an increased AMPK activity is involved in translocation
of FAT/CD36 from intracellular storage compartments to the sarcolemma?3 {Fig. 2.3). Besides
its role in the regulation of substrate transporter localization, AMPK activity directly influences
cardiac LCFA oxidation. Activation of AMPK causes phosphorylation of ACC at Ser79,
Ser1200 and Ser121574.75, Phosphorylation at Ser79 at ACC by AMPK results in the inhibition
of ACC activity thereby lowering intracellular malonyl-CoA which eventually leads to an
increased LCFA oxidation®4. Collectively, these findings demonstrate that activation of AMPK
is involved in inducing both FAT/CD36-mediated LCFA uptake and LCFA oxidation.

Protein kinase C

Protein kinases C (PKCs) are a family of serine/threonine kinases consisting of 12 members
which are divided into three subfamilies based on their structure and ligand-binding domains,
i.e., conventional (c), novel (n) and atypical {a) PKCs [see for review Newton ef a/76]. cPKCs
are activated by Ca2+ and diacylglycerols [DAGs}, nPKCs are insensitive to Ca2*, but can be
activated by DAGs and aPKCs are insensitive to both Ca?+ and DAGs?7.78, In the heart one
cPKC, PKCa, two nPKCs, PKCS and e and one aPKC, PKCC have been detected?. It has
been demonstrated that PKCs are involved in regulating contractile function by
phosphorylating components of the cardiac contractile machinery80.8!, Moreover, during
cellular contractions intramyocellular Ca2+ levels increase through an increased uptake of
Ca?+ via sarcolemmal L-type Ca?+ channels by the cardiac myocyte, which then triggers the
Ca2+ release from the sarcoplasmatic reticulum82. This switches on the contractile machinery
and relaxation is initiated once Ca2+ is transported out of the cytoplasm53.83, Evidence is
accurnulating that activation of conventional and novel PKCs are involved in the contraction-
induced substrate uptake by cardiac myocytes. Recently, we demonstrated that in cardiac
myocytes treated with phorbol 12-myristate 13-acetate {PMA), a cell-permeable analog of
DAG that induces PKC activity, both glucose and LCFA uptake are enhanced84. Moreover, in
PMA-treated cardiac myocytes LCFA uptake can be inhibited by SSO to the same residual
level as in non-treated cardiac myocytes, demonstrating the involvernent of FAT/CD36 in the
increase of LCFA uptake by PMA. Besides conventional and novel PKC, several studies in
both rodent and human skeletal muscle demonstrated that upon exercise and electrical
stimulation aPKCs translocate to the membranet>8?. These findings indicate a possible role
for aPKCs in the effect of cellular contractions in cardiac myocytes. Taken together, activation
of the PRC family is believed to be involved in contraction-induced substrate uptake by
cardiac myocytes, although the specific PKC isoform and the molecular mechanism remains
unknown.




CARDIAC SUBSTREIE ME?T%E'MZM?E@N Rf@ GBESITY AN TYPE-2 DINBETES

P-adrenergic ) Interstitial space

agonist i A Contractions

Sarcolemma

| oS
ampiate 1

STRIRRR N

JGLuTe {FATICD36
! wanslocation Hranslocation
ﬂéu

Cytoplasm

— Mitochondria

Figure 2.3 Components of the contraction pathway involved in substrate utilization in cardiac myocytes.
BAR = B-adrenergic receptor, AC = adenylyl cyclase, ACC = acetyl-CoA carboxylase, FAT/CD36 = fatty acid
transiocase, CAMP = cyclic AMP. PKA = protein kinase A, AMPK = AMP kinase, PKC = protein kinase ¢, CPT] =
carnitine palmitoyl transferase I See text under Contraction pathway of cardiac myocytes for a detafled
description of this figure.

INSULIN SIGNALLING PATHWAY IN CARDIAC MYOCYTES

Similar to the effects of cellular mechanical activity, the hormone insulin regulates substrate
utilization and localization of substrate transport proteins in muscle tissues®®%0, nsulin is
involved in the maintenance of normal plasma concentrations of glucose and lipids®!. Upon
binding of insulin to its w2/p2 tetrameric receptor at the sarcolemma of the cardiac myocyte
the intracellular tyrosine kinase activity of this receptor is activated. This activation catalyzes
phosphorylation of fyrosine residues at the insulin receptor interacting proteins, lLe., insulin
receptor substrate 1 {IRS-1). The two major signalling pathways in cardiac myocytes subsequently
activated by insulin are, [i] the phosphatidylinositol-3 kinase (P1;K) pathway and (i) the
mitogen activated protein kinase (MAPK) pathway®2, Whereas the MAPK pathway plays a
prominent role in the transcriptional and mitogenic processes, such as alterations in growth,
differentiation and regulation of gene expression, the PI;K pathway is involved in metabolic
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Figure 2.4 Overview of the effects of cellular contractions and insulin on LCFA utilization and FAT/CD36
subcellular localization in cardiac myocytes.

fsolated cardiac myocytes from lean Zucker rats were incubated for 15 min at 37°C under continuous shaking either
not-treated (Crrl), electrically stimulated [Stim] or treated with 10 nmol ¥ insulin (Ins). The 4C-palmitate uptake
rate was measured in 3 min and the rates of oxidation and storage of <C-paimitate were measured in 20 min.
Moreover, the treated cardiac myocytes were subcellular fractionated into low-density microsomes [LDM) and
plasma membrane [FM} fractions. By Western blotting using MO25, an antibody directed against FAT/CD306, the
protein content of FAT/CD36 was measured in these two fractions. Data on ¥C-palmitate utilization are expressed
as means « S.EM, and presented as nmol.g cell massi.min'. The protein content of FAT/CD36 was expressed as
percentage of control values fcontrot set at 1), *Significantly different form control values, P<(.05.

signalling. Therefore, we will focus on the PI;K pathway. An overview of recent insights in the
regulation of substrate uptake and substrate transporter proteins in cardiac myocyte by insulin
Is given in Figure 2.5.

PI3K consists of two subunits, a 110 kDa catalytic subunit and an 85 kDa regulatory
subunit. Once activated, PI;K translocates to the sarcolemma where it phosphorylates
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phosphatidylinositol phosphates (PIPs) at the 3 position. Especially the conversion of PI-4,5P;
to P1-3,4,5P4 is important for insulin signalling. PI-3,4,5Py activates the phosphainositide-
dependent kinase 1, which phosphorylates and thereby activates the serine/ threonine kinase,
protein kinase B (PKB|%3 and the atypical protein kinase C (aPKC) isoforms A and £,

It has been well documented that activation of the PL,K pathway mediates translocation of
the glucose transporter GLUT4 from intracellular storage compartments towards the sarcolemma,
thereby increasing the myocardial glucose uptake rate2695, The metabolic fate of glucase taken
up into muscles exposed to elevated levels of insulin includes glycogen synthesis, glucese
oxidation and lactate production. Recently is has been shown that insulin dees not enly induce
glucose uptake, but also long-chain fatty acid {LCFA) uptake in cardiac myocytes?®. Since
FAT/CD36, an important regulatory LCFA transport protein, is just like GLUT4 present at the
sarcolemma and in intraceliular storage compartments, it was investigated whether insulin
induces translocation of FAT/CD36. In adult rat cardiac myocytes, insulin indeed promoctes
FAT/CD36 translocation from intracellular sites o the sarcolemma depending on activation of
PI;K% (Fig. 2.5). Moreover, the amount of FAT/CD36 present at the sarcolemnma correlates with
the myocardial LCFA uptake. Insulin induces not only the FAT/CD36-mediated LCFA uptake but
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Figure 2.5: The insulin signalling pathway involved in substrate uptake by cardiac myocytes.
IRS] = insulin receptor substrate i, PILK = phosphatidylinositol-3 kinase, PKB = protein kinase B [See fext under
Insulin signalling pathway in cardiac myocytes for a detatled description of this figure].
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influerices also the intramyocellular channeling of LCFAs (Fig. 2.4). The additional amount of
LCFAs entering the cardiac myocytes under the influence of insulin is predominantly stored into
the intracellular lipid pool, whereas the LCFA oxidation rate remains unaltered®” (Fig. 2.4).

CARDIAC SUBSTRATE UTILIZATION IN OBESITY AND TYPE-2 DIABETES MELLITUS

Obesity and T2DM each are strongly associated with insulin resistance®®. In the
development towards full-blown T2DM compensatory hyperinsulinemia maintains normal
plasma glucose levels. In most patients eventually pancreatic beta cells dysfunction and
hyperglycemia will occur. Besides insulin resistance, T2DM is also strongly associated with
the development of diabetic cardiomyopathy. Although, the mechanisms causing cardiac
insulin resistance and diabetic cardiomyopathy are incompletely undersiood metabolic
disturbances in the heart are thought to play an essential role. Because in the heart the
expression, subcellular localization and functional regulation of GLUT4 and FAT/CD36 are
important parameters determining the rates of substrate ufilization. Thetrefore, it was of
interest to study possible changes in the amount of substrate transport proteins in the
insulin-resistant heart.

In rodent models of insulin-resistance?®.190 or early-onset T2DM 01,102 basal cardiac
glucose uptake has not been changed compared to controls. However, basal glucose
uptake decreases in hearts of rodent models with full-blown T2DM, concomitant with a
reduced total protein content of GLUT410L, In TZDM db/db mice also cardiac glycolysis
and glucose oxidation are decreased. Belke and coworkers!0! demonstrated that when
overexpressing GLUT4 specifically in the heart of these rodents, changes in glucose
utilization were completely normalized. These findings demonstrate that the reduced
cardiac glycolytic state in T2DM rodents will likely be due to a reduced sarcolemmal
GLUT4 content. Not only the total amount of GLUT4 but also the induction of GLUT4
translocation by insulin and therefore the subcellular localization of GLUT4 is altered in
T2DM. Since recruitment of GLUT4 to the sarcolemma upon insulin requires an intact
PL;K pathway, it is believed that alterations in this signalling pathway are responsible for
an impaired GLUT4 translocation. Indeed, several studies demonstrate that in the T2DM
heart, insulin signalling in cardiac mycoytes is impaired. Insulin stimulated activity of the
IRS/PI;K/PKB pathway was reduced in (i) ventricular homogenates from rats that were
exposed to a high fat diet and developed a T2DM phenotype!93, (i} perfused hearts and
isolated ventricular cardiac myocytes from insulin resistant obese Zucker rats®.194 and iii)
hearts from T2DM Goto-Kakizaki rats!®2. At physiological insulin concentrations, insulin-
stimulated GLUT4 translocation and glucose uptake are reduced in insulin resistant obese
rats 94,105 If cardiac myocytes from obese Zucker rats are stimulated with maximal insulin
concentrations, GLUT4 translocation and glucose uptake are induced to the same extent
as in control rats!90.104, However, in hearts of T2DM rodents even at maximal insulin
concentrations GLUT4 translocation is impaired. These findings suggests that insulin-
induced GLUT4-mediated glucose uptake becomes impaired when progressing from
obesity towards T2ZDM.
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While the impairment in myocardial glucose uptake occurs after the onset of T2ZDM, LCFA
uptake in rodent'hearts were altered already in the prediabetic state. It was demonstrated that
in insulin resistant, obese Zucker rats myocardial LCFA uptake is increased88.196, The increase
in myocardial LCFA uptake coincided with an increased amount of FAT/CD36 at the
sarcolemma, whereas the fotal cellular FAT/CD36 protein content was unaltered. Moreover,
in these obese rats, the rate of cardiac LCFA oxidation was unaltered, whereas the cardiac TAG
content and the incorporation rate of LCFAs into TAGs were increased. In T2DM rodents it
has been reported that cardiac LCFA oxidation and the activity of 3-hydroxyl-acyl-CoA
dehydrogenase, a component of mitochondrial p-oxidation pathway, increases!0L107; However,
data obtained by human studies are contradictory to rodent models and do not give a clear
view on the cardiac LCFA oxidation during impaired glucose tolerance. In patients with an
impaired glucose tolerance no effect on myocardial !!C-palmitate uptake and oxidation was
pbserved!%8 whereas in the same patient group the !23[-heptadecanoic acid {HAD) oxidation
by the heart was reduced!09. This discrepancy could be due to the difference in the fatty acid
analog used to study oxidation. 123[-HAD is, compared to '!C-palmitate, limited for using it to
guantitate myocardial LCFA oxidation!!0.

In obese and T2DM subjects and in insulin-resistant, obese and T2DM rodent modelg! 11113
it has been well established that lipids accumulate in the heart. Young and coworkers!i4
demonstrated that in obese rats a mismatch between LCFA uptake and oxidation leads to a
deposition of the excess LCFAs taken up by the heart in the intracellular lipid pool. Recently,
we showed that increased amounts of FAT/CD36 are present at the sarcolemma in cardiac
myocytes from insulin-resistant rats, resulting in increased rates of LCFA deposition in TAGs
and an increased intracellular LCFA content®8.100 [see for more detail Chapter 6). Moreover,
Zhou and coworkers!!! demonstrated that the increased cardiac TAG content coincided
with increased mRNMNA levels of glycerol-3-phosphate acyltransferase (GPAT), an enzyme
known to direct exogenous LCFAs into TAGs!¥S. Hence combined elevation of FAT/CD36
and GPAT provides a mechanism for increased LCFA channeling towards intraceliular
storage. The relation between FAT/CD36 and TAGs in the heart of obese Zucker was
confirmed in human studies in skeletal muscle. Also in skeletal muscle of humans alterations
in FAT/CD36 functioning are causally related to intramyocellular lipid accumulation. The
plasmalemmal FAT/CD36 protein content, rates of palmitate transport and the tissue TAG
content are increased in skeletal muscle from obese and T2DM subjects, compared to lean
controlstte,

DEVELOPMENT OF LIPID-INDUCED CARDIAC INSULIN RESISTANCE

In obesity and T2DM, the excess myocardial lipid accumulation is related to both myocardial
dysfunction and the development of cardiac insulin resistance!!?, Initially it was believed that
elevated intracellular levels of LCFAs result in an inhibition of glucose oxidation leading to a
decreased glucose uptake, which is known as the Randle cycle. However, recent evidence
demonstrated that rather than the Randle cycle, intracellular lipid metabolites result in an
impaired insulin-stimulated GLUT4 translocation.
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The Randle cycle

Elevated plasma LCFAs levels, one of the main features in obesity and resulting in an increased
cellular LCFA uptake, could play a role in the development of insulin resistance. In view to the
Randle cycle, it is believed that an increased LCFA oxidation, due to increased availability of
intraceliular LCFAs, contributes to the development of a decreased glucose uptake in cardiac
myocytes!18, By increasing LCFA oxidation the glycolytic pathway is inhibited due to an
accumulation of intracellular acetyl-CoA and citrate leading to increased glucose-6-phosphate
concentrations and decreased hexokinase activity!18,119, Eventually cardiac glucose uptake and
oxidation are reduced. An inverse relation between cardiac glucose uptake and plasma LCFAs
in man has been demonstratedi20, However, the mechanism proposed by Randle occurs
under physiological conditions and it is unclear whether this mechanism can be extrapolated
to pathophysiological conditions in which plasma LCFA concentrations are chronically
elevated!2!,

intracellular lipid metabolites and insulin resistance

A strong positive correlation between the accumulation of inframyocellular TAGs and cardiac
insulin resistance has been demonstrated!!t.114. However, not TAGs directly but related lipid
metabolites, i.e., acyl-CoAs, ceramides and DAGs are believed to be involved in the development
of insulin resistance. Unfortunately, most studies addressing the effect of these lipid metabolites
on insulin resistance are performed in skeletal muscle and not in heart muscle. However,
findings in skeletal muscle usually can be extrapolated to the heart muscle due to the similarity
in regulation of substrate utilization between skeletal muscle and heart.

Triacylglycerols

Intramyocellular TAGs are believed to directly affect cellular contractions by spatial hindrance
of the contractile machinery making it more difficult to sustain contractions with appropriate
amplitude in cardiac myocytes!?2, However, the precise mechanism has not been clarified yet.
In addition, lipid metabolites such as acyl-CoAs, ceramides and DAGs originating from or in
equilibrium with the intracellular TAG pool are believed to influence insulin-induced glucose
uptake and GLUT4 translocation.

Acyl-CoAs and ceramides

Acyl-CoAs are precursors for ceramides which are generated via de novo synthesis or via
degradation of sphingomyelin'23, In skeletal muscle from human and rodent models of insulin
resistance intracellular ceramide content was increased up to 2-fold124127, In vifro treatment
of skeletal muscle cell lines, i.e., L6 myotubes and C2C12 myotubes with either a cell:
permeable ceramide or palmitate increased the intracellular ceramide contenti24.128130, |p
these ceramide-loaded skeletal muscle cells insulin-stimulated serine phosphorylation of PKB
and its activation were reduced, whereas tyrosine phosphorylation of the insulin receptor and
[RS1 remained unaltered, suggesting that ceramides do not affect insulin signalling upstream
of PKB128.130, Moregver, ceramide decreased insulin-stimulated glucose uptake and glycogen
synthesis in skeletal muscle cells!24131, Whether ceramides affect GLUT4 translocation in
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skeletal muscle is unknown, however studies in 3T3 adipocytes showed that ceramides inhibit
GLUT4 wranslocation leading to a decreased glucose uptake!32,

Diacylglycerols and protein kinase €

Intraceliular DAGs have been found to be markedly increased in skeletal muscle from hsulin
resistant rodents and humans!33137_ In skeletal muscle, the activity of conventional and novel
PKCs is induced by DAGs. It has been demonstrated that activation of these PKCs leads to
tyrosine phosphorylation of the insulin receptor and IRS1, thereby inhibiting their activity,
which results in a decreased PI3K stimulation!38, Itani ef al13%140 showed that the activation
of PKCH is significantly increased in skeletal muscle from diabetic patients compared to muscle
from non-diabetic controls. Whether DAGs are directly involved in the development of cardiac
insulin resistance remains to be elucidated.

FAT/CD36 as a key player in the development of cardiac lipotoxicity; hypothetical
model

Awvailable data indicate that FAT/CD36 may have an important role in the etiology of diabetic
cardiomyepathy. Abnormalities in the regulation of the sarcolemmal amount of FAT/CD36 could

Permanent relocation of FAT/CD36 to the sarcolemma

Increased myocardial FAT/CD36-mediated
LCFA uptake

Elevated intracellular acyl-CoA and DAG levels

Elevated intracellular ceramide levels and
acivation of protein kinase C

Impaired insulin signalling

l

Reduced insulin-stimulated GLUT4 translocation

Figure 2.6 Hypothetical model for the development of an impaired insulin-stimulated GLUT4-translocation in
cardiac myocytes.
LCEA = long-chain fatty acid, FAT/CD36 = faity acid translocase and DAG = diacylglycerol.
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contribute to both the development of cardiac lipotoxicity resulting in cardiac dysfunction and to
a decreased insulin sensitivity of the heart. Based on animal studies, a hypothetical model is
presented for the development of impaired insulin-stimulated GLUT4 translocation (Fig. 2.6].

Already under prediabetic conditions, LCFA uptake by cardiac myocytes is markedly
increased, due to a permanent relocation of FAT/CD36 to the sarcolemma. Moreover, it has
been demonstrated that the total intracellular TAG and FA content and the incorporation rate
of LCFAs into intracellular TAGs were increased in isolated cardiac myocytes from insulin
resistant, obese rats. Interestingly, when sarcolemmal FAT/CD36 activity was inhibited by SSO
in these cardiac myocytes both intracellular FAs and the incorporation rate of LCFAs into
intracellular TAGs were normalized. The accumulation of TAGs, and its metabolites, i.e., acyl-
Cohs, ceramides and DAGs are one of the first events in the development of cardiac insulin
resistance. Both ceramides and DAG-activated PKCs will inhibit the insulin signalling pathway
involved in translocation of GLUT4 from intracellular storage compartments to the
sarcolemma, leading to a reduced GLUT4-mediated glucose uptake by cardiac myocytes.
Interestingly, Bonen ef al 116 demonstrated in human skeletal muscle a strong positive correlation
hetween the amount of plasmalemmal FAT/CD36 and the amount of intramyocellular TAGs.
Moreover both plasmalernmal FAT/CD36 and TAG content increased with the severity of the
insulin resistance. Collectively, these data suggest a causal link between the activity of
FAT/CD36 at the sarcolemima and the development of cardiac lipotoxicity, which eventually
leads to cardiac insulin resistance. This model is based on animal studies performed in isolated
cardiac myocytes and should be verified in humans.

THERAPEUTIC APPROACHES

During recent years several strategies were followed to normalize altered substrate preference
to improve cardiac function and insulin sensitivity in T2DM. Classical and new strategies will
be discussed in this paragraph.

First, since in full-blown T2DM cardiac glucose oxidation decreases it was thought that by
inhibiting LCFA oxidation, glucose uptake and oxidation would be compensatory upregulated
and thus normalized, resulting in an improved cardiac function. A manner to Inhibit cardiac
LCFA oxidation is by blocking the entry of acyl-CoA’s into the mitochondria. Etomoxyril-CoA,
the biologically active intracellular metabolite of etomoxir, inhibits the enzyme activity of CPT-
1 in the same manner as its naturally occurring inhibitor, malonyl-CoAl4t, Studies in which
T2DM patients were treated for three days with a high dose of etomoxir {100 mg.day!)
demonstrated that indeed overall insulin-stimulated glucose uptake increases, basal glucose
oxidation increases and basal LCFA oxidation decreases!42.143, However, insulin-stimulated
glucose oxidation was not altered!43. One of the negative side effects of etomoxir-treatment is
that lipids accumulate in non-adipose tissue such as the heart!44, Etomoxir has no effect on
FAT/CD36-mediated LCFA uptake, thus LCFA taken up by cardiac myocytes can only be
intracellularly stored3s. On the long run one would expect severe negative side effects when
using etomoxit. Moreover, it has been demonstrated that cardiac hypertrophy occurs after
etomoxir administration!4s,
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Second, manipulations of the AMPK signalling pathway could be'an attractive approach to
increase glucose uptake in heart and subsequently improve the functioning of the heart.
Activating AMPK with exercise results in an increased LCFA oxidation which could eventually
lead to a reduction in the accumulation of intracellular TAGs?0. Since lipid intermediates of
TAGs are believed to play a role in the impaired GLUT4 translocation in T2DM, inducing
AMPK activity could be beneficial!46. Because AMPK activation results not only in an
enhanced LCFA oxidation but also LCFA uptake increases in cardiac myocytes?3, short-tefm
activation of AMPK may not result in an increased cardiac insulin sensitivity. However,
recently it has been demonstrated that long-term AICAR administration and exercise, both
activating AMPK, increases whole-body insulin sensitivity in Zucker diabetic fatty rats!47,

Third, increasing the activity of PKA is another possibility to improve cardiac insulin
sensitivity. Like AMPK, PKA is able to increase LCFA oxidation in cardiac mycoytes®!-63, On
the other hand, PKA has no effect on LCFA uptake, whereas AMPK enhances LCFA uptakess,
Thus, by activating PKA the excess intracellular LCFAs are redistributed from esterification
towards B-oxidation, resulting in a decline in intracellular TAG content. Already a 3-fold
elevation in intracellular cAMP was sufficient to maximally induce this redistribution®s,
However, a potential drawback of inducing the PKA activity is that this also elicits positive
inotropic effects, which could lead to cardiac hypertrophy. This drawback could be partially
circumvented by PKA stimulating agents that have relative small effects on cardiac
hyperthrophy, but will sustain metabolic action.

Fourth, modulation of the expression of genes involved in substrate utilization by activating
members of the PPAR family is one of the strategies recently followed to increase insulin
sensitivity in TZDM. A new class of Insulin-sensitizing agents that exert their action through
activating PPARy, are the thiazolidinediones, such as rosiglitazone and troglitazone!48,149,
Rosiglitazone treatment of (i} insulin resistant obese Zucker rats (12 months old) for 14 days and
of (i} high-fat fed rats treated for 4 days, resulted in normalized insulin-stimulated glucose uptake
and GLUT4 transporter expression in isclated cardiac myocytes®9.150, Subsequently, treatment of
Zucker diabetic fatty rats with a PPARy-agonist results in improved cardiac function!s!. The
effects of TZDs seen in hearts of insulin resistant rodents are helieved o be indirect, namely
through shuttling of LCFAs towards adipose tissue (for more detail see Chapter 7).

Fifth, it is believed that by inhibiting the accumulation of intracellular TAGs, cardiac
insulin-resistance will decline and its function will improve. The strong positive correlation
between the intramyocellular amount of TAGs and the sarcolemmal FAT/CD36 content
muscle of obese and T2DM patients, suggests that an inhibition of FAT/CD36 could result in
an decreased TAG accumulation88.116, [n vitro it has been demonstrated that FAT/CD306-
mediated cellular LCFA uptake can be inhibited by sulfo-N-succinimidyl oleate {SSO), which
covalently binds to FAT/CD36. Therefore, S5O seems suitable to inhibit the accumulation of
TAGs in the heart at an early stage of development of T2DM. However, FAT/CD36 is not only
expressed in high amount in muscle tissue, but also in white adipose tissue30. It is expected
that when SSO is administered in vivo, due to a decreased LCFA uptake by muscle tissues,
plasma LCFA concentrations will rise. The increased plasma LCFA levels could be reduced if
more LCFAs are taken up by adipose tissue, however, this is impossible since 550 will also
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block FAT/CD36 in adipose tissue. [deally an agent should be developed that specifically
inhibits FAT/CD36 in muscle tissue and that reaches the circulation after oral infake.

CONCLUDING REMARKS

Chronically increased protein levels of FAT/CD36 at the sarcolemma play a pivotal role in the
development of T2DM, leading to enhanced LCFA uptake, accumulation of intracellular TAGs
and impaired insulin-stimulated GLUT4 translocation. The increased sarcolemmal abundance
of BAT/CD36 is due an impairment of FAT/CD36 recycling between intracellular storage
compartments and the sarcolemma. Pharmacological manipulations aimed at specific signalling
processes, i.e., the contraction and insulin signalling pathways involved in substrate utilization,
or trafficking steps that will result in selective recruitment of GLUT4 and/or internalization of
FAT/GD36 are expected to inhibit the accumulation of TAGs and to reverse cardiac insulin
resistant and prevent the development of cardiac dysfunction.
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ABSTRACT
S| oniraction of rat cardiac myocytes induces tran
L FAT)/CD36 and GLUT4 from intracelluk
| sarcolemma, leading to enhanced rates of ain fatty acid (LCFA) and
f ; % glucose uptake, respectively. Because intracellular AMP/ATP is elevated in

cowntractlng cardiac myocytes, we investigated whether acﬁvaﬁm'of AMP-activated protein

kinase (AMPK] is involved in contraction-inducible FAT/CDS@ translocation. The cell-
permeable adenosine analog 5- aminoimidazolle-4~carboxamde 1-B-D-ribofuranoside

(AICAR) and the mitochondrial inhibitor oligomycin, similar to 4-Hz electrostimulation,

evoked a more than 3-fold activation of cardiac AMPK. Both AICAR and oligomycin
stimulated LCFA uptake into non-contracting myocytes by 1.4- and 2.0-fold,
respectively, but were ineffective in 4-Hz contracting myocytes. These findings
indicate that both agents stimulate LCFA uptake by a similar mechanism as
electrostimulation, involving activation of AMPK, as evidenced from
phosphorylation of acetyl-CoA carboxylase. Furthermore, the stlmulatmg
effects of both AICAR and oligomycin were antagonized by blockjng

FAT/CD36 with sulfo-N-succinimidyl palmitate, but not b‘y inhibiti
phosphatidylinositol-3 kinase with wortmannin. These data indica
the involvement of FAT/CD36, but exclude a role for insuli
signalling. Subcellular fractionation showed that oligomycin was
able to mobilize intracellularly stored FAT/CD36 to th
sarcolemma. We conclude that AMPK regulates cardiac LCFA
use through mobilization of FAT/CD36 from a contracmon
inducible intracellular storage compartment.

cation of fatty acid translocase
ge compartments to the




AMP KINASE AND FATTY ACID UPTAKE INTO CARDIAC MYOCYTES

INTRODUCTION
Fatty acid translocase (FAT)/CD36 is increasingly becoming recognized as a physiological
important long-chain fatty acid (LCFA) transport facilitator within the sarcolemma of muscular
tissues!-3. We have gathered convincing evidence that FAT/CD36-mediated LCFA uptake is a
rate-limiting step in LCFA use by heart and skeletal muscle2. Moreover, LCFA uptake appears
to be regulated by translocation of FAT/CD36 from intracellular, presumably endosomal, stores
to the sarcolemma. Insulin and cellular contractions are two important physiological factors
able to recruit FAT/CD36 to the sarcolemma#7. Interestingly, the stimulation of LCFA uptake
by contractions was additive to that of insulin, indicating that both stimuli operate through
independent mechanisms. Furthermore, wortmannin completely blocked insulin-inducible
LCEA uptake, but had no effect on contraction-inducible LCFA uptake. Strikingly, the effects of
insulin and contractions on LCFA uptake by translocation of FAT/CD36 are remarkably similar
to their effects on glucose uptake by translocation of the glucose transporter GLUT4 from
intracellular storage compartments to the sarcolemma’. Whereas the wortmannin sensitivity
of insulin-inducible LCFA uptake indicates an involvement of phosphatidylinositol-3 kinase
(P1;K), the signalling pathway responsible for contraction-inducible FAT/CD36 translocation is
largely unknown. Recently, we have established that cAMP-dependent protein kinase A is not
involved in regulation of LCFA uptake8. Another likely candidate-signalling enzyme could be
AMP-activated protein kinase (AMPK), which has been firmly established to be involved in
translocation of GLUT4 during an increase in contractility®10. During such an increase in
mechanical performance, the high constitutive activity of adenylate kinase in the heart
prevents a drastic fall in ATP via the conversion of two molecules of ADP into ATP and
AMP11.12, This process also renders the intracellular concentration of AMP, a sensitive indicator
of the metabolic state of the cell. The subsequent activation of AMPK has now been established
to play an important role in the cellular response to an increase in mechanical activity.

AMPK is a heterotrimeric protein consisting of 3 different subunits, the catalytic a-
subunit, and the regulatory - and y-subunits (Fig. 3.1, left panel). Each subunit has two or
more different isoforms (a1 and 2, B1 and 2 and y1, 2 and 3). The different afy combinations
exhibit differences in their properties, for example in their response to AMP and in their
subcellular localization. The a2-isoform of AMPK is predominantly expressed in heart and
skeletal muscle. Activation of AMPK occurs through phosphorylation of threonine-172
(Thr172) in the catalytic domain by one or more upstream AMPK kinases (AMPKKs), such as
the recently discovered LKB113, and allosterically by binding of AMP to the y-subunit (Fig.
3.1)14. Not only via direct allosteric activation, but also through the stimulation of the
phosphorylation of Thr172 and the inhibition of its dephosphorylation by phosphatases
regulates intracellular AMP activation of AMPK (Fig. 3.1, right panel]. These effects of AMP
are antagonized by high intracellular concentrations of ATP!5. In resting muscle, AMPK can be
pharmacologically activated by 5-aminoimidazole-4-carboxamide-1-B-D-ribofuranoside
(AICAR)16-18, After being readily taken up by the muscle cell, AICAR is phosphorylated by the
catalytic action of adenosine kinase to form AICAR monophosphate (ZMP]), which closely
resembles the chemical structure of AMP. ZMP in turn is known the activate AMPK, and in
this it mimics the effect of contraction on muscle metabolism.
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Figure 3.1: Regulation of AMP kinase activation.
The structure of the inactive and active AMP kinase molecule s given in the left panel. The manner in which the
intramyocelfular AMP and ATP concentrations influence AMPK activity is shown in the right panel

It has been widely accepted that AMPX activation has a great impact on substrate metabolism
in heart and skeletal muscle, perhaps most notably by stimulating glucose utilization via
induction of GLUT4 translocation to the sarcolemma® 10, Furthermore, AMPK has also been
recognized to be involved in LCFA utilization by heart and skeletal muscle. [n these tissues,
activation of AMPK causes an inhibition of acetyl-CoA carboxylase activity concomitant with
lowering intracellular levels of malonyl-CoAl6.1921, This results in an enhancement of
mitochondrial LCFA oxidation, because the decline in cytoplasmic malonyl-CoA concentration
relieves the inhibition on carnitine palmitoyl transferase | [CPT-I).

The present study explores the possibility that there is another level of regulation of LCFA
utilization by AMPK, i.e., at the level of the sarcolemmal uptake process through modulating
the subcellular distribution of FAT/CD36. To this end, we investigated whether activation of
AMPK is able to stimulate LCFA uptake. For this purpose, we applied the two following
pharmacological manipulations, {i} the adenosine analog AICAR leading to activation of AMPK
by ZMP, and [ii} the mitochondrial inhibitor oligomycin to elevate the intracellular levels of
AMP. Both AICAR and oligomycin were added to quiescent cardiac myocytes as well as to
cardiac myocytes electrically stimulated to contract at 4-Hz to study the degree of convergence
of their potential effects with contraction-inducible LCFA uptake. Subsequently, it was
determined whether FAT/CD36 and its translocation o the sarcolemma were involved in
stimulation of LCFA uptake by AMPK.

RESEARCH DESIGN AND METHODS

Materials
14C-palmitic acid and 3H-deoxyglucose were obtained from Amersham Life Science (Little

Chalfont, United Kingdom). Bovine serum albumin (BSA, fraction V, essentially fatty acid free),
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phioretin, AICAR, oligomycin, adenosine, dimethyl sulfoxide (DMSO), insulin and wortmannin
were all obtained from Sigma (St. Louis, MO, USA}. 5-lodotubercidin was purchased from Biomol
(Plumouth Meeting, PA, USA). Collagenase type 2 was purchased from Worthington {Lakewood,
NJ, USA). Antibody MO25 was a gift from Dr. N.N. Tandon, Thrombosis and Vascular Biology
Laboratory, Otsuka America Pharmaceutical (Rockville, MD, USA). The antibody directed against
GLUT4 was obtained from Sanvertech (Heerhugowaard, the Netherlands). Anti phospho-acetyl-
CoA carboxylase was obtained from Brunschwig Chemie (Amsterdam, the Netherlands). Sulfo-N
succinimidyl palmitate (SSP) is routinely synthesized in our laboratory, as has been previousty
described22. Purity of this compound was confirmed with infrared spectroscopy (performed by Dr.
van Genderen, Technical University, Eindhoven, the Netherlands).

Isolation of cardiac myocytes

Cardiac myocytes were isolated from male Lewis rats (200-250g) using a Langendorff
perfusion system and a Krebs Henseleit bicarbonate medium which is equilibrated with a 95%
0,/5% CO, gas phase {medium A} at 37°C, according to Fisher and coworkers and as previously
described24. After isolation, the cells were washed twice with medium A supplemented with 1.0
mmel.l'! CaCly and 2% [wt/vol) BSA [medium B} and then suspended in 15 ml medium B.
The isolated cells were allowed to recover for approximately 2h at room temperature. At the
end of the recovery period, cells were washed and suspended in medium B. Only when >80%
of these cells had a rod-shaped appearance and excluded trypan blue were they used for
subsequent tracer uptake studies.

Electrical stimulation of cardiac myocytes in suspension

As described in detail elsewhereS, cell suspensions were subjected to an electric field via two
platinum electrodes that were connected to a pulse generator capable of generating biphasic
pulses up fo 250 V. The monophasic components before exhibited a block profile. The duration
of a monophasic pulse was set at 100 us, and the time interval between the monophasic
components before reversal of the voltage was fixed at 10 ps. The voltage was set at 200 V
and the frequency at 4-Hz.

Measurement of palmitate and deoxyglucose uptake by cardiac myocytes

Cells {2.0 ml, 5-8 mg wet mass.ml!}, suspended in medium B, were preincubated in capped
20-ml incubation vials for 15 min at 37°C under continuous shaking. To study palmitate
uptake, 0.5 ml of the 14C-palmitate/BSA complex was added at the start of the incubations so
that the final concentration of palmitate amounted to 100 pmoll! with a corresponding
palmitate/BSA ratio of 0.3. This palmitate/BSA complex was prepared as previously described24.
To study deoxyglucose uptake, 3H-deoxyglucose was added to the palmitate/BSA comnplex to
a final concentration of 100 umol.l'!. Palmitate and deoxyglucose uptake were simultaneously
determined {3 min incubation). The uptake process was stopped upen washing the cells three
times for 2 min at 100 g in an ice-cold stop solution containing 0.2 mmol.l'! phloretin as
previously described?4, The washing procedure did not affect cellular integrity as evaluated by
microscopical evaluation.
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AICAR (1.0 mmol.l}, oligomycin {30 pmol.'t}, insulin {10 nmol.I!}, wortmannin (200 nmol.l ],
and adenosine [<1.0 mmol.l'') were added to cell incubations 15 min prior to addition of the
radiclabeled substrates. 5-lodotubercidin (20 umol.l') was added 90 min prior to any other
addition. Cell suspensions were incubated with sulfo-Msuccinimidyl palmitate {SSP, 400
prmol ) for 30 min, and subsequently washed to remove unbound SSP, and resuspended in
medium B before addition of radiolabeled substrates. Stock solutions of oligomycin,
wortmannin, $SP and 5-iodotubercidin were prepared in DMSO, which never exceeded a final
concentration of 0.5% in the cell suspension. At this concentration DMSO did not affect
cellular substrate utilization. Mone of the agents, alone or in combination with SSP, were found
to affect the percentage of cells that (i) were rod-shaped, and (ii) excluded trypan blue as
parameters of cellular integrity.

Measurement of adenosine phosphates and ZMP in cardiac myocytes

Cardiac myocytes {12-15 mg wet mass.ml!] were incubated in medium B in the absence or
presence of addition for 15 min. Thereafter, the cells were centrifuged in a microcentrifuge at
2,000 rpm. Upon removal of the supernatant, the cell pellet was extracted with 250 pl 3 mol.I'!
perchloric acid and neutralized with 1 mol.l! KHCO,. Hereafter, the intracellular content of
adenosine phosphates and ZMP were determined by high-performance liquid chromatography
according to a variation of the procedure of Wynants and Van Belle25, as described earlier26,

Measurement of the activation of AMP kinase

Cardiac myocytes (8-12 mg wet mass.mb!) were incubated in medium B in the absence or
presence of addition for 15 min. At the end of the incubation, an aliquot was quickly
transferred to one-third volume of sampled buffer containing 62.5 mmol.l'! Tris-HCl {pH 6.8),
2 mmolLl'! EDTA, 20 mmol.I'! dithiothreitol and 7.5% (wt/vol) SDS and used for SDS-PAGE.
Subsequently, Western blotting was performed with an antibody directed against the serine-79
phosphorylated acetyl-CoA carboxylase according to manufacturer's instructions.

Subcellular fractionation of cardiac myocytes

Cardiac myocytes (2.0 ml, 20-25 mg wet mass.mlt] were incubated in medium B without
further additions or with 10 nmol.I'! insulin or 30 pmol.I'! oligomycin for 15 min. At the end
of the incubation, the total volume of cell incubations was immediately transferred to a tight-
fitting 5-ml Potter-Elvejhem glass homogenizer on ice containing 1 ml ice-cold dH,0, after
which NalN, was added to a final concentration of 5 mmol.I'! to stop ATP-dependent vesicular
trafficking events such as GLUT4 translocation?’. Thereafter, cell suspensions were
homogenized with 10 strokes. Subsequently, fractionation was carried out according to Fisher
et al.?8. For determination of GLUT4 and FAT/CD36 protein content in the plasma membrane
(PM) and the low-density microsomes (LDM] fractions, aliquots of the membrane fractions
were separated with SDS-PAGE and Western blotting, as we have described recently4. To
detect FAT/CD36, we used a monaclonal antibody {MO25), directed against human CD36,
and to detect GLUT4 a polycional IgG antiserum was applied. Signals obtained by Western
Blotting were quantified by densitometry.
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Other procedures : . |
Cellular wet mass was obtained from cell samples taken during the incubation period and
determined after centrifugation for 2-3's at maximal speed in a microcentrifuge and subsequent
removal of the supernatant fraction. Protein was quantified with the bicinchoninic acid protein
assay (Pierce, Rockford, IL, USA) according to manufacturer's instructions.

Data presentation and statistics

All data are presented as means = S.E.M. for the indicated number of cardiac myocyte
suspensions. Statistical difference between groups of observations were tested with a paired
Students's ¢ test. P values < 0.05 were considered significant.

RESuLTS

Dose-dependent effects of AICAR and oligomycin on LCFA uptake

AICAR has been frequently used to activate AMPK!1.12.15, [ts phosphorylated product, i.e.,
ZMP, has been observed to gradually accumulate in hepatocyte incubations up to 60 min.
However, ongoing accumulation of ZMP beyond an optimal level can be rather inhibitory to
AMPK29, Therefore, we tested in cardiac-myocytes the optimal AICAR concentration that
would, in combination with 15 min preincubation, exert the maximal effect on LCFA uptake,
the process under study. Indeed we found an optimal concentration of AICAR, which was
determined to be 1.0 mmol.I't {Fg. 3.2).

Inhibition of mitochondrial ATP production will result in an increase in the intracellular AMP
concentration and hence activation of AMPK. The drop in intracellular ATP acts synergistically,
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Figure 3.2: Dose-dependent effects of AICAR and oligomycin on the palmitate uptake rate in cardiac myocytes.
Cardiac myocytes were incubated for 15 min with various concentrations of AICAR or oligomycin. Data are
presented as means = SEM. of three experiments carried out with different cardiac myocyte preparations.
*Significantly different from myocytes without additions, p<0.05.
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hecause the AMP-driven activation is inhibited by high ATP, making the AMP/ATP ratio the
major determinant of AMPK activation (Fig. 3.1)%031. However, this study requires the
inhibition of mitochondrial ATP production, while at the same time aerobic metabolism is not
inhibited. Notably, LCFA uptake depends highly on aerobic metabolism, because we previously
observed that a complete block in mitochondrial B-oxidation upon addition of the CPTI
inhibitor etormoxir was able to markedly inhibit LCFA uptake by cardiac myocytes.
Oligomycin, a potent inhibitor of mitochondrial F,/Fy-ATPase, has long been used to inhibit
state 3 respiration in isolated mitochondria. However, recent observations by Ylitalo and
coworkers3! showed that the concentration of oligomycin required for 50% inhibition of the
mitochondrial F,/Fy-ATPase was 5-fold lower than its concentration required for 50%
inhibition of electron flux through the respiratory chain, and hence, oxygen consumption. This
leaves open a window of oligomycin concentrations at which intracellular AMP is elevated
while simultaneously oxygen consumption is not inhibited. Based on these observations, we
studied LCFA uptake as a function of the oligomycin concentration and found it to be
maximally stimulated at 30 pmol.}! oligomycin (Fig. 3.2).

Effects of insulin, cellular contractions, AICAR, and oligomycin on the intracellular
levels of adenosine phosphates and ZMP in cardiac myocytes

We have compared the effects of 1.0 mmol.I'! AICAR and 30 pmol.I't oligomycin with that of
4-Hz contractions on intracellular adenosine phosphates. A comparison with insulin is also
relevant to explore a possible convergence between insulin and contraction signalling at the
level of AMP, In non-stimulated cardiac myocytes, the AMP/ATP ratio was 0.041. None of the
selected manipulations significantly affected the ATP levels, although electrical stimulation and
oligomycin had a small lowering effect (Fig. 3.3). Insulin and AICAR did not affect the
intracellular levels of AMP nor the AMP/ATP ratio (Fig. 3.3). In cardiac myocytes contracting
at 4-Hz, the AMP/ATP ratio was increased by 1.9-fold (Fig. 3.3). Oligomycin enhanced the
AMP/ATP ratio by 2.5-fold. Only in AICAR-treated cardiac myocytes was the formation of
ZMP observed, which greatly exceeded the intracellular concentration of AMP (ZMP/AMP
ratio: 20.9 £ 2.4, n = 6; Fig, 3.3).

Effects of insulin, contractions, AICAR, and oligomycin on activation of AMP kinase
in cardiac myocytes

Activation of AMPK was assessed by determining its ability to phosphorylate acetyl-CoA
carboxylase, one of its major downstream targets. The heart expresses predominantly a 280-kDa
{B) isoform and to a lesser extent a 265-kDa {a) isoform!?, and both can be phosphorylated by
AMPK32, This phosphorylation decreases the activity of both isoforms of acetyl-CoA carboxylase
and results in a drop in the intracellular malonyl-CoA concentration. A fall in intramyocellular
malonyl-CoA deinhibits the enzyme activity of CPT-, resulting in an increased mitochondrial
LCFA oxidations3, The only other signalling enzyme known to be able to phosphorylate acetyl-
CoA carboxylase, i.e., cAMP-dependent protein kinase A2, is likely not activated by, AICAR or
oligomycin. Notably, intracellular levels of cAMP do not increase by AICAR treatment?9.34, In
addition, mitochondrial inhibitors, such as oligomyein, are expected to decrease rather than
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Figure 3.3: Influence of insulin, electrical stimulation, AICAR and oligomycin on intracellular nucleoside

phosphates in cardiac myocytes.

Cardiac myocytes were {ncubated for 15 min in the absence (Ctrl] or presence of 10 nmol 1! insulin {Ins), elecirical
stimulation at 2000/ 48z, 1 mmol. 11 AICAR or 30 ymol. b oligomycin (Olij. Intracellular levels of AMP (4], ATP (8]
and ZMP {C] were determined as described in research design and methods. Data are presented as means &
SEM. of three to six experiments carried out with different cardiomyocyte preparations. *Significantly different

from myocytes without additions (Cirl], p<0.05
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increase cAMP as a result of decreased availability of ATP, the substrate of adenylyl cyclase.
Furthermore, recent studies in electrically stimulated skeletal muscle have convincingly shown
that there is a direct link between AMPK activation and ph@sphorymion of the muscle-specific
acetyl-CoA carboxylase-p isoform33, ) ‘

Under basal conditions, we observed a low level of phosphorylation of the predominant 280-
KDa isoform of acetyl-CoA carboxylase. Insulin did not stimulate phosphorylation of acetyl-
CoA carboxylase. In contrast, cellular contractions at 4-Hz and preincubation with oligomycin
and AICAR increased this phosphorylation by 3.3, 5.5- and 8.7-fold, respectively (g, 34).In
the case of AICAR- and oligomycin-treated cardiac myocytes, a second lower band appears,
which likely carresponds to phosphorylation of the 265-kDa isoform. The effect of AICAR on
phosphorylation of acetyl-CoA carboxylase could be blocked in the presence of 5-iodotubercidin,
a potent inhibitor of adenosine kinase3®.
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Figure 3.4: Influence of insulin, electrical stimulation, AICAR and oligomycin on the phosphorylation of acetyl-
CoA carboxylase.

Cardiac myocytes were incubated for 15 min in the absence {Ctrlf or presence of 10 nmol.I insulin (Ins), electrical
stimulation at 200V/4Hz, | mmol ) AICAR fin the absence of presence of 10 pmol l! 5-iodotubercidin [iTu), which
was added 90 min before AICAR), or 30 pmol bt oligomycin (O], Phosphorvlation of acetyl-CoA carboxylase at
Serine-70 was detected at 280 kDa, i.e., the major isoform of this enzyme in the heart. However, in AICAR- and
oligomycin-treated cardiac mycoptes a second lower band is apparent, corresponding to the 265 kDa isoform. Data
are presented as means = S.EM. of three experiments carried out with different cardiac myocyte preparations.
*Significantly different from myocytes without additions {Ctrl}, p<0.03.
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Effects of AICAR and oligomycin on deoxyglucose uptake by cardiac myocytes
Uptake of deoxyglucose into cardiac myocytes was markedly elevated by 4-Hz stimulation
(1.5-fold). In addition, AICAR (1.4-fold) and oligomycin (2.0-fold]) substantially stimulated the
deoxyglucose uptake rate (Fig. 3.5, right panel). These findings verify that manipulations that
activate AMPK exert an expected metaholic response®.
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Figure 3.5: Effects of AICAR and oligomycin in the absence or presence of electrical stimulation on the
palmitate and deoxyglucose uptake rate in cardiac myocytes.

Cardiac myocytes were incubated in the absence of additions (Ctrl] or presence of 1 mmoll! AICAR and/or 30
umol.l' oligomycin (Ol for 15 min before determining the uptake rate of palmitate {left panel] and deoxyglicose
{right panel) in 3 min, with or without electrical field stimulation at 200 V and 4 Hz (200V/ 4Hz). Data are presented
as means + S.E.M. of four to six experiments carried out with different cardiac myocyte preparations. *Significantly
different from myocytes without additions [Ctrl), and in the absence of electrical stimulation, p<0.05.

Mechanism of the effects of AICAR and oligomycin on LCFA uptake by cardiac
myocytes
Electrical stimulation of cardiac myocytes at 4-Hz resulted in an 1.5-old increased LCFA
uptake rate, in agreement with our previous findings®. LCFA uptake into quiescent cardiac
myocytes was markedly enhanced by AICAR (1.4-fold) ot oligomycin (2.1-fold) (Fig. 3.5).
Electrical stimulation at 4-Hz had no significant additional effect on LCFA uptake by cardiac
myocytes treated with either AICAR or oligomycin. Similarly, when AICAR was added
together with olipomycin, LCEA uptake could not be stimulated further (Fig. 3.5], suggesting
that these agents, as well as cellular contractions, exert their action through the same pathway.
To study the involvement of FAT/CD36, we applied its inhibitor SSP, for which we earlier
collected evidence that it specifically inhibits FAT/CD36 without affecting 43-kDa
plasmalemmal fatty acid binding protein {FABPpm) and 62-kDa fatty acid transport proteins
[FATPs|37. Inn addition, mammalian cells are impermeable for the sulfo-Asuccinimidyl moiety®8,
excluding possible effects of SSP on intracellular LCFA metabolizing enzymes. Preincubation
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Figure 3.6: Modulation of the stimulatory effects of electrical stimulation, AICAR, and oligomycin on the
palmitate uptake rate by SSP and S-iodotubercidin,

Cardiac myocytes were preincubated with 0.4 mmol ¥ S5P or with 20 umol ¥ S-iodotubercidin [iTu} as described
in research design and methods. In the case of SSP, cardiac myocytes were centrifuged at the end of the incubation
period, washed twice, and resuspended in medium B, The S5P-matched basal incubation did not display an LCFA
uplake rate significantly different from the {Tirmatched basal. Subsequently, cardiac myocytes were incubated in the
absence of additions [Cirlj or in the presence of electrical stimulation at 200V74 Hz or in the presence of | mmol.l
AICAR or 30 pmol It oligomycin (Olif or 15 min before determination of palmitate uptake in 3 min. Data are
presented as means « S.EM. of four to eight experiments carried out with different cardiac myocyle preparations.
“Significantly different from cardiac myocytes without additions (Cerl], p<0.05. **Significantly different from
corresponding basal cardiac myocytes {Basall, p<0.05.

of cardiac myocytes with SSP reduced palmitate uptake by 47% (Fig. 3.6). In the presence of
this LCFA transport inhibitor, cellular LCFA uptake is not enhanced by cellular contractions or
by AICAR or oligomycin (Fig. 3.6). Hence, inhibition of FAT/CD36 completely abolishes the
stimulatory effects of all these manipulations on myocardial LCFA uptake.

Inclusion of the adenosine kinase inhibitor 5-iodotubercidin had no effect on basal LCFA
uptake by cardiac myocytes, but caused a complete blockade of the stimulatory action effect
of AICAR on cellular LCFA uptake (Fig. 3.6]. However, S-iodotubercidin did not affect
stimulation of LCFA uptake by cellular contractions or by oligomycin (Fig. 3.6).

The Pl;K-inhibitor wortmannin had no effect on palmitate uptake by quiescent cardiac
myocytes and was also noneffective on LCFA uptake by cardiac myocytes stimulated at 4-Hz
or treated with AICAR or oligomycin. Insulin further enhanced LCFA uptake by cardiac
myocytes stimulated at 4-Hz (1.5-fold) or treated with AICAR (1.3-fold) of oligomycin {1.4-
fold) (Fig. 3.7j.

Effects of insulin and oligomycin on subcellular distribution of FAT/CD36

Incubation of cardiac myocytes in the presence of insulin or oligomycin for 15 min before
subcellular fractionation decreased the content of FAT/CD36 in the low-density mircosomes
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Figure 3.7: Effects of PL,K-inhibition and insulin on stimulation of the palmitate uptake rate by electrical
stimulation, AICAR and oligomycin.

Cardiac myocytes were incubated for 15 min before the measurement of palmitate uplake in 3 min, under basal
conditions {Ctrl], in the presence of electrical field stimulation at 200V/4Hz, or in the presence of I mmol i
AICAR, 30 umol P oligomyein (O}, 10 nmol i insulin {ins} or 200 nmol.lt wortmannin {Wort). Data are presented
as means + S.E.M. of four to six experiments carried out with different cardiac myocyte preparations. *Significantly
different from myocytes without additions (Cirl), p<0.05. **Significantly different from corresponding control
cardiac myocytes {Basall, p<0.05.

(LDM) fraction by 49 and 42%, respectively. Simultaneously, these agents increased the
content of FAT/CD36 in the plasma membrane {PM) fraction to a similar magnitude of 1,5-
fold (Fig. 3.8). Both insulin and oligomycin had comparable effects on subcellular distribution
of GLUT4. Moreover, these effects of both agents were very similar in magnitude, Le., a
decrease in GLUT4 content in the LDM fraction by 57 and 56%, respectively, and a
concomitant increase in the PM fraction by 1.8- and 1.7-fold, respectively.

Discussion

The ptimary goal of this study was to delineate the signalling process involved in contraction-
inducible LCFA uptake in cardiac myocytes. Using the cell-permeabie AMPK activator AICAR
and the mitochondrial inhibitor oligomycin, we found strong evidence that contraction-
inducible LCFA uptake is mediated by elevated intracellular AMP and subsequent activation of
AMPK, resulting in translocation of FAT/CD36 from intracellular stores to the sarcolemma of
cardiac myocytes. These data reveal another level of regulation of cardiac substrate utilization
by AMPK.

Central role for AMP kinase
The ability of AICAR to induce LCFA uptake by cardiac myocytes is a completely novel
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Figure 3.8: Effects of Insulin and oligomycin on subcellular distibution of FAT/CD36 and GLUT4 in cardiac
myocytes.

Cardiac myocytes were incubated for 15 min in the absence {Basal), or presence of 10 nmol.it insulin {ins] or 30
ol oligomycin [Off), after which Nal; was added to a final concentration of 5 mmol F to stop ATP-demanding
processes. Thereafter, cardiac myocytes were frozen In liguid nitrogen and, upon thawing, subjected to subcelfular
Jractionation, In the obtained low density membrane {LDM] and plasma membrane (PM) fractions, the protein
content of FAT/CD36 and GLUT4 was determined by Western blotting. Signals were quantified by densitometry,
The protein content of the transport proteins was expressed as multiple of control {Basal} in the corresponding
Jraction. Data are presented as means x S.EM. of four experiments carried out with different cardiac myocyte
preparations. Represented Western blots are shown. *Significantly different from myocytes under basal conditions
{Basalj, p<0.03.

observation and suggests involvement of AMPK in the regulation of LCFA uptake. While the
consensus is that AICAR acts mainly through activation of AMPK?.10.29 it has been
occasionally reported in cardiac myocyte studies that AICAR does not cause accumulation of
ZMP3 and does not activate AMPK40, Therefore, it was important to verify whether AICAR
in the present study indeed would exert these effects. Measurement of nucleoside phosphates
in AICAR-treated cardiac myocytes demonstrated an accumulation of ZMP to a concentration
of 1.38 + 0.36 pmol.g wet mass! {Fig. 3.3). This is a concentration very near to the optimal
concentration of ZMP to stimulate AMPK in rat adipocytes?®. With respect to AMPK
activation, AICAR treatment clearly resulted in a 5.5-fold increase in phosphorylation of acetyl-
CoA carboxylase at Ser79, which indicates that there is a marked increase in AMPK activity.

The adenosine kinase inhibitor S-iodotubercidin inhibits the conversion of AICAR to0 ZMP
and therefore blocks the effects of AICAR that are mediated through AMPK. The ability of 5-
iodotubercidin to completely inhibit the AICAR-induced increase in phoshorylation of acetyl-
CoA carboxylase as well as the AICAR-Induced increase in LCFA uptake by cardiac mycoytes
indicates that ZMP formation is necessary for AICAR to stimulate both AMPK activity and
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LCFA uptake. However, it could be argued that these effects of 5-iodotubercidin are mediated
via high local endogenous adenosine concentrations, which are also & consequence of
inhibition of adenosine kinase. To investigate this issue, cardiac myocytes were incubated in
the presence of adenosine. It was found that adenosine in concentrations up to 1.0 mmol.l!
was without effect on LCFA uptake {data not shown), thus excluding that the effects of 5-
iodotubercidin are mediated via adenosine. Therefore, the present findings strongly favour the
notion that AICAR stimulates LCFA uptake by cardiac myocytes through its phosphorylated
product, ZMP, and thereafter through activation of AMPK.

Besides direct activation of AMPK by AICAR, elevation of the intracellular AMP/ATP ratio
by using oligomycin was found to enhance myocardial LCFA uptake. The ability of oligomycin
to strongly augment the phosphorylation of acetyl-CoA carboxylase is in favour of an important
role of AMPK in oligomycin-induced LCFA uptake. The nonadditivety of the effects of
oligomycin and AICAR further indicates that these agonists operate via a similar mechanism
involving AMPX. In contrast to AICAR, the stimulatory effect of oligomycin was insensitive to
the inhibition of 5-iodotubercidin. This is line with the notion that AMP formation in the
presence of this mitochondrial inhibitor is due to hydrolysis of mitochondrial produced ATP
rather than phosphotylation of adenosine.

Contractile activity appeared to markedly (1.9-fold) elevate the intracellular AMP/ATP
ratio, which is, however, less effective than the stimulating effect of oligomycin on this ratio
(2.5-fold stimulation). In line with this, 4-Hz contractions substantially {3.3-fold) increased the
activity of AMPK, as evidenced by measurement of phosphorylation of acetyl-CoA carboxylase.
This increase is also of a lesser magnitude than that of oligomycin (8.7-fold stimulation}. Thus,
when considering these two different stimuli, there appears to be a positive correlation
between the AMP/ATP ratio and the degree of AMPK activation. These findings also show
that electrically stimulated cardiac myocytes are a suitable system to study the role of AMPK
in cardiac substrate utilization. It is of interest to note that increasing workload in Langendorff
perfused hearts did not induce activation of AMPK#142, The discrepancy between these latter
studies and the present study must be attributed to the different model used. However, Coven
et al#3 demonstrated that in rats cardiac AMPK activity progressively increases with exercise
intensity, suggesting that AMPK has a physiological role in the heart.

In contrast to the stimulatory effect of AICAR and oligomycin on LCFA uptake in quiescent
cardiac myocytes, neither agents were effective in stimulating LCFA uptake in electrically
stimulated cardiac myacytes. This lack in additivity is regarded as evidence that both agonists
increase myocardial LCFA uptake via a similar mechanism, including activation of AMPK.
Similar to oligomycin, contractile activity maintains its ability to stimulated LCFA uptake in the
presence of S-iodotubercidin-imposed blockade in adenosine kinase activity. Hence,
coniraction-induced AMP accumnulation occurs at the expense of intracellular ATP levels and
does not depend on phosphorylation of adenosine.

Invelvement of FAT/CD36 transiocation

Treatment of cardiac myocytes with SSP resulted in a complete block of the stimulation of
LCFA uptake by oligomycin and AICAR, powerfully indicating that increased involvement of
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FAT/CD36 is causally linked to the increase in LCFA uptake in the presence of AMPK
activation. Subsequent subcellular fractionation demonstrated that oligomycin was able to
mobilize EAT/CD36 from intracellular membrane stores to the sarcolemma. Because both
oligomycin and AICAR activate AMPK and because the effects of oligomycin and AICAR on
LCPEA uptake are nonadditive and sensitive to inhibition of SSP, it can also be deduced that
AICAR induces translocation of FAT/CD36. Interestingly, the oligpmycin-induced increase in
sarcolemmal abundance of FAT/CD36, amounting to 1.5-fold, is in the same order of f
magnitude as the increase in myocardial LCFA uptake in the presence of this mitochondrial
inhibitor. It can therefore be concluded that activation of AMPK stimulates LCFA uptake
through translocation of FAT/CD36 to the sarcolemima. :
The stimulatory effect of AMPK activation on LCFA uptake by cardiac myocytes was found

to be independent of insulin’s stimulation of LCFA uptake, because insulin stimulated LCFA
uptake to a similar extent whether in the absence or presence of contractions, oligomycin or
AICAR. Furthermore, when PI;K, a key enzyme in insulin-signalling events, is inhibited by
wortmannin, the stimulatory effects of contractions, oligomycin or AICAR on myocardial LCFA
uptake are maintained. Taken together, these findings implicate that in the presence of an
increase in mechanical activity, FAT/CD36 is translocated from its contraction-inducible
intracellular storage compartment upon activation of AMPK and independent of insulin
signalling, Vice versa, insulin is not able to mobilize FAT/CD36 from the contraction-inducible
storage compartment because the intracellular AMP/ATP ratio is not altered by insulin, nor is
AMPK activated.

Comparison between LCFA and glucose uptake by cardiac myocytes

In addition to stimulating LCFA uptake and FAT/CD36 translocation, the present study
indicates that AICAR and oligomycin also stimulate glucose uptake as well as GLUT4
transtocation. These findings are in line with recent studies by Russell ef a/® and Kurth-
Kraczek et al* showing that AMPK activation increases cardiac muscle glucose uptake
thraugh transtocation of GLUT4 via a pathway that is independent of PI;K. The stimulating
effect of AICAR, added at an optimal concentration of 1 mmol.lt, on both deoxyglucose and
LCEA uptake, however, is markedly smaller than that of oligomycin, which corresponds o an
earlier report in which potassium cyanide was found to be more effective than AICAR to
induce glucose uptake!?. Furthermore, the conformation of GLUT4 translocation in response
to insulin- and contraction-signalling validates the suitability of isolated cardiac myocytes as an
experimental model o study signalling and vesicular trafficking processes.

Concluding remarks

AMPK s known as a stress and exercise-induced multisubstrate enzyme. It precludes ATP
utilization for anabolic purposes, and it switches on catabolic processes for meeting increased
energy demands®>4%, Among these latter processes are translocation of GLUT4 and LCFA
oxidation. Based on the present study, AMPK is now also shown to upregulate FAT/CD36-
mediated sarcolemmal LCFA transport. In light of the accumulating evidence that LCFA uptake
into myocytes of heart and skeletal muscle is a rate-governing step2.5, the combined induction
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of FAT/CD36 mobilization and of CPTI activity through AMPK activation is metabolically
efficient, because this allows the extra incoming LCFAs to be preferentially channelled into
mitochondrial B-oxidation. It remains to be established whether AMPK activation is fully
responsible for the increase in LCFA uptake in the presence of myocardial contractions or that
AMPK-independent mechanisms are necessary to mobilize FAT/CD36 from contraction-
sensitive intracellular stores.
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INTRODUCTION

Dipyridamole (DPY]) is a cardiovascular drug that is currently being used in the clinic because
of (i} its coronary dilatory properties and (i) its ability to inhibit platelet aggregation!<, This is
based, at least partly, on some interesting pharmacological effects elicited by DPY on cardiac
myocytes and other mammalian cells. It is recognized to be (i} an inhibitor of phosphodiesterase
V and VI, thereby increasing intracellular levels of cyclic AMP {cAMP), and even more potently
cyclic GMP {cGMP)>¢, and [ii] an inhibitor of the nucleoside transport”. When not inhibited
phosphodiestersases (PDEs), a large group of structuraily reiated enzymes, regulate intracellular
cAMP and cGMP levels. Until now, seven gene families of mammalian PDE have been identified
and they for example differ in their affinity to cAMP and ¢cGMP, and sensitivity to specific inhibitors.

Furthermore, DPY is known to alter cardiac utilization of long-chain fatty acids {LCFAs).
[ts main action in this respect is the stimulation of LCFA uptake by cardiac myocytes8?. The
molecular mechanism by which DPY stimulates LCFA uptake involves a translocation of the
fatty acid translocase (FAT)/CD36 to the sarcolemmal®. In contrast, the effect of DPY on glucose
uptake, the other main substrate of cardiac myocytes, is less clear. [t has been reported that
DPY inhibits glucose uptake!!, stimulates glucose uptake!2, or does not affect glucose uptake!3,
At the level of GLUT4, the main cardiac glucose transporter, DPY has been found to inhibit its
intrinsic activity via a direct interaction with the transporter at the sarcolemmal!,

For the maintenance of mechanical activity, the heart is depending on the uptake of both
glucose and LCFAs. Glucose uptake by cardiac myocytes is completely accounted for by the
facilitative action of both GLUT1 and GLUT4. Of these glucose transporters, GLUT4 is the
predominant cardiac isoform since it is three times more abundantly expressed in the heart
than is GLUT1'4, LCFA uptake by cardiac myocytes is mainly mediated by the facilitative
action of FAT/CD3615.16, In non-stimulated cardiac myocytes, a substantial portion of FAT/CD36
is stored in intracellular membrane compartments. Insulin, which is known to translocate
GLUT4 from intracellular compartments to the cell surface!?, has recently been shown to
induce also the translocaftion of FAT/CD36 to the sarcolemma in muscle tissues!0.t8, This
insulin-induced ftranslocation is sensitive to inhibition by wortmannin and LY-294002,
indicating a dependence on phosphatidylionisel-3 kinase {P1;K). Other factors, such as
hypoxiasischemia, mitochondrial inhibitors, and an increase in contractile activity, known to
induce GLUT4 translocation, have all been found to activate a Pl;K-independent pathway
involving AMP-activated protein kinase [AMPK]!19-2l. The involvement of AMPK in the
franslocation of GLUT4 has been further substantiated by using the cell-permeable adenosine
analog AICAR. AJCAR’s phosphorylated product (ZMPF) has been recognized as a sultable
activator of AMPK. Consequently, AMPK has been shown to induce GLUT4 translocation that
is insensitive to inhibitors of adenosine kinase!%.22, Recently, we have demonstrated that
contractions, AICAR and the mitochondrial inhibitor oligomycin all stimulate LCFA uptake via
FAT/CD36 translocation independently of P1,K23. Clearly, FAT/CD30 can be mobilized from
intracellular stores by two independent pathways, one inducible by P15K and the other by
AMPEK. Thus, regulation of LCFA uptake and regulation of glucose uptake share, (i} a common
mechanism, i.e., transporter translocation, (i} induction by the same physiological stimuli, and
{ili} common signalling components.
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The ability of DPY to stimulate FAT/CD36 translocation in combination with the fact that it
has not been documented that DPY influences GLUT4 recycling makes it a pofentially
interesting compound to separate FAT/CD36 translocation from that of GLUT4. For this we
investigated the parallel effects of DPY on LCFA uptake/FAT/CD36 translocation and on glucose
uptake/GLUT4 translocation in the absence or presence of physiological and pharmalogical
modulators of PI,K and AMPK signalling. We also included the inhibitory action of DPY on
nucleoside transport in these studies, because it has been shown that adenosine accumulates
inside cardiac myocytes in the presence of this compound. Adenosine, through conversion into
AMP by adenosine kinase, could theoretically activate AMPK, thereby offering a potential
action mechanism for DPY. The results show that DPY stimulates FAT/CD36-mediated LCFA
uptake by activating the AMPX signalling pathway without increasing GLUT4-mediated glucose
uptake. These observations make DPY an interesting tool to identify the molecular components
uniquely involved in FAT/CD36 trafficking.

RESEARCH DESIGN AND METHODS

Materials

4C-palmitic acid was obtained from Amersham Biosciences {Little Chalfont, Buckingham-
shire, UK}, Bovine serum albumin (BSA, fraction V, essentially FA free) phloretin, dipyridamole,
nitrobenzylthioinosine, oligomycin, adencsine, dimethyl sulfoxide {DMSO]), insulin, and
wortmannin were all obtained from Sigma (St. Loufs, MO). 5-lodotubercidin was purchased
from Biomol (Plymouth Meeting, PA). Collagenase type 2 was purchased from Worthington
(Lakewaod, NJ). BCA protein assay reagent kit was from Pierce (Rockford, IL}. Antibody
MO25 was a gift from Dr. N. N. Tandon (Thrombosis and Vascular Biology Laboratary, Otsuka
America Pharmaceutical, Inc., Rockville, MD]. Antibodies directed against GLUT4 were
obtained from Sanver Tech [Heerhugowaard, the Netherlands]. Anti-phospho acetyl-CoA
carboxylase was obtained from Brunschwig Chermie {Amsterdam, the Netherlands]. SSP is
routinely synthesized in our laboratory, as has been described previously?4, Its purity was
confirmed with infrared spectroscopy [kindly performed by Dr van Genderen, Eindhoven
Technical University).

Isolation of cardiac myocytes

Cardiac myocytes were isolated from male Lewis rats (200-250 g using a Langendorff perfusion
system and a Krebs-Henseleit bicarbonate medium equilibrated with a 95% O,/5% CO, gas
phase {medium A} at 37°C as described previously?>, After isolation, the cells were washed
twice with medium A supplemented with 1.0 mmol.l't CaCly and 2% (w/v) BSA [medium B}
and then suspended in 15 ml of medium B. The isolated cells were allowed to recover for
approximately 2 h at roorn temperature. At the end of the recovety period, cells were washed
and suspended in medium B. Only when >80% of the cells had a rod-shaped appearance and
excluded trypan blue were they used for subsequent studies.
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Measurement of palmitate and deoxyglucose uptake by cardiac myocytes

Cardiac myocytes (2.0 ml; 5-8 mg wet mass.ml}; suspended in medium B, were preincubated
in capped 20-ml incubation vials for 15 min at 37°C under continuous shaking. To study
palmitate uptake, 0.5 ml of the '4C-palmitate/BSA complex was added at the start of the
incubations so that the final concentration of palmitate amounted to 100 pmoll? with a
corresponding palmitate/BSA ratio of 0.3. This palmitate/BSA complex was prepared as
described previously2s. To study deoxyglucose uptake, H-deoxyglucose was added at the start
of the incubations to the palmitate/BSA complex to a final concentration of 100 pmol.!.
Palmitate and deoxyglucose uptake (3-min incubation) were simultaneously determined. The
uptake process was stopped upon washing the cells three times for 2 min at 100 gin an ice-
cold stop solution containing 0.2 mmol.l"! phloretin as described previously?>, The washing
procedure did not affect cellular integrity as evaluated by microscopic inspection.

Oligomycin {30 pmol.l!), insulin (10 nmol.l!), dipyridamoie {= 500 umolL.I't}, amrinone
(500 pmol.l't), zaprinast [100 pmol.}lt), nitrobenzylthioinosine {100 pmol.l't}, wortmannin
{200 nmol.I'), and adenosine {<1.0 mmol.l] were added to the cell incubations 15 min
before addition of radiclabeled substrate. 5-lodotubercidin {20 pmoll!) was added 90 min
before any other addition. Cell suspensions were incubated with sulfo- Msuccinimidylpalmitate
{SSP; 400 pmel.b) for 15 min, washed to remove unbound SSP, and resuspended in medium
B before addition of radiolabel. Stock solutions of oligomycin, dipyridamole, amrinone,
zaprinast, nitrobenzylthioinosine, wortmannin, SSP, and 5-iodotubercidin were prepared in
DMSO, which never exceeded a final concentration of 0.5% in the cell suspensions. At this
concentration, DMSO did not affect cellular substrate utilization. None of these agents, alone
or in combination and including SSP, were found to affect the percentage of cells that (i} were
rod-shaped and {ii} excluded trypan blue, as parameters of cellular integrity.

Measurement of adenosine phosphates in cardiac myocytes

Cardiac myocytes (12-15 mg wet mass.mlt} were incubated in medium B in the absence or
presence of additions for 15 min. Then, they were centrifuged in a microcentrifuge ar 2000
rpm. Upon removal of the supernatant, the cell pellet was extracted with 250 pl of 3 mol.l"
perchloric acid and neutralized with 1 mollt KHCO,. Thereafter, the cellular content of
adenosine phosphates was determined by high-performance liquid chromatography as
described previously26.

Measurement of AMP kinase activation

Cardiac myocytes (8-12 mg wet mass.ml!] were incubated in medium B in the absence and
presence of additions for 15 min. At the end of the incubation, an aliquot was quickly
transferred to one third volume of sample buffer containing 62.5 mmol.I'? Tris-HCl, pH 6.8, 2
mmolIt EDTA, 20 mmoll? dithiothreitol, and 7.5% (w/v} SDS, and used for SDS-
polyacrylamide gel electrophoresis. Subsequently, Western blotting was performed with an
antibody directed against the serine79-phosphorylated acetyl-CoA carboxylase according to the
manufacturer’s instructions.
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Subcellular fractionation of cardiac myocytes

Cardiac myocytes {2.25 mi; 2025 mg wet mass.nl!) were incubated for 15 min in medium
B in the absence or presence of additions. At the end of the incubation, the total volume of cell
incubations was quickly transferred to a tightly fitting 5-ml Potter-Elvejhem glass homogenizer
on ice containing 1 ml of ice-cold H,0, after which NaN; was added to a final concentration
of 5 mmol.l! td stop ATP-dependent vesicular trafficking events. Immediately thereafter, cell
suspensions were homogenized with 10 strokes. Subsequently, fractionation was carried out
as described previously!%27. For determination of the GLUT4 and FAT/CD36 content in the
plasma mernbrane (PM) and in low-density microsomes (LDM], aliquots of the membrane
fractions were separated with SDS-polyacrylamide gel electrophoresis and Western blotting!®.
To detect EAT/CD36, we used a monoclonal antibody {MOZ25] directed against human CD36
and to detect GLUT4, a polyclonal 1gG antiserum was applied. Signals obtained by Western
blotting were quantified by densitometry.

Other procedures

Cellular wet mass was obtained from cell samples taken during the incubation period and
determined after centrifugation for 2 to 3 s at maxirmal speed in a microcentrifuge and subsequent
removal of the supernatant. Protein was quantified with the bicinchoninic acid protein assay
[Pierce, Rockford, IL} according to manufacturer's instructions.

Data presentation and statistics
All data ate presented as means =+ S.E.M. for the indicated number of cardiac myocyte
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Figure 4.1: Dose-dependent effect of dipyridamole on the palmitate uptake rate in cardiac myocytes.

Cardiac myocytes were incubated for 15 min with various concentrations of dipyridamole. Data are presented as
means + S.EM. of three experiments carried out with different cardiac myocyte preparations. *Significantly
different from non-treated cardiac myocytes, p < 0.05,



DHPYRIDATIOLE AND CARDIAC TRANSPORTER RECYTLING

preparations. Statistical difference between groups of observations was tested with a paired
Student's ¢ test. P values = 0.05 were considered significant.

RESULTS

Effects of dipyridamole on substrate uptake

DPY has previously been shown to enhance LCFA uptake by cardiac myocytes®?. We have
applied DPY to cardiac myocytes at a variety of concentrations up to 500 umol.l'!l. Within this
concentration range, DPY did not alter the number of cardiac myocytes that were rod-shaped
or excluded trypan blue, indicating that cellular integrity was not affected [see research
design and methods). When studying LCFA uptake as a function of the concentration of DPY,
this compound seemed to be optimally increasing LCFA uptake at 100 pmol.l'! {Fig. 4.1]. At
this concentration of DPY, the intraceliular ATP concentration was measured to be 1.25 + 0.35
pmol.g wet mass!, which was not significantly different form non-treated myocytes (ATP
concentration, 1.47 + 0.27 ymol. gwet mass 1}, indicating that cell viability remained unchanged.

At 100 pmoll!, the stimulatory effect of DPY on LCFA uptake amounted to 2.0-fold,
whereas simultaneous uptake of deoxyglucose was slightly (32%) inhibited (Fig. 4.2). In
contrast, other manipulations to stimulate LCFA uptake also stimulated deoxyglucose uptake.
In this respect, oligomycin stimulated LCFA and deoxyglucose uptalke to the same extent (2.0-
fold), whereas insulin had a greater stimulatory effect on deoxyglucose uptake (2.7-fold
stimulation) than on LCFA uptake (1.6-fold stimulation).
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Figure 4.2: Effects of insulin, oligomycin and dipyridamole on substrate uptake by cardiac myocytes.

Cardiac myocytes were incubated in the absence of additions {Ctri) or presence of 10 nmolli insulin [ins), 30
pmol b oligomycin (Ol or 100 umol i/ dipyridamole {DPY] for 15 min before the measurement of palmitate and
deoxygiucose uptake in 3 min. Data are presented as means + S.LM. of four to six experiments carried out with
different cardiac myocyte preparations. *Significantly different from non-treated cardiac myocytes, p < (.05,
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Flgure 4.3: Onto the mechanism of the effect of dipyridamole on LCFA uptake into cardiac myocytes.

A} Effect of phosphodiesterase Inhibitors, adenosine and nucleoside transport inhibitor on LCFA uptake by cardiac
myocpes. Before determination of palmitate uptake in 3 min, cardiac myocytes were incubated for 15 min in the
absence of additions (Ctri} or in the presence of 100 ymollr DPY, 300 pmol i amrinone [Amye), 100 pmol
zaprinast (Zap), 300 pmol it adenosine {ADO} or 100 pmoll! nitrobenzylthivinosine {NBTY).

B) Modulation of the stimulatory effect of dipyridamole oy LCFA uptake by insulin, oligomycin and protein
inhibitors. In the case of SSB cardiac myocytes were preincubated with DMSO (Basal] or with 400 pmol t SSP
fdissolved in DMSO), after which the cardiac myocyles were washed twice with medium B. In fhe case of 5-
iodotubercidin [iTu), cardiac myocytes were suspended in DMSQ (8asal) or 10 pmol it iTu jdissolved in DMSO), for
90 min before preicubation with 100 pmoldi DPY In the case of the other compounds used in combination with
dipyridamole, L.e., 30 ymol.lt oligomycin (O], 200 pmol l? wortmannin (Wort) or 10 amol & insalin {Ins), cardiac
myocytes were incubated in the absence or presence of DPY before determination of palmitate uptake in 3 min. Data
are presented as means = S.EM. of four 1o eight experiments carrfed out with different cardiac myocyte
preparations. *Significantly different from cardiac myocytes without additions {Cerli, p < 0.05.
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Flgure 4.4: Influence of insulin, oligomycin and dipyridamole on the AMP/ATP ratio and phosphorylation of
acelyl-CoA carboxylase in cardiac myocytes.

Cardiac myocytes were incubated for 15 min in the absence (Ctrl) or presence of 10 nmolit insulin {ins), 30 pmolf!
oligomycin (O} or 100 pmaoll? dipyridamole (DPY). Aj intracellular levels of AMP and ATP were determined from
which the AMP/ATP ratio was calculated. Bf Phosphorylation of acetyl-CoA carboxylase at Ser70 was detected af 280
kDa, ie., the major isoform of this enzyme in the heart. However, In oligomycin-treated cardiac myocytes & second
lower band Is apparent, corresponding with the 265 kDa isoform. Data are presented as means + S.EM. of three to
six experiments carried out with different cardiac myocyte preparations. *Significamtly different from cardiac
myocytes without additions (Crlf, p < 0.05.
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To explore the possibility that the stimulatory effect of DPY on LCFA uptake was caused by its
inhibitory action on phosphodiesterases and on nucleoside transport, it was determined
whether amrinone (phosphodiesterase III inhibitor resulting in the accumulation of cAMP?8),
zaprinast (phosphodiesterase V inhibitor resulting in the accumulation of cGMP2%), adenosine
(theoretical substrate for AMP formation resulting in AMPK activation}, and nitrobenzylthioinosine
(nucleoside transport inhibitor’) were able to influence LCFA uptake by cardiac myocytes (Fig.
4.3A). However, none of these agents had an effect on LCFA uptake.

A further attempt to unravel the mechanism of DPY’s stimulatory action on LCFA uptake
was carried out by investigating its effect in combination with other compounds that influence
FAT/CD36-mediated LCFA uptake (Fig. 4.3B). Addition of the specific FAT/CD36 inhibitor
SSP cornpletely prevernted the stimulatory effect of DPY on LCFA uptake. Pharmacological
activation of AMPK signailing by oligomyein, a potent inhibitor of mitochondrial F,/Fy-ATPase,
resulted in a 2.0-fold increase in LCFA uptake, but the addition of DPY did not further increase
LCFA uptake. In contrast, whereas insulin stimulated LCFA uptake (1.5-fold), the addition of
DPY stimulated LCFA uptake further by 1.6-fold. In fact, the absolute stimulatory action of
DPY on LCFA uptake was similar in absence {18.6 nmol.g cell mass!. min!) and presence
[22.5 nmol.g cell mass?. min!) of insulin (Fig. 4.3B). Blockade of PI;K activity upon the
addition of wortmannin neither affected LCFA uptake into cardiac myocytes under non-
stimulated conditions not inhibited the stimulatory action of DPY (Fig. 4.3B). The adenosine
kinase inhibitor 5-iodotubercidin neither influenced LCFA uptake under nonstimulated
conditions nor inhibited that stimulatory action of DPY (Fig. 4.3B).

Effects of dipyridamole on intracellular AMP/ATP ratio and on AMPK activation

The nonadditivity of the effect of DPY with oligomycin on LCFA uptake into cardiac myocytes
indicates that DPY acts on a component in the AMPK signalling pathway. Therefore, we tested
the ability of DPY to alter the intracellular AMP/ATP ratio and to induce phasphorylation of
acetyl-CoA carboxylase, which is a sensitive marker of activation of AMPK3C, Similar to insulin
{but in contrast to oligomycin, which enhanced the AMP/ATP ratio by 2.4-fold and the
phosphorylation of acetyl-CoA carboxylase by 8.6-fold], DPY had no effect on both parameters
of contraction signalling {Fig. 4.4).

Effects of dipyridamole on transporter translocation

Despite the fact that DPY does not induce the activation of AMPK, the nor-additivity of the effects
of DPY and oligomycin on LCFA uptake into cardiac myocytes, suggests that DPY, just like
oligomycin®3, induces translocation of FAT/CD36 from an intracellular storage compartment to the
sarcolemma. Incubation of cardiac myocytes for 15 min in the presence of oligomycin or DPY
decreased the content of FAT/CD306 in the low-density microsome (LDM] fraction by 42 and 46%,
respectively. These agents simultaneously increased the content of FAT/CD36 in the plasmalemmal
(PM] fraction to a similar magnitude of 1.5-fold (Fig. 4.5). Oligomycin had comparable effects on
subcellular distribution of GLUT4, i.e., a decrease by 54% in the LDM fraction and an increase by
1.7-fold in the PM fraction. However, DPY, unlike its stimulation of FAT/CD36 translocation to the
sarcolemma, was unable to modulate the subcellular distribution of GLUT4 (Fig. 4.5).
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Figure 4.5: Effect of oligomycin and dipyridamole on the subcellular distribution of FAT/CD36 and GLUT4 in
cardiac myocytes.

Cardiac myocyrtes were incubated for 15 min in the absence [Basall or presence of 30 pmol.it oligomycin or 100
umoltt DPY after which NaNy was added to a final concentration of 5 mmol.l' to stop ATP-depending processes.
Thereafier, cardiac myocytes were frozen in liquid nitrogen, and upon thawing, were subfected to subcellular
Jractionation. The collected fractions were analysed on the relative contents of FAT/CD36 (88 kDa} and GLUTH (45
kDa). Transporter content was expressed as multiple of control {Basal) in the corresponding fraction. Data are
presented as means + S.EM. of four experiments carried out with different cardiac myocyte preparations. Representative
Western blots are presented. *Significantly different from cardiac myocytes without additions (Basall, p < €.05.

Discussion

The main purpose of this study was to asses the use of DPY as a tool to examine the regulation
of FAT/CD36 translocation and its relationship with GLUT4 translocation. The nove! findings
of this study are that [i) DPY stimulates LCFEA uptake by influencing contraction-inducible, but
not insulin-inducible, FAT/CD36 transiocation, and {ii) DPY is able to divorce FAT/CD36
translocation from GLUT4 translocation. These findings indicate the potential of DPY to study
the regulation of cardiac substrate preference at the level of trafficking of substrate transporters.

Action of dipyridamole on contraction-inducible FAT/CD36 translocation

To unravel the molecular mechanism by which DPY stimulates LCFA uptake, we investigated
whether the known ability of DPY to block phosphodiesterases and nucleoside transporters
was involved in stimulating LCFA uptake. cAMP elevation by amrinone and ¢cGMP elevation
by zaprinast did not influence LCFA uptake into cardiac myocytes, indicating that the stimulatory
action of DPY on LCFA uptake is not related to the inhibition of phosphodiesterases. Inhibition
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of nucleoside transport and concoritant intracellular accumulation of adenosine was ruled out
as a contributing factor to the DPY-induced LCFA uptake on basis of three lines of evidence, (i)
the well-established nucleoside transport inhibitor nitrobenzylthioinosine, which, like DPY,
causes adenosine accumulation in cardiac myocytes3!, did not influence LCFA uptake, (ii)
adenosine added at concentrations up to 1 mmol.I'! did not stimulate LCFA uptake, and (iii
inhibition of adenosine conversion into AMP by inclusion of the adenosine kinase inhibitor 5-
iodotubercidin did not inhibit DPYinduced LCFA uptake.

The stimulatory action of DPY on LCFA uptake occurred at the level of FAT/CD36, based
on the ability of the specific FAT/CD36 inhibitor SSP {see in more detail Chapter 8) to block
DPY-induced LCFA uptake (Fig. 4.3B)%. By using heart-derived giant membrane vesicles, we
were previously able to exclude a direct interaction of DPY with FAT/CD36. In this preparation,
in which the amount of FAT/CD36 at the surface is fixed and not subject to regulation, LCFA
uptake was not inducible by DPY?,

The following observations were instrumental in pinpointing the effect of DPY on LCFA
uptake to its ability to induce translocation of FAT/CD36 from intracellular storage
compartments, {i) in the presence of oligomycin [Fig. 4.3B) or AICAR (data not shown], DPY
was able to further induce LCFA uptake, indicating that this compound is activating AMPK
signalling, (li] DPY, like oligomycin and insulin, is able to decrease the FAT/CD36 content in
intracellular membrane compartments and simultaneously increase its content at the sarcolemma,
indicating that this compound operates through induction of FAT/CD36 translocation. A
possible interaction of DPY with the insulin-inducible FAT/CD36 translocation was excluded
by the observation that, (i) DPY retained its full stimulatory effect on LCFA uptake in the
presence of insulin, and [ii] inhibition of P1,K, a key enzyme in the insulin signalling pathway,
did not block DPY-inducible LCFA uptake.

The next goal was to locate the action of DPY along the AMPK signalling pathway. The
observations that DPY neither elevated the intracellular AMP/ATP ratio nor enhanced the
phosphorylation of acetyl-CoA carboxylase, indicated that the action of DPY on contraction
signalling is downstreamn of AMPK. However, the signalling events downstream of AMPK
leading to translocation of FAT/CD36 are at present unknown.

Mechanism of separation of FAT/CD36 translocation from that of GLUT4A by
dipyridamole

Unlike its stimulatory action on LCFA uptake and FAT/CD36 transiocation, DPY neither
stimulates glucose uptake nor induces GLUTA4 translocation, The slight inhibitory effect of DPY
on glucose uptake is in line with an earlier observation made in adipocytes that DPY is directly
interacting with glucose transporters, thereby decreasing their intrinsic activity!!. The selective
recruitment of FAT/CD36 suggests that (i) FAT/CD36 and GLUT4 are stored in distinct
intracellufar compartments or, on the other hand, that {ii} FAT/CD36 and GLUT4 are stored
in the same compartment, but recruited by different signalling mechanisms. In the latter case,
there must be a sorting mechanism present that is able to excise either FAT/CD36- and GLUT4-
containing transport vesicies from the storage compartment shared by FAT/CD36 and GLUTA4,
Because DFY is believed to act downstream of AMPK and at the same time is selective for

78



DipvRIDAMULE AND CARDIAC TRANSPORTER RECYCLING

FAT/CD36 recruitment, it follows that downstream of AMPX the signal branches off into two
pathways. One of these pathways leading to mobilization of intracellularly stored GLUT4 and
the other to mobilization of intracellularly stored FAT/CD36. 1t also pinpoints the intracelular
target of DPY not only downstream of AMPK but also downstream of this branch point in
AMPK signalling, i.e., at the pathway specifically leading to FAT/CD36 translocation. These
novel insights are schematically depicted in Fig. 4.6.
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Figure 4.6: Schematic presentation of signalling pathways involved in mobilization of FAT/CD36 and GLUT4

in cardiac myocytes.

{ntracellutar FAT/CD306 and GLUT4 can be mobilized by both insulin and cellular contractions. Insufin activates its

receptor at the sarcolemma leading to a well-defined pathway to activation of PLLK. The activation of PLK can be

specifically inhibited by worlmannin. The sequence of events downstream of PLK is not completely elucidated, but
leads to mobilization of FAT/CD36 and GLUT4 from intracellutar stores. Celfular contractions induced ATP
utilization concomitant with an elevation of iniracellilar AME which causes activation of AMPK. In addition to PLK,

signalling downstream of AMPK is not well-defined, but mobifized both FAT/CD36 and GLUTH, Confraction-
induced transporter mobilization is insensitive to wortmannin and can be activated by oligomycin, an Inhibitor of
mitochondrial ATPase. Contraction-induced transporter mobilization can also be activated by the cell-permeabie
AMP analog, AICAR, which directly activated AMPK. Dipyridamole also mobilizes FAT/CD30 via the contraction
pathway, but does not affect GLUT4 mobilization. The site of action of DPY is not yet identified, but it is believed to

be downstream of AMP kinase.
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Concluding remarks

The ability of DPY to selectively recruit FAT/CD36 to the sarcolemma may help to unravel
signalling proteins downstream of AMPK that are solely dedicated to FAT/CD36 trafficking
without affecting GLUT4. Furthermore, this ability may make DPY of potential clinical
interest.
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INTRODUCTION

The heart predominantly consists of specialized muscle cells, cardiac myocytes, which perform
contractions in a coordinated fashion. During the energy demanding contraction process, ATP
is generated by the oxidation of substrates!. Under physiological conditions cardiac myocytes
predominantly utilize long-chain fatty acids (LCFAs), mainly palmitate and oleate, to generate
energy for a proper electro-mechanical activity23, In rat cardiac myocytes it was demonstrated
that electrically-induced contractions increase the rate of palmitate uptake, coinciding with the
translocation of fatty acid translocase {FAT]/CD36, i.e., the main putative LCFA transport
protein, from intracellular storage compartments to the sarcolemmad. Contraction-inducible
FAT/CD36-mediated LCFA uptake by cardiac myocytes can be mimicked by oligomycin, a well
known inhibitor of the mitochondrial F/Fy ATPase3. In addition, we demonsirated that in
electrically-stimulated and oligomycin-treated cardiac myocytes the intraceliular AMP/ATP
ratio increases, resulting in activation of AMPKS, The activity of AMPK is not only regulated
by the intracellular AMP/ATP ratio, but also by phosphorylation at Thr172 by an AMPK kinase
[AMPKK]}, Activation of AMPK is involved in the induction of FAT/CD36 translocation upon
an increased workload {see in more detail Chapter 3]. Furthermore, AMPK has beet recognized
to be invelved inn mitochondrial LCFA oxidation. Once activated AMPK inhibits acetyl-CoA
carboxylase (ACC) activity through phosphorylation at Serine-79 (Ser79), leading to a lowering
of the intracellular malonyl-CoA concentration’. A decline in malonyl-CoA relieves, in turn,
the inhibition of carnitine palmitoyl transferase I (CPT-I) resulting in enhanced LCFA oxidation®.
The simultaneous activation of FAT/CD36 translocation and of CPT-L activity allows an efficient
intracellular channelling of the extra LCFA take up into mitochondrial LCEA oxidation.

In identifying signalling kinases involved in the induction of FAT/CD36-mediated LCFA
uptake during cellular contractions, members of the protein kinase C [PKC] family are
attractive candidates. PKCs, a family of serine/threonine kinases?, have been demonstrated to be
activated during contractions and once activated phosphorylate components of the contractile
machinery!¢-12, The PKC family consists of three subfamilies, i.e., conventional (a, Bl, Bl and
v}, novel (, €, n and 0} and atypical (€ and A}, which are separated based on their structure
and ligand-binding domains (for detail see review by Newton et al'3). All PKC isoforms are
characterized by a highly conserved catalytic domain, i.e., the ATP binding (C3) and substrate
binding (C4) domains and they each have a N-terminal pseudosubstrate {PS] domain (Fg. 5.1).
This PS domain autoinhibits the PKC enzyme activity by binding to the C-terminal substrate
binding domain. Binding of co-factors, like phosphatidyl-L-serine (PtdSer), induces the release of
the PS domain from the substrate binding domain'4. Conventional PKC also require
diacylglycerols [DAGs) and Ca2* for their activation, whereas novel PKCs do require DAGs, but
are Ca2+-independent. The activation of atypical PKCs is independent of both DAGs and Ca2+, but
requires besides PtdSer also other lipids. In rat cardiac myocytes the most prominent PKC isoforms
are a, 8, ¢, and g, (Fig. 5.1}, whereas also I/pll, 8, vy and  are present although less abundanti3,

PKCs are activated via (i} binding of DAG and/or PtdSer to the protein thereby inducing
translocation from a soluble form present in the cytoplasm to a membrane-bound form and/or
via (i) phosphorylation at distinct regions in the catalytic domain'®. PKC translocation is
traditionally used as a hallmark of PKC activation and applied in the present study. Phosphorylation
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Figure 5.1: Domain structure of the predominant PKC isoforms known to be present in cardiac myocytes.
PKC alpha fu), delta (), epsiton fej and zeta [0} are PKC isoforms known to be present in cardiac myocytes. These
PRC isoforms are characterized by a highly conserved catalytic domain, e, the ATP binding (C3) and substrate {C4)
binding domain, whereas except for the pseudosubstrate (PS) domain, the regulatory domains differ. PKCo exhibils
a DAG [C1] binding damain, which consist of two cysteine-rich zinc finger-like sequences, and a Ca?+ (C2) binding
domain, PKCS and & also contain the DAG binding domain, but the Ca?+ binding domain is absent. In PRCY, the
Ca2 binding domalin fs also absent and only one cysteine-rich zinc fingerlike sequences is present. Adapted from
Mochly-Rosen er al. 18,

of PKC at the activation loop, present within the catalytic domain, plays an essential role in its
activation and causes a conformational change at the enzyme allowing autophosphorylation at
the C-terminal region, which is characterized as hierarchical phosphorylation. It has been
demonstrated that phosphoinositide-dependent kinase 1 phosphorylates the activation loops of
conventional, novel, and atypical PKCs!7.

The aim of the present study was to investigate the role of the most prominent novel and
conventional PKC present in cardiac myocytes, i.e., PKCa, 8 and ¢, in the oligomycin-induced
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palmitate uptake. In addition, the positioning of PKCs relative to AMPK in the contraction
signalling pathway was investigated. In isolated rat cardiac myocytes in which either PKCs are
activated or inhibited the effect of oligomycin on palmitate uptake and AMPK activity was
investigated. Phorbol 12-myristate 13-acetate (PMA}, a cell-permeable DAG analog, was used
to activate PKCa, € and & and staurosporine, an inhibitor of serine/threonine kinases, was
used to inhibit these PKC isoforms. Activation of the PKC isoforms was determined by
translocation of PKCa, & and e and the phosphorylation state of PKCa and 8. The activity of
AMPK was indirectly determined by measuring phosphorylation of one of the main
downstream targets of AMPK, i.e., ACC. To investigate whether PKC activation influences the
amount of FAT/CD36 at the sarcolemma a specific inhibitor of FAT/CD36, i.e., sulfo-M
succinimidyl oleate {SSO} was used.

The present study indicates that DAG-inducible PKC isoforms other than PKCao, & and ¢
are involved in oligomycin-inducible palmitate uptake by cardiac myocytes and that they are
possibly positioned upstream of AMPK.

EXPERIMENTAL DESIGN AND METHODS

Materials

1C-palmitic acid was obtained from Amersham Life Science (Little Chaifont, United Kingdom).
Bovine serum albumin (BSA, fraction V, essendally fatty acid free), phloretin, oligomycin,
dimethy! sulfoxide (DMSQ), phorbol {2-acetate 13-myristate (PMA), and staurosporine each
were obtained from Sigma-Aldrich (St. Louis, MO, USAJ. Collagenase type-2 was purchased
from Worthington {Lakewood, NJ, USA). Anti phospho acetyl-CoA carboxylase [ACC] was
obtained from Upstate {Dundee, UK]. Sulfo- Atsuccinimidyl oleate {SSO) is routinely synthesized
in our laboratory, as has been previcusly described!9. Purity of this compound was confirmed
with infrared spectroscopy [performed by Dr. van Genderen, Technical University, Eindhoven,
the Netherlands}.

Isolation of cardiac myocytes

Cardiac myocytes were isolated from male Lewis rats (200-250g] using a Langendorff
perfusion system and a Krebs Henseleit bicarbonate medium which is equilibrated with a 95%
0,/5% CO, gas phase {medium A} at 37°C, according to Fisher ef al2% and as previously
described?!. Afrer isolation, the cells were washed twice with medium A supplemented with
i mmol.lt CaCl, and 2% [wt/vol) BSA (medium B) and then suspended in 15 ml medium B.
The isolated cells were allowed to recover for approximately 2h at room temperature. At the
end of the recovery period, cells were washed and suspended in medium B. Only when more
than 80% of these cells has a rod-shaped appearance and excluded trypan biue, they were used
for subsequent studies.

14C-palmitate uptake rate in cardiac myocytes
Isolated rat cardiac myocytes (2 ml, 5-8 mg wet mass.ml'!], suspended in medium B, were
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preincubated in capped 20-mi incubation vials for 15 min at 37°C under continuous shak;‘ing,‘
To study palmitate uptake, 0.5 ml of a 14C-palmitate/BSA complex was added at the start of
the incubations so that the final concentration of palmitate amounted to 100 pmol.l'! with 2
corresponding palmitate/BSA ratio of 0.3. This palmitate/BSA complex was prepared as
previously described?!. Cellular uptake of palmitate in 3 min after addition of '“C-palmitate
was determined upon washing the cells three times for 2 min at 100 g in an ice-cold stop
solution containing 0.2 mmiol.l'! phloretin as previously described?!. The washing procedure
did not affect celiular integrity as evaluated microscopically.

Fractionation of cardiac myocytes into membrane and cytosolic fractions

Isolated cardiac myocytes {2 mi, 12-15 mg wet mass.ml '} were incubated for 15 min at 37°C
either non-treated or treated with 30 pmoll! oligomycin or 0.1 mmoll! PMA under
continuous shaking. After the incubation period, cardiac myocytes were separated into two
parts, a small part (0.5 ml} for the total protein fraction and a large part (1.5 ml} for
fractionation into membrane and cytosolic Iractions. After separation both parts were
immediately centrifuged at 4,000 rpm for 4 min at 4°C. The pellets were resuspended in ice-
cold homogenizing buffer (20 mmol.I'! Tris.HCI, 0.33 mol.l! sucrose, 5 mmol.l't EDTA, 0.5
mmoll't EGTA, | mmol.It PMSFE 0.005% Aprotinin, pH set at 7.4}, 0.3 ml for the total protein
fraction, which was frozen in liquid nitrogen and stored at -80°C, and 0.5 mi for fractionation.
Thereafter, the latter cardiac myocyte solutions were immediately frozen in liquid nitrogen and
thoroughly homogenized by three cycles of freeze/thawing. Homogenates were then centrifuged
at 18,000 xgfor 20 min at 4°C to collect membrane (pellet] and cytosolic (supernatant) fractions.
The pellet was resuspended in 0.3 ml ice-cold homogenizing buffer. Both fractions were stored
at -80°C.

Determination of the PKCq, d and ¢ protein content in total homogenates,
membrane and cytosolic fractions

In 20 pg total homogenates, membrane and cytosolic fractions, protein content of PKCa, & and
¢ was determined by Western Blotting. Rabbit anti-protein kinases C directed against PKCa, &
or ¢ (1:2,500, Sigma-Aldrich, St. Louis, USA, product number P4334, P8333 and P8458,
respectively) were used to detect the different PKC isoforms. Protein bands were visualized by
enhanced chemiluminescence (ECL) and immunoblot intensities were analyzed by
densitometry using the computer program Scion Image.

Determination of phosphorylated ACC (Ser 79), PKCo (Thr638) and PKCH (Ser643)

In 20 pg cardiac myocyte homogenates, phosphorylated ACC (Ser79], PKCa (T hr638) and
PRCO (Ser643) were determined by Western blotting. Rabbit anti-phospho ACC directed
against Ser79 {Upstate, Dundee, UK, 07-303) was used to detect phosphorylated ACC. Rabbit
anti-phospho PKC directed against Thr638 and Ser643 (Cell Signalling, Beverly, MA, USA,
product number 9375 and 9376, respectively} were used to detect phosphorylated PKCa and
PKCd, respectively. Protein bands were visualized by ECL and immunoblot intensities were
analyzed by densitometry using the computer program Scion Image.
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Statistics

Data are presented as means + S.E.M. Differences between cardiac myocyte preparations were
tested by the non-parametric Mann-Whitney U-test. The paired ftest was used to define
differences between ftreatments within a cardiac myocyte preparation. P<0.05 indicates a
statistical significance.

ResuLrs

Effects of oligomycin and sulfo-N-succinimidyl oleate on the palmitate uptake
rate in cardiac myocytes either non-treated or PMA-treated

In isolated rat cardiac myocytes oligomycin as well as PMA significantly stimulated the palmitate
uptake rate by 1.96 and 1.63-fold, respectively {Fig, 5.2). Oligomycin had no additional effect on
the PMA-stimulated myocardial palmitate uptake rate (Fig. 5.2]. However, sulfo-Afsuccinimidyl
cleate [SSOY reduced the palmitate uptake raie in both non-treated and PMA-treated cardiac
myocytes to the same level of approximately 13 nmol.g cell mass!'.min? (Fg. 5.2}
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Figure 5.2: Effects of oligomycin and SSO on the palmilate uptake rate in cardiac myocytes either non-treated
or PMA-treated.

Isolated rat cardiac myocytes were preincubated for (i) 15 min at 37°C either non-treated [Basalj or freated with 30
umalt! oligomycin or (il 30 min at room temperature with 0.4 mmol.} S5O, Thereafter, these cardiac myocyles
were incubated for 15 min at 37°C either non-treated {Ctrif or treated with 0.1 mimol! PMA, Data are expressed
as nrnolg cell mass!.min'! and presented as means S.EM., n=3. *Significantly different from control [Basalf
cardiac myocytes, p<0.05 and **Significantly different from PMA-treated control cardiac myocytes, p<0.03.
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Dose-dependent effect of staurosporine on the oligomycin-induced palmitate
uptake rate in cardiac myocytes

To inhibit the kinase activity of PKCs staurosporine was used. Staurosporine is a bacterial
alkaloid with an inhibitory activity against several serine/threonine kinases?2. In cardiac
myocytes staurosporine inhibited the oligomycin-induced palmitate uptake rate in a dose-
dependent manner {Fig. 5.3). At 0.01 pmol.I'! staurosporine inhibited the palmitate uptake
rate by 16%, whereas at 0.1 and 1 pmol.l'! staurosporine completely blunted the stimulatory
effect of oligomycin (Fig. 5.3).
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Flgure 5.3: Effect of staurosporine on the oligomycin-induced palmitate uptake rate by cardiac myocytes.
Isolated rat cardiac myocytes were preincubated for 15 min at 37°C either non-treated or frealted with various
concemrations [0.01, 0.1 and | jumol b} of staurosporine, Thereafter these cardiac myocytes were incubated for 15
min at 37°C either non-treated or treated with 30 umol. [t oligomycin, Data are presented as nimolg cell mass’.
mint and presented as means « S.EM., n=3. *Significantly different from non-treated cardiac myocytes, p<(.05.

Effect of oligomycin and staurosporine on phosphorylation of acetyl-CoA
carboxylase

To Investigate the position of PKC relative to AMPK we determined AMPK activity in cardiac
myocytes in which the PKC activation is inhibited by staurosporine. AMPK activity was
indirectly determined by measuring phosphorylation of ACC at Ser79, one of the main
downstream targets of AMPK. Phosphorylation of ACC at Ser79 was significantly increased in
oligomycin-treated cardiac myocytes {Figs. 5.4). When pre-treated with the PKC inhibitor
staurosporine, phosphorylation of ACC induced by oligomycin was inhibited in cardiac
myocytes (Fig. 5.4).
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Phospho-ACC (Ser79)

Ctrl Oli Oli
+ Staurosporine

Figure 5.4: Effect of staurosporine on oligomycin-induced phosphorylation of acetyl-CoA carboxyiase.
Isolated rat cardiac myocytes were preincubated for 15 min at 37°C either non-treated (Ctrl} or treated with | ymol t
staurosporine, thereaffer these cardiac myocytes were incubated for 15 min at 37°C with 30 gmoll! oligomycin
fOi. fn 20 pg of total homogenates of these cardiac myocytes protein comtent of phosphoryiated ACC was
measured by Western blotting using an antibody directed against the phosphorylated Ser79. A representative
Western blot is presented.

Effect of oligomycin and PMA on translocation of PKCo, S and ¢

Total PKCa, & and & protein content was not altered in cardiac myocytes treated with either
oligomycin or PMA compared to non-treated cardiac myocytes {Fg. 5.5}, Oligomycin had no
effect on the protein content of PKCa, 6 and e in membrane and cytosolic fractions (Fig. 5.5).
However, PMA markedly decreased PKCa, 8 and & protein content in the cytosalic fraction, whereas
in the membrane fraction the protein content of these PKCs was markedly increased (Fig. 5.5).

PKC alpha PKC delta PKC epsilon

Total

Membrane

Cytosolic

PMA ol O PMA cul Ol PMA

Figure 5.5: Effect of oligomycin and PMA on the translocation of PKCa, 0 and ¢ in cardiac myocytes.

Isolated rat cardiac myocytes were incubated for 15 min at 37°C either non-treated (Ctri) or treated with 30 ymoli?
oligomycin {Ol) or 0.1 mmol# PMA. A small part of these cardiac myocytes were used for total homogenates and
the remaining part was fractionated in membrane and cytosolic fractions fsee experimental design and methods /.
In 20 g of total homogenates, membrane and cytosolic fractions protein content of Pk, & and & was measured by
Western blotting using antibodies directed against the different PKC isoforms. Representative Western blots are presented.
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Effect of oligomycin and PMA on phosphorylation of PKCa (Thr638) and PKCS {Serba3)
Activation of PKC occurs not only upon translocation from the cytosol to the plasma
membrane, but also by phosphorylation. Therefore, we determined in the present study the
phosphorylation of PKCuo and 8. Phosphorylation of PKCa at Thr638 and PKCA at Ser643 in
cardiac myocytes was not influenced by oligomycin (Fig. 5.6). PMA had also no effect on the
phosphorylation of PKCa. at Thr638, whereas it induced phosphorylation of PKC3 at Ser643
in cardiac myocytes (Fig. 5.6).

Phospho-PKC alpha Phospho-PKC delta

LI N s -
Ctrl Oli PMA Ctrl Oli PMA

Figure 5.6: Effect of oligomycin and PMA on phosphorylation of PKCe {Thr638) and PKCS (Ser643) in cardiac
myacytes.

Isofated! rat cardiac myocyies were incubated for 15 min at 37°C either non-treated (Ctri} or treated with 30 pmol {1
oligomycin (Ol or 0.1 mmol ' PMA. Total homogenates were prepared from these cardiac myocytes. in 20 ug of
these homogenates protein content of phosphorylated PKCa and & was measured by Western blotting using
antibodies divected against the phosphorylated Thro38 at PKCa and the phosphorylated Ser643 at PKCH.
Representative Western blots are presented.

Discussion

In the present study the following observations were made, (i} PMA induced the palmitate
uptake rate in isolated rat cardiac myocytes and the effect was not additive to the oligomycin-
induced palmitate uptake rate, {ii) staurosporine reduced the myocardial palmitate uptake rate
to basal levels and inhibited oligomycin-induced ACC phosphorylation, (ii} PMA induced the
translocation of PKCa, 8 and & from the cytoplasm to the sarcolemma, whereas oligomycin
had no effect on the translocation of these PKC isoforms, (iv) PMA induced phosphorylation
of PKC8 (Ser643), but not of PKCa (Tht638], in cardiac myocyies, and {v) aligomycin had no
effect on phosphotylation of both PKCe [Thré38) and PKCa [Ser6¢43).

Involvement of PKCs in the oligomycin-induced palmitate uptake rate by cardiac
myocytes

To investigate whether PKCs are involved in oligomycin-induced palmitate uptake we either
stimulated or inhibited PKC activation in cardiac myocytes and determined if the palmitate uptake
rate is still inducible by oligomycin, To translocate and thereby activate conventional and novel
PKCs, PMA, a cell-permeable DAG analog, was used. PMA induced the myocardial palmitate
uptake rate in the same manner as oligomycin. Interestingly, the effect of oligomycin on the
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palmitate uptake rate was not additive to the effect of PMA, strongly suggesting the involvement
of one {or more] of the PKC isoforms. When inhibiting PKC activation with staurosporine, the
oligomycininduced palmitate uptake rate was reduced to basal levels. It is well known that
staurosporine inhibits not only the activity of PKC, but also that of cyclic-adenosine monophasphate
(cAMP)-dependent protein kinases (PKAJ2325. However, earlier we demonstrated that changes in
intracellular cAMP concentrations have no influence on the FAT/CD36-mediated palmitate
uptake by cardiac myocytes?6, suggesting that PKA is not involved in the regulation of palmitate
uptake. Therefore, the inhibitory action of staurosporine also points towards the involvement of
one (or morej PKC isoforms in the oligomycin-induced palmitate uptake.

The involvement of FAT/CD36 in the PMA induced myocardial palmitate uptake rate was
investigated with S5O, SSO binds covalently to FAT/CD36 thereby specifically blocking its
activity, which results in a decreased uptake rate of palmitate?” (see Chapter 8], Since SSO
inhibited palmitate uptake to the same residual level in both non-treated and PMA-treated
cardiac myocytes is it believed that FAT/CD36 is involved in the effect of PMA on palmitate
uptake. Collectively, these data indicate that PKC activation is indeed involved in the
intracellular signalling pathway induced by oligomycin leading to FAT/CD36-mediated
palmitate uptake by cardiac myocytes.

Positioning of PKCs relative to AMPK in the contraction-signalling pathway

A first set of experiments was performed to investigate the positioning of PXCs relative to AMPK
in the contraction-signalling pathway in cardiac myocytes was investigated. We inhibited PKC
activity in cardiac myocytes with staurosporine and thereafter it was investigated whether
oligomycin is still able to induce AMPK activity.

AMPK has been characterized as a “metabolic master switch” that regulates substrate
utilization. Both phosphorylation at Thr172 by an upstream AMPK kinase [AMPKK] and the
intracellular AMP/ATP ratio regulate the activity of AMPK.28 [see for more detall Chapter 3).
Cardiac AMPK is activated by exercise??, myocardial ischernia®0.3! and pharmacologically by
oligomycin [a F,/F, ATPase that indirectly activates AMPK by elevating the AMP/ATP ratio)s
and AICAR, which is phosphorylated into ZMP (an AMP analog that directly activates
AMPK]32, Recently, it has been shown that LKB1, a tumor suppressor, can phosphorylate and
activate AMPK33, However, exercise, AICAR®4 and myocardial ischemia3!, all activating
AMPK, had no effect on LKBI activity. We speculate that members of the PKC family are
possible candidate upstream AMPKKs. This is in line with recent findings of Nishino and
cowarkers3® who showed that ischemic preconditioning of cardiac myocytes against
myocardial stunning activated AMPK in a PKC-dependent manner.

In the present study we measured the activity of AMPK indirectly by the phosphorylation
at Ser79 of ACC, one of the main downstream targets of AMPK36.37, Here, we confirmed that
phosphorylation of ACC was induced in cardiac myocytes treated with oligomcyin, indicating
that AMPK activity increases. When using staurosporine, which inhibits PKC phosphorylation
the oligomycin-induced ACC phosphorylation is markedly reduced. Taken together, these data
implicate that PKCs may be upstream targets of AMPK (Fig. 5.7, however additional studies,
such as in witro kinase assays, are needed to further elucidate this.
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Figure 5.7: Hypothetical model of the signaliing pathway involved in contraction-induced FAT/CD36
translocation and LCFA uptake. .

Upon cellular contractions the intracellutar AMP/ATP ratio increases and it is believed that one {or more] PKC
isoformys) isfare] activated. Both effects result in an induction of the AMPK activity leading to the translocation of
FAT/CD36 from an intracellular storage compariment to the sarcolemma. Due (o an increased sarcolemmal amount
of FAT/CD36 present at the sarcolesnma more LOFAs are transported across the sarcolemma into the cytoplasm of
the cardiac myocyte.

PKCo, & and ¢ are not translocated by oligomycin in cardiac myocytes

Since PRC activation is likely to be involved in oligomycin-induced palmitate uptake, we were
interested in which PKC iscforms are activated by cligomycin. Here, we focussed on PKCa, &
and e, the major conventional and novel PKC isoforms present in cardiac myocytes. Processes
leading to the activation of PKC are (i) translocation from an inactive soluble form to an active
membrane-bound form and/or (i} phosphorylation of distinct sites at the activation loop and
the C-terminal region. The present study confirms that in cardiac myocytes PMA is able to
translocate PKCet, & and ¢ from the cytosolic fraction to a membrane fraction!>, However,
oligomeyin had no effect on the subcellular distribution of PKCe, & and e in the cardiac
myocytes. These data suggest that the PKC isoforms a, & and ¢ are not translocated and hence
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activated upon oligomycin-induced AMPK activity. However, activation of these PKC isoforms
via phosphorylation could still be involved in the signalling pathway induced by oligomycin
and resulting in FAT/CD36-mediated palmitate uptake. [n contrast to these findings is a study
by Tsouka and coworkers38 who demonstrated that in adult rat cardiac myocytes subjected to
ischemia, a condition known to activate AMPK, PKCa and ¢ were transiocated to the membrang,
whereas the subcellular distribution of PKCS was unaltered.

Effect of PMA and oligomycin on phosphorylation of PKCa (Thr638) and PKCS
(Ser643) in cardiac myocytes

Traditionally, PKC translocation is considered as a hallmark for determination of PKC
activation. However, when investigating PKC activity, studies in which only PKC translocation
is determined and not PKC phosphorylation, are incomplete. We measured phosphorylation of
different PKC isoforms by Western blotting using antibodies directed against the specific
phosphorylation sites of the various PKC isoforms. The PKC isoforms contain multiple
phosphorylation sites, however not all phosphorylation sites are involved in PKC activation. In
the present study we determined two phosphorylation sites, i.e., Thr638 at PKCo and Ser643
at PKC3. We will integrate the effect of PMA and oligomycin on phosphorylation of these sites
with current ideas on phosphorylation events leading to the activation of each specific isoform.

Phosphorylation of PKCa

Until now three distinct sites at the PKCa molecule are known to be phosphorylated, i.e.,
Thrd97, Thr638 and Ser657. The Thr638 is present at the catalytic domain of PKCa and is
not required for the activation of PKCe, but serves to control the duration of the activation by
regulating the rate of dephosphorylation and inactivation of this PKC isoforin3®. This is
achieved through the cooperative interaction between Thr638 and the catalytic core site,
Thrd97. We demonstrated that neither oligomycin nor PMA had an effect on phosphorylation
of PKCo at Thr638 in cardiac myocytes, which does not exclude that other sites at the PKCa
molecule can be phosphorylated upon oligomycin treatment. It has been shown that phospho-
rylation at Thr497 plays a dominant role in the regulation of PKCea activity4C, Replacernent of
the Thr497 phosphorylation site by an alanine resulted in a kinase that could not be
activated®®. The third phosphorylation site of PKCa is Ser657, which is located near the C-
terminal region of the molecule4!. The replacement of Ser657 by alanine caused a 70% loss of
the catalytic activity as well as a drastically increased downregulation upon translocation of this
isoform to the membrane when induced by phorbol esters42. Moreover, it was demonstrated
that phosphorylation at Ser657 controls the duration of PKCex activation upon agonist-induced
translocation by protecting the protein from dephosphorylationd®, To investigate whether
PKCa is activated by phosphorylation the study should be extended with experiments that
determine the phosphorylation of Thr497 and Ser657 in oligomycin-treated cardiac myocytes.

Phosphorylation of PKCS
At the PKCS molecule there are two distinct serine/threonine phosphorylation sites identifled,
i.e., Thr505 and Ser643. The Ser643 at PKC? is an autophosphorylation site at the C-terminal
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region that plays an important role in controlling the enzymatic activity44, but it is not essential
for the kinase activity of PKC&45. Here, we demonstrated that in cardiac myocytes PMA
increased the phosphorylation of PKC® at Ser643, whereas oligomycin has no effect on this
phosphorylation site. In accordance with this effect of PMA is the PMA-induced Ser643
phosphorylation at PKCS in NIH 3T3 cells demonstrated by Srivastava and coworkers4. The
other identified phosphorylation site, Thr505, which is located at the activation loop of PKCS;
is also not essential for obtaining a catalytically competent conformation of PKC847. Another
interesting effect of PMA is that it leads to phosphorylation of multiple tyrosine residues in the
regulatory domain of the PKCS molecular thereby influencing its activity#849, To investigate
whether PKC8 is activated upon oligomycin treatment via phosphorylation it should first be
clear which phosphorylation sites are involved in PKC& regulation and whether oligomycin
modulates tyrosine phosphorylation of PKC8.

Phosphorylation of PKCe

At the molecule of PKCe three distinct phosphorylation site, i.e., Thr566, Thr710 and Ser729,
are identified. Thr566 is present at the activation loop and can be transphosphorylated!”. Both
Thr710 and Ser729 are autophosphorylation sites and present at the C-terminal region!7. It has
been demonstrated in human embryonic 293 cells that PDK1 induces phosphorylation of
Thr566 and Ser72950. Tt is unknown whether phosphorylation of PKCe is induced in
oligomycin-treated cardiac myocytes.

Phospharylation of PKCs is believed to be important for their activation. However, for
most PKC isoforms it is incompletely understood which phosphotylation sites are crucial for
their activation and regulation. Thus, from data presented in this study we cannot determine
whether oligormycin affects the activity of PKCa, & and ¢ via alterations in the phosphorylation
pattern of these isoforms.

Concluding remarks amd further perspectives

The present study strongly suggests that PKC isoforms are involved in the oligomycin-induced
palmitate uptake by cardiac myocytes. However it still remains obscure which isoforms are
activated and whether activation occurs via translocation and/or phosphorylation. 1t is clear
that in activating palmitate uptake with oligomcyin translocation of PKCe, & and & did not
occur. Moreover, we demonstrated that the PKC isoform involved in the oligomycin-induced
palmitate uptake should have a DAG-binding domain, since the increase of palmitate uptake
by PMA is not additive to the one mediated by oligomycin.

In the present study the role of atypical PKCs in oligomycin-induced palmitate uptake was not
investigated, because this PKC subfamily is not activated by PMA. However, studies in both rodent
and human skeletal muscle demonstrated that upon exercise and electrical stimulation aPKCs
franslocate to the membrane, whereas the subcellular distribution of PKCe, § and e remained
unaltered>153, These findings suggest that aPKCs could play a role in the effect of oligomycin.

Since we are interested in the contraction-pathway resulting in FAT/CD36-mediated
L.CFA uptake by cardiac myocytes the involvernent of PKC isoforms in electrically-stimulated
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cardiac myocytes should be investigated. Both oligomycin and electrical stimulation elicit similar
stimulatory effects on ACC phosphorylation and FAT/CD36-mediated palmitate uptake,
however electrical stimulation resembles the physiclogical situation better than oligomycin.

In identifying whether PKCs are upstream targets of AMPK some unresolved issues should
be addressed. First, the PKC isoform(s) that is (are) activated by oligomycin in cardiac myocytes
should be identified. Second, in vitro kinase assays should demonstrate that the oligomycin-
inducible PKC(s) can activate AMPK. Third, ideally specific activation of PKCs possibly
involved in palmitate uptake during contractions should be investigated in cardiac myocytes
lacking AMPK.

Y



Chapter 5

100



PrOTEm kiNASE € AND FATTY ACID UPTARE INTO CARDIAC MYDCYTES

REFERENCES

1. Grynberg A and Demaison L. Fatty acid oxidation in the heart. J Cardiovase Pharmacol: 199628 Suppt 1:511°7.

2. Neely IR, Rovetto M| and Oram JE Myocardial utilization of catbohydrate and lipids. Prog Cardiovase Dis.
1972;15:289-329.

3. wan der Vusse GJ, Glatz IF Stam HC and Reneman RS, Fatty acid homeostasis in the normoxic and ischermic
heart. Physiol Rev. 1992:,72:881-940.

4. Luiken [], Witlems |, van der Vusse G} and Glatz JE Electrostimulation enhances FAT/CD36-mediated long-chain
fatty acid uptake by isolated rat cardiac myocytes. Am f Physiol Endocrinol Metab. 2001;28 1LE704-12,

5. LuikenJJ, Coort SL, Willems |, Coumans WA, Bonen &, van der Vusse GJ and Glatz [F. Contraction-induced faify
acid transtocase/CD36 translocation in rat cardiac myocytes is mediated through AMP-activated protein Kinase
signaling. Diabetes. 2003;52:1027-34.

6. Hardie DG. AMP-activated protein kinase: a master switch in glucose and lipid metabolism. Aev Endocr Metab
Disord. 2004;5:119-25,

7. Hal, Daniel 5, Broyles 8S and Kim KH. Critical phosphorylation sites for acetyl-CoA carboxylase activity, J Biof
Chem. 1994;260:22162-8.

8. Eaton S. Control of mitochondrial beta-oxidation flux. Prog Lipid Res. 2002;41:197-239.

G, Toker A. Signaling through protein kinase C. Fron¢ Biosci. 1998;3:D1134-47,

10. Mathotra A, Kang BP, Opawumi D, Belizaire W and Meggs LG. Molecular biology of protein kinase C signaling
ins cardiac myocyies. Mol Cell Biochem, 2001;225:97-107.

1. Cason LD and Korzick DH. Dose-dependent effects of acute exercise on PKC levels in rat heart: is PKC the
heart’s prophylactic? Acra Physiof Scand. 2003,178:97-100.

12. Braz JC, Gregory K, Pathak A, Zhao W, Sahin B, Kieviisky R, Kimball TF, Lorenz N, Nairn AC, Liggett SB, Bodl
1, Wang S, Schwartz A, Lakatia EG, DePaoli-Roach AA, Robbins J, Hewett TE, Bibb JA, Westfall MV, Kranias EG
and Molkentin JD. PKC-alpha regulates cardiac contractility and propensity toward heart failure. Nat Med.
2004;10:248-54,

13, Newton AC. Protein kinase C: structure, function, and vegulation. / Biol Chem. 1995;270:28495-8.

14, Huang KP. The mechanism of protein kinase C activation. Trends Neurosci. 1089;12:425-32,

15. Puceat M, Hilal-Dandan R, Swrulowici B, Brunton LL and Prown JH. Differential regulation of profeln Kinase €
seforms in isolated neonatal and adult rat cardiomyocytes. J Biol Chem. 1904;260:16038-44.

16, Keranen LM, Dutil EM and Newton AC, Protein kinase C is regulated I vive by three Runctionally distinct
phosphorylations, Curr Biol, 1995,5:1394-403,

17. Parekh D, Ziegier W, Yonezawa ¥, Hara K and Parker PJ. Mammalian TOR conirols one of two Kinase pathways
acting upon nPKCdelta and nPKCepsilon. J Biol Chem. 1999;274:34758-04.

18. Mochly-Rosen D and Gordon AS. Anchoring proteins for profein kinase C: a means for isozyime selectivity, Fased
£ 1908;12:35-42.

19, Staros IV, N-hydroxysulfosuccinimide active esters: bis[N-hydroxysulfosuccinimide] esters of two dicarboxylic
acids are hydrophilic, membrane-impermeant, protein crosslinkers, Biochemisiry 1982;21:3050-5.

2. Fischer Y, Rose H and Kammermeter H. Highly insulin-responsive isolated rat hearl muscle celis yielded by 2
modified isolation method. Life Sei. 1991;49:1670-88.

21. Luiken [1, van Nieuwenhoven FA, America G, van der Vusse G and Glatz JE Uptake and metabolism of palmitate

by isolated cardiac myocytes from adult rats: involvernent of sarcolernmal proteins, J Lipid Res. 1997,38:745-58,

101



29.

30.

35

(9]
[

Lt
(o

102

Ruywgg UT and s GV Staurosporine, K252 and UCN-01: potent but nonspecif ibitors of protein

Winases. Trends Pharmacol 5S¢ 1989;10:218-20.
Prade L, Engh RA, Girod A, Kinzel V, Huber R and Bosserneyer D, Staurosporine-induced conformational changes

of cAMP-dependent protein knase catalytic subunit explain inhibitory polential. Structure. BQQ?‘;S:I@T&?.
Takagi A, Yamada Mizutani M, Tomioka N and Hai A. Inhibition mechanisms of staurosporine and H7 {o cAMP-
dependent protein kinase through docking study. Chem Pharm Bull {Tokyol. 1996;44:618-20.

i
by staurosporine and other kinase inhibitors. FEAS Lett. 1995,362:130-42.

Luiken JJ, Willers 1, Coort SL, Coumans WA, Bonen A, Van Der Vusse Gf and Glatz JF Effects of cAMP

Budworth | and Gescher A,

ferential inhibidon of cytosolic and membrane-derived protein kinase C activity

modulators on long-chain fatty-acld uptake and utllization by electrically stimulated rat cardiac myocytes.
fﬁfacfmrm" 2002;367:881-7.

Caooit SL, Willems J, Coumans WA, van der Yusse G, Bonen A, Glaiz JF and Luiken JI. Sulfo-N-succinimidyl

esters of long chiain fatty acids specifically inhibit fatty acid vanslocase [FAT/CD36)-mediated cellular fatty acid
uptake. Aol Cell Biochem. 2002,239:213-9,

Scatt JW, Hawley $A, Green KA, Anis M, Stewart G, Sculiion GA, Norman DG and Hardie DC. CBS domalns
form energy-sensing modules whose binding of adenosine ligands is disrupted by disease mutations. / Clin /nvest.
2004:113:274-84.

Coven DL, Hu X, Cong L, Bergeron R, Shulman G, Hardie DG and Young LH. Physiclogical role of AMP-
activated protein kinase in the heart: graded activation during exercise. Am J/ Pnysm{ Endocring! Metzb
2003285 E629-36,

Kudo N, Gillespie G, Kung L, Witters LA, Schulz R, Clanachan AS and Lopaschuk GD. Characlerization of
5 AMP-activated proteln kinase activity in the heart and its role in inhibiting acety}-CoA carboxylase during
reperfusion following ischernia. Blochim Biophys Acta. 1900;1301:67-7

Adtarejos JY, Taniguchi M, Clanachan AS and Lopaschuk GD. Myocardial Ischemia Differentiaily Regulates LKB1
and an Alternate 5"AMP-activated Protein Kinase Kinase. / Biof Chem. 2005;280:183-90.

Sullivan JE, Brocikdehurst }\J Marley AE, Carey F, Carling D and Beri RK. Inhibition of lipolysis and lipogenesis

in isolated rat adipca cytes with AICAR, a cell-permeable activator of AMP-activated protein kinase. FESS lett.
1994:353:35
Woads A, Iohnsione SR, Dickerson K, Leiper FC, Fryer LG, Neumann D, Schiatiner U, Waliimann T, Carlsonn M

and Carling [0 LKBU i3 the upstream kinase in the AMP-activated protein kinase cascade. Curr Biol
2003, 13:200
sakamoto K, Goransson (3, Hardie DG and Alessi DR, Activity of LKB1 and AMPE-related kinases in skeletal
muscie: lon, phenformin, and AICAR. Am f Physiol Endocrino!d Metab. 2004:287:E310-7

effects of contract

Nishino Y, Miura T, Miki T, Sakamoto |, Nakamura Y, lkeda ¥, Kobayashi H and Shimamoto K. Ischemic
preconditioning activates AMPK inva PKC-dependent manner and induces GLUT4 up-regulation in the late phase
fiovase Res, 2004,61:6109,

Winder WW, Wilson HA, Hardie DO, Rasmussen BB, Hutber CA, Call GE, Clayton RD, Conley LM, Yoon S and
Zhou B Phosphosylaton of rat muscle acetyl-CoA carboxylase by AMP-activated protein kinase and protein
kinase A, J Appl Physiol 1007,82:219.25.

Munday MR, Re

Tsouka V, Markou T and Lazou Al

of cardioprotection. Ca

S8

i‘

salation of mammalian acetyl-CoA carboxylase. Rlochent Soc Trans, 2002;30:1059-64.

entiat effect of ischemic and pharmacological preconditioning on PKC
isoform translocation in adult rat cardiac myocytes. Celd Physiof Biochem. 2002,12:315-24.




KIRASE U AND FATTY ACID UPYAKE HIVO CARDIAC MI¥YDC

[

Wt
s

Bormancin F and Parker PJ. Phosphoryiation of

onine 038 critdcally controls the dephosphorylation and
inactivation of protein kinase Calpha. Curr Biol 1906;0:1114-23.

Cazaubon S, Bornancin F and Parker PI. Threonine-497 is a critical site for permissive activation of protein kinase
C alpha. Biochem J. 1994;301 { Pr 21:443-8.

Bornancin F and Parker P). Phosphorylation of protein kinase C-alpha on serine 657 conirols the accumulation
of active enzyme and contributes to iis phosphatase-te n 1007,272:3544-0,

Gysin & and Imber R. Reptacement of Ser6S7 of profein kinase C-alpha by alanine leads to premature down

stant state. f Biol Cher

regulation after phorbal-esterinduced transiocation to the membrane. Fur f Biochem, 1996,240:747-50,
Gysin S and limber B. Phorbol-esier-activates

protein kinase C-alpha Jacking phosphorylation ai Ser6S7 is down-

egulated by a mechanism involving dephosphorylation, £ur J Biochem. 1007,249:156-60,

Li W, Zhang |, Bottaro DP and Plerce JH. Identification of serine 643 of protein kinase C-delta as an important
autophosphorylation site for its enzymatic activity. J Biod Chem. 1997,272:24550-5,

Stempka L, Schnolzer M, Racdke 5, Rincke G, Marks F and Gschwendt M. Requirements of protein kinase cdefta
for catalytic function. Role of glutamic acid 500 and autophosphorylation on serine 643, J Biol Chen.
1900:274:8886-02.

Srivastava |, Procyk KI, liurrioz X and Parker PL Phosphorylation is requived for PMA- and celboycle-induced
degradation of protein kinase Cdelta. Biochem J. 2002,368:349-55.

Stempka L, Glrod A, Muller HI, Rincke G, Marks F Gschwendt M and Bossemeyer I3, Pliosphorylation of protein

kinase Cdelia {(PKCdelta) at threonine 505 Is not a prerequisite for enzyinatic activity, Expression of rat PKCdelta

and an zlanine 505 mutant in bacteria in a functional form. J Biol Chem. 1997:272:6805-11
Brodie C, Bogl K, Acs P, Lorenzo PS, Baskin L and Blumberg PM. Protein kinase C delta (]-‘RL‘deim} inhibiis the

expression of glutamine synthetase in plial cells wia the PKCdelta regulatory domain and iis tyrosine

phosphorylation. J Biof Chem. 1098;273:30713-8,

Kronfeld I, Kazimirsky G, Lorenzo PS, Garfield SH, Blumberg PM and Brodie C. Phosphorylation of protein

75:35401 ¢

Cenni ¥, Doppler H, Sonnenburg ED, Maraldi N, Newton AC and Toker A, Regulation of novel protein kinase

kinase Celelta on distinct tyrosine residues regulates specific ceflular functions, | Biol Chem, 2000;2

sphorylation. Biochern /. 2002,363:537-45.

(emp BE and Hargreaves (ein kinase O activity and Incalization
456186170,
jan M, Farese RV a

ical protein kinas

s b Elfect of exerclse on pr

wl Kiens B Differential effect of bicy

ling ox

mpm relation of aiy ;and exuaceliular signal-regulated protein
i ]é’., / Physiod 2004;560:900-18,

o] %! Henriksson |, Zierath IR and Widegren U. Exercise

duced proteln kinase C isoform-speciiic activation

in human skeletal muscle. Diaberes. 2004;53:21-4

103




104



‘
LL
|
"
<
-
U

LGLYCEROL STOR
IN CARDIAC MYOCYTES
FROM OBESE ZUCKER RATS

Susan L.M. Coort!, Danny M. Hasselbaink?, Debby P.Y. Koonen!, Jodil Willems!, Will A.
Coumans!, Adrian Chabowski3, Ger . van der VusseZ, Arend Bonen3, Jan EC. Glatz!,
and Joost J.LEP. Luiken!4

Diabetes 2004:53;1655-63.
Biochem Soc Trans. 2004:32;83-5.

Departments of Molecular Genetics and 2Physiology, Cardiovascular Research Institute Maastricht {CARIM),
Maastricht University, Maastricht, the Netherlands.

$Department of Human Biology and Nutritional Sciences, Guelph University, Guelph, Ontario, Canada.
4Department of Biochemical Physiology and Institute of Biomembranes, Utrecht University, Utrecht, the Netherlands.

105



“each were 31gmhcantly mcreased All
by the FAT/CD36 Inhibitor sulfo- N $u
potential. In cardiac myocytes isolat
Insu]m mdu‘ced the translocation

fication. In cardiac myocytes from Jea

msulm -sti nulated con i




CARDIAT FRTTY A0 UTILIZATION 1N OBESE LucHER qars

INTRODUCTION

Cardiovascular disease is the most serious complication of obesity!. A common feature of
obesity is insulin resistance, which is characterized by a diminished ability of insulin sensitive
tissues, such as heart, to take up and metabolize glucose in response to insulin!3. There is a
strong relationship between the development of insulin resistance and the accumulation of
intracellular triacylglycerols (TAGs) in skeletal muscle from both rodents and humans®,
Several studies demonstrated that in an insulin resistant state, TAGs not only accumulate in
skeletal muscle, but also in the heart?7. This cardiac accumulation of TAGs could be stemming
from an increased myocardial long-chain fatty acid {LCFA) uptake. Rodent models in which
myocardial LCFA uptake is elevated, such as mice overexpressing peroxisome proliferator-
activated receptor alpha [PPARa] or acyl-CoA synthetase (ACS), indeed showed markedly
increased cardiac TAG levels®®, Interestingly, it has been shown, in hearts from obese Zucker
rats that lipid accumulation is associated writh an impaired cardiac function?7.

Evidence is accumulating that cellular LCFA uptake is a rate-governing step in LCFA
utilization!. Using heart giant membrane vesicles, a model to investigate cardiac LCFA uptake
dissected from LCFA metabolism!!, and cardiac myocytes, in which LCEA uptake is closely
linked to metabolism!2, we previously showed that about half of the myocardial LCFA uptake
is mediated by the 88 kDa putative LCFA transport protein, i.e., fatty acid translocase
{FAT]/7CD36. Under physiological conditions, both insulint315 and cellular contractions!s are
able to elevate LCFA uptake into cardiac myocytes. We recently demonstrated that insulin
induces translocation of FAT/CD36 from an intracellular pool towards the plasma membrane,
leading to an 1.5-fold increase of LCFA uptake by cardiac myocytes, both in vivo and in vitro!3
15, Moreover, in electrically-stimulated cardiac myocytes, FAT/CD36 is translocated towards
the plasma membrane, which is accompanied by an 1.6-fold increase in LCFA uptake!s,
Despite the fact that both insulin and cellular contractions induce FAT/CD36-mediated LCFA
uptake to the same magnitude, their effects are additive and different signalling pathways are
involved. Notably, insulin activates phosphatidylinositol-3 kinase (P1,K}!5, whereas cellular
contractions activate AMP-activated kinase [AMPK)!7.18,

Upon their transport into the cytoplasm of the cardiac myocyte, LCFAs are directed
towards different target sites, i.e., mitochondrial [-oxidation, esterification into TAGs and
phospholipids (PLs], and signal transduction pathways!920, Insulin predominantly directs
intracellular LCFAs towards esterification?!, whereas during cellular contractions LCFAs are
efficiently used for energy production via mitochondrial p-oxidation?2, Recently, we
unmasked a pivotal role of FAT/CD36 in the altered myocardial LCFA uptake in obese Zucker
rats?3, It appeared that in glant membrane vesicles isclated from the heart of obese Zucker
rats LCFA uptake was elevated, whereas neither the total abundance of FAT/CD306 mRNA
nor the total amount of protein was different in the heart of obese compared to that of lean
Zucker rats. Notably, an increased amount of FAT/CD36 was detectable at the sarcolemma
of the obese rat heart. These findings indicate that in cardiac myocytes from obese Zucker rats
a portion of the intracellular FAT/CD36 pool is permanently relocated to the sarcolemmaZ?.
However, it is not known whether this permanent relocation is due to an impaired FAT/CD36
translocation from intracellular pools towards the sarcolemma in response to insulin or
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cellular contractions. Moreover, it remains unclear whether the regulation of LCFA uptake
and utilization by insulin and cellular contractions is impaired in cardiac myocytes from obese
Zucker rats.

We hypothesize that in obesity the regulation of myocardial FAT/CD36-mediated LCEa
uptake and utilization by the hormone insulin and by cellular contractions are altered. [solated,
quiescent cardiac myocytes were used to investigate the direct regulation of myocardial
glucose uptake, LCFA uptake and utilization under well-controlled conditions in which
vascular factors are eliminated. The effect of cellular contractions on myocardial LCFA
utilization was studied by means of oligomycin, a compound that inhibits F,/Fg ATPase activity
at relatively low concentrations. Oligomycin, at an optimal concentration (30 pmol.ll),
increased the AMPK activity in cardiac myocytes by elevating the intracellular AMP/ATP ratic
to approximately the same extent as observed with cellular contractions'®. To investigate the
role of FAT/CD36 in myocardial LCFA uptake and utilization in lean and obese Zucker rats,
cardiac myocytes were treated with sulfo-Asuccinimidyl oleate (SSO), which inactivates
FAT/CD36 by covalently binding to its LCFA binding site?4.25,

RESEARCH DESIGN AND METHODS

Animals

Eleven-week old female lean and obese Zucker rats were obtained from the Harlan laboratory,
kept on a 12-h light/12-h dark cycle and fed a standard laboratory diet and water ad libitum.
Before any surgical interference, these rats, in the fed state, were anesthetized with an
intraperitoneal injection of sodium pentobarbital. In blood plasma, collected from anesthetized
lean and obese Zucker rats, glucose (hexokinase method), and triacylglycerols {glycerol kinase-
lipase method) were analyzed on a COBAS BIO analyzer, and insulin was determined by using
a radio immunoassay kit23, The Experimental Animal Committee of Maastricht University gave
approval for all experiments involving animals.

Treatment of isolated cardiac myocytes

Cardiac myocytes were [sclated from lean and obese Zucker rats, with use of a Langendorff
perfusion system and a modified Krebs-Henseleit bicarbonate medium which is equilibrated
with a 95% O,/5% CO, gas phase at 37°CI12.26, After isolation, cardiac myocytes were washed
and treated with either 0.5% dimethyl sulfoxide [DMSQ) or with 0.4 mmoll! sulfo-A
succinimidy! oleate (S50} in DMSO for 30 min at room temperature. SSO is routinely
synthesized in our laboratory according to Staros and coworkers?’. Both the DMSO- and SSO-
reated cardiac myocytes were, after a washing step, incubated for 15 min at 37°C under
continuous shaking. Thereafter, the DMSO-treated myocytes were incubated for 15 min under
continuous shaking at 37 °C, either non-treated (basal) or treated with 10 nmol.I'l insulin or
30 pmol.l'! oligomyein. Subsequently, these cardiac myocytes were used for further investigations,
but only when mote than 80% of the cells had a rod-shaped appearance, which was determined
by a trypan blue staining.
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14C-palmitate and 3H-deoxyglucese uptake and 4C-palmitate oxidation and
incorporation into intracellular lipid pools

At the start of the incubation a MC-palmitate/BSA complex (molar ratio 0.3) was added to non-
(basal], SSO-, insulin- and oligomycin-treated cardiac myocytes so that the final concentration of
4C-palmitate amounted to 100 pmol.l!. This paimitate concentration, which is below the Km
of 435 nmol.I'! (corresponding to a “free” palmitate concentration of 6 nmol."128) allows to study
unidirectional LCFA uptake in the absence of saturation of transporters. To study deoxyglucose
uptake, 3H-deoxyglucose was added at the start of the incubations to the palmitate/BSA complex
to a final concentration of 100 umol.l!. Cellular uptake of palmitate and deoxyglucose was
simultaneously determined after 3 min as previously described!2. In other experiments rates of
1C-palmitate oxidation (measured as production of 14CO, after 20 min of incubation)?® and
esterification [measured as incorporation of the '4C-abel into intracellular phospholipids,
triacylglycerols and unesterified LCFAs after 20 min of incubation)3¢ were determined.

Subceliular fractionation of cardiac myocytes and determination of FAT/CD36

Non- (basal}, insulin- and oligomycin-treated cardiac myocyte suspensions from lean and obese
Zucker rats were diluted with H,O, and NaN5 was added to a final concentration of 5 mmol.I!
to stop ATP-dependent vesicular trafficking events3!. Immediately thereafter, cardiac myocyte
suspensions were homogenized and frozen in liquid nitrogen. Subsequently, fractionation was
carried out according to a modification of a procedure of Fuller3?, as previously described?2,
For the determination of the FAT/CD36 protein content in the total heart homogenates, and
in the sarcolemmal (SL) and low-density mircosomal [LDM) fractions, SDS-PAGE and Western
blotting were performed. A monoclonal antibody (MO25) directed against human CD36 was
used to detect FAT/CD36. The immunoblot intensities were analyzed by densitometry using
the computer pregram Quantity One (BioRad].

Cardiac triacylglycerol content

Total triacylglycerol (TAG) content was determined in heart homogenates from lean and obese
Zucker rats. Lipids were extracted and separated by high-performance thin layer chromatography
(HPTLC) as previously described33. Quantification was performed scanning plates and integrating
the density areas using Quantity One software {Biorad).

Statistical analysis

Data are presented as means + S.E.M. Differences between lean and obese animals were tested
by ANOVA and the nonparametric Mann-Whitney U test. The paired sample ftest was used to
define difference between treatments within a group. P<0.05 indicates statistical significance.

REsuLTS

Characteristics of lean and obese Zucker rats
The body and heart mass of eleven-week old obese Zucker rats were significantly higher than
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those of their age-matched lean littermates (Table 6.1]. The obese Zucker rats, compared to
their Jean controls, had significantly elevated TAG plasma concentrations. In addition, the
obese rats were euglycemic and markedly hyperinsulinemic, demonstrating the presence Qf
systermic insulin resistance (Table 6.1}. :

“Lean - T Obese
Bodymass@ . o g4zt 333350
Heart mass(g) S 098008 - 130+0.12%
Glucoseptasma (mmol. k1) -+ [ e e it 135 123
Tnsulinpiesmia (nmol.t1) 0 0442029 3142065
Triacylglycerolsplasma (mmaol. b1} & 036+007 - 206+143"

Table 6.1: Characteristics of lean and obese Zucker rats.
Data are presented as means = S.EM. for 810 rats. *Significantly different from lean Zucker rats, p<0.05.

Initial rates of myocardial LCFA and deoxyglucose uptake

The initial rates of basal myocardial LCFA uptake were 1.4-fold higher (p<0.05) in obese
Zucker rats compared to their lean littermates {Fig. 6.1). The inhibitor SSO reduced initial,
basal myocardial LCFA uptake rates in both lean (-34%, p<0.05) and obese {-46%, p<0.05] rats
(Fig. 6.1). Notably, in SSO-treated cardiac myocytes, initial rates of LCFA uptake were not
significantly different in lean and obese rats {Fig. 6.1).

Insulin stimulated initial rates of LCFA uptake into cardiac myocytes {rom lean rats up to
1.3-fold [p<0.05]). In contrast, in myocytes isolated from obese rats in vifro treatment with
insulin failed to stimulate LCEA uptake (Fig. 6.1}. The contraction:mimetic agent oligomycin
increased the initial rates of myocardial LCFA uptake by 1.7-fold {p<0.05] in lean and by 1.8-
fold (p<(.05) in obese rats (Fig. 6.1). In oligomycin-stimulated cardiac myocytes, initial LCFA
uptake rates were greater {(p<0.05} in obese than in lean animals {Fig. 6.1).

Under basal and SSO-treated conditions, myocardial deoxyghicose uptake rates were not
different between lean and obese rats {Fig. 6.1}, Insulin was able to induce deoxyglucose
uptake rates in cardiac myocytes from both lean and obese rats by 2.0-fold and 1.7-fold
{p<0.05}, respectively (Fg. 6.1}, Oligomycin also induced in both lean and obese cardiac
myocytes deoxyglucose uptake rates by 2.5-fold and 2.2-fold, respectively {Fig. 6.1).

sarcelemmal and intracellular FAT/CD36 protein content

The total protein amount of FAT/CD36 in the heart of obese Zucker rats was not significantly
different from that in lean rats {Fig. 6.2A). However, under basal conditions the sarcolemmal
FAT/CD36 protein confent was elevated by 74% (p<0.05) in cardiac myocytes from obese
rats, compared to cardiac myocytes from lean rats. Concomitantly, the intracellular FAT/CD36
protein content was reduced by 50% {p<0.05} in obese Zucker rats (Fig. 6.2B).
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Figure 6.1: Influence of S5O, insulin and oligomycin on the initial palmitate and deoxyglucose uptake rate in
cardiac myocytes from lean and obese Zucker rats.

4C-palmitate and 3H-deoxyglucose uptake in 3 min was simultaneously determined in cardiac myocytes from lean
and obese Zucker rats. These cardiac myocytes were either non-treated {Basall or treated with 0.4 mmol.t1 550, 10
nmol M insulin finsi or 30 pmol.l! ofligomycin (Olf). Data are expressed as nmol.g cell massf.min’ and presented
as means + S.E.M., n=8. *Significantly different from each other, p<(.05.
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In isclated cardiac myocytes from lean rais, in vitro administration of insulin and oligomycin
increased the total sarcolemmal protein amount of FAT/CD36 by 73% and 86% (p<0.05],
respectively. This coincides with a decrease in intracellular FAT/CD36 protein content of
-46% and -51% {p<0.05), respectively [Fig. 6.2B). In contrast, in isolated myocytes from
obese rats both in vitro administration of insulin and oligomycin failed to increase
sarcolemmal FAT/CD36 beyond the increase observed in the basal state (Fig. 6.2B].
Concurrently, in isolated myocytes from obese rats, insulin and oligomycin also failed to
decrease the intracellular depot of FAT/CD36 beyond the reduction observed in the basal
state [Fig, 6.2B].

B
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Figure 6.2: Effect of insulin and oligomycin on total, intracellular and sarcolemmal FAT/CD306 protein content
in cardiac myocytes from lean and obese Zucker rats.

Curantitation af the Western blots of the LCFA transporter FAT/CD36 in A} total heart homogenates, n=6 and B)
low-density microsomal (LDM) and sarcolemmal (SL) fractions prepared of cardiac myocytes from lean and obese
Zucker rats, n=0. These cardlac myocytes were either non-treated {Basall, or treated with 10 nmoltt insulin finsj
or 30 pmol 14 oligomycin (Off). The FAT/CD30 protein content was expressed as percentage of EAT/CD36 content
the basal values in cardiac myocptes from lean Ziicker rats in the corresponding fractions. Data presented as means
+ SEM. *Significantly different from basal values in lean Zucker rats, p<0.05.

Myocardial LCFA oxidation rate

Under basal conditions, myocardial LCFA oxidation rates were not significantly different in
obese Zucker rats compared to lean control rats (Fig. 6.3). SSO reduced the myocardial LCFA
oxidation to a similar extent in lean (76%, p<0.05) and in obese (86%, p<0.05) rats {Fig. 6.3}
In vitro addition of insulin had no effect on the rates of LCFA oxidation in isolated cardiac
myocytes obtained from lean and obese rats (Fig. 6.3). In contrast to the effects of insulin,
oligomycin increased the LCFA oxidation rate in isolated cardiac myocytes from lean (2.6-fold,
p<0.05] and obese (3.7-fold, p<0.05) rats. The effect of oligomycin was greater in myocytes
from obese compared to lean rats (p<0.05, Fig. 6.3).
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Figure 6.3: Influence of 550, insulin and oligomycin on the palmitate oxidation rate in cardiac myocytes from
lean and obese Zucker rats.

Oxidation of C-palmitate was determined by the #CO, production in 20 min by cardiac myocytes from lean and
obese Zucker rats. These cardiac myocytes were either non-treated {Basall or treated with 0.4 mmol.li 350, 10
nmol 1 insufin (Insf or 30 pmol t4 oligomycin (Off]. Data are expressed as nmotl.g cell mass.min! and presented
as means + S.EM., n=8. *Significantly different from each othey, p<0.03.

LCFA esterification rate into myocardial triacylglycerols and phospholipids, and
the myocardial unesterified LCFA-pool

The total TAG pool was 3-fold higher (p<0.05] in heart homogenates of obese Zucker rats
compared to lean rats (Fig. 6.4).

20 N Figure 6.4: Cardiac triacylglycerol content in lean
and obese Zucker rats.
- 15 The total  triacylglycerol conlent was determined in
E c’—::‘ ‘ heart homogenates by HPTLC. Data are expressed as
§ D : pg.mg protein' and presented as means + S.EAM,
) g 10 n=0. *Significantly different lean Zucker rais, p<0.05.
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Figure 6.5: Influence of S50, insulin and oligomycin on palmitate esterification inte triacylglycerols and
phospholipids in cardiac myocytes from lean and obese Zucker rats.

Incorporation of #C-palmitate into intracellular A) triacylglycerols, or B} phospholipids, was determined in 20 min
in cardiac myocytes efther non-treated {Basall or freated with 0.4 mmolit $50, 10 nmoell! insulin ifns) or 30 ymol
oligomycin (Of). Data are expressed as nmolg cell massi.min' and presenfed as means + SEM., n=8
*Significantly different from gach other, p<G.03.
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Under basal conditions the rate of incorporation of extracellular LCFAs into intraceltular TAGS
in cardiac myocytes from obese rats was 2.3-fold higher [p<0.05) than in cardiac myocytes
from lean rats (Fig. 6.5A). SSO reduced the incorporation of LCFAs into intracellular TAGs in
cardiac myacytes from lean rats, and significantly (p<0.05) in cardiac myocytes from obese rats
(Fig. 6.5A]. In vitro insulin administration stimulated the incorporation of LCFAs into intracellular
TAGs by 2.3-fold {p<0.05] in cardiac myocytes isolated from lean rats. In contrast, in myocytes
from obese rats, this hormone had no additional effect, over basal conditions, on the incorporation
of LCFAs into the TAG pool {Fig. 6.5A). Oligomycin had no significant effect on the LCFA
incorporation into intracellular TAGs in cardiac myocytes from lean and obese rats (Fig. 6.5A).

In non-treated cardiac myocytes, the rate of LCFA incorporation into PLs was not different
in obese Zucker rats compared to lean rats {Fig. 6.5B]. [n myocytes from lean rats S50
significantly reduced the rate of incorporation into the intracellular PL pool by 42% (p<0.05),
compared to the basal incorporation rate, but in myocytes from obese rats SSO had no
significant effect on LCFA esterification into PLs. Insulin and oligomycin had no effect on the
incorporation rate of LCFAs into PLs in myocytes from either lean or obese rats (Fig. 6.5B).

The rate of deposition of extracellular LCFAs into the intracellular, unesterified LCFA-pool
in cardiac myocytes from obese Zucker rats was increased by more than 2-fold (p<0.05] under
basal conditions, compared to myocytes from lean rats (Fig. 6.6). In cardiac myocytes from
pbese rats SSO reduced the LCFA deposition into the intracellular LCFA-pool to the same
absolute level as in myocytes from lean rats under basal conditions (Fig. 6.6). In cardiac
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Intracellular  "*C-palmitate content
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Figure 6.6: Influence of SSO, insulin and oligomycin on the intracellular 14C-palmitate content in cardiac
myocytes from lean and obese Zucker rals.

The intracellutar #C-palmitate content was determined in 20 min in cardiac myocytes either non-treated {Basal} or
treated with 0.4 mmol b4 S50, 10 nmol i insulin {insj or 30 ymol d¥ oligomycin (Of). Data are expressed a5 nmol.g
celf mass* and presented as means = 5.EM., n=8. *Significantly different from each other, p<0.05,
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myocytes from lean rats SSO did not alter LCFA deposition into the LCFA-pool (Fg. 6.0].
Insulin and oligomycin did not alter this parameter in cardiac myocytes from either lean or
ohese Zucker rats (Fig. 6.6).

Discussion

In the present study we investigated the regulation of the initial LCFA uptake rate, the
subcellular localization of the LCFA transporter FAT/CD36, and the rates of LCFA oxidation
and esterification into intracellular lipids in cardiac myocytes isolated from lean and obese
Zucker rats. The following novel observations were made, (i) in cardiac myocytes isolated from
obese Zucker rats, there was an increased LCFA uptake due to a permanent relocation of
FAT/CD36 to the sarcolemmma. /n vitro, (i) the stimulatory effect of insulin on LCFA uptake
was lost in cardiac myocytes from obese rats, whereas the stimulatory effect of oligomycin was
maintained, (iii} insulin as well as oligomycin lost their ability to induce FAT/CD36
translocation in cardiac myocytes from obese rats, [iv] the rate of LCFA esterification into
intracellular TAGs was markedly elevated in cardiac myocytes from obese rats, which likely
accounts for the increased cardiac TAG content, since rates of LCFA oxidation did not differ,
and /n vitro insulin failed to stimulate TAG esterification further, and (v} the FAT/CD36
inhibitor S5O was able Lo reduce the elevated incorporation of LCFAs into both the
intracellular unesterified LCFA and the TAG pools in cardiac myocytes from obese rats to
normal physiological levels as seen in those from lean littermates.

Alterations in myocardial substrate uptake by obese Zucker rats

The eleven-week old female obese Zucker rats were hyperinsulinemic and euglycemic, which
indicates that these rats are insulin resistant. The rats were also hyperlipidemic, which is
characterized by elevated TAG plasma concentrations {Table 6.1). Interestingly, deoxyglucose
uptake by cardiac myocyfes was under basal conditions not different between lean and obese
rats. In both rats insulin and oligomycin were able to induce myocardial deoxyglucose uptake,
suggesting that in obese Zucker rats the regulation of glucose uptake by cardiac myocytes is
not altered.

In a previous study with eleven-week obese Zucker rats, we demonstrated, by using heart
glant membrane vesicles, that obesity was associated with a marked elevation of the
transsarcolemmal LCFA transport rate?3, In the present study we were able to confirm in
isolated cardlac myocytes the previously observed elevated uptake of LCFAs by giant
membrane vesicles obtained from hearts of obese Zucker rats. The same previous study?23 also
revealed that membranes from giant sarcolemmal vesicles displayed a higher content of
FAT/CD306, while total cardiac tissue amounts of this protein were unaltered, suggesting that
FAT/CD36 is permanently relocated to the sarcolemma in myocytes from obese rats. In the
present study, the subcellular distribution of FAT/CD36 in cardiac myocytes was examined by
subcellular fractionation (Figs. 0.2A and B). The findings demonstrate that the total protein
content of FAT/CD36 in the obese heart is not altered, whereas its abundance in the
sarcolemmal fraction is increased, coinciding with a decline in the intracellular pooi of this
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transporter. Thus, these subcellular fractionation studies provide definitive evidence that a
permanent relocation of FAT/CD36 from an intracellular compartment to the sarcolemma is
responsible for the elevated myocardial LCFA uptake in obese Zucker rats. In the present study
we also demonstrated that in myocytes isolated from obese rats and treated with SSO, which
specifically inhibits FAT/CD36-mediated LCFA uptake, LCFA uptake was markedly reduced to
a level not significantly different from that in SSO-treated cardiac myocytes from lean rats. This
observation provides the causal link between chronically elevated sarcolemmal FAT/CD36
protein levels and enhanced myocardial LCFA uptake. Taken together, these findings show that
in obesity, FAT/CD36 is permanently relocated to the sarcolemma, and increases the
myocardial LCFA uptake rate. However, the mechanisms that maintain FAT/CD36 at the
sarcolemina are incompletely understood.

Previously, we have established that there are two signalling pathways linked to the
transiocation of FAT/CD36 from an intracellular compartment to the sarcolemma, i.e., insulin-
induced PI;K-dependent signalling!315 and contraction-induced AMPK-dependent signalling!8.
Accordingly, in the present study we found that in vitro both insulin and oligomycin were
effective in inducing FAT/CD36 translocation and stimulating LCFA uptake in cardiac
myocytes from lean rats. In contrast, neither stimulus was able to further translocate
FAT/CD36 in cardiac myocytes from obese Zucker rats. We speculate that FAT/CD36-
mediated LCFA uptake by cardiac myocytes from obese rats is already maximally stimulated
due to physiologically high plasma insulin levels in vivo. Thus, the permanent relocation of
FAT/CD36 seen in the myocytes from obese rats would then be a normal response to
increased concentrations of circulating insulin. Importantly, the loss of insulin’s ability to
additionally induce FAT/CD36 translocation in cardiac myocytes from obese rats in vitro was
paralleled by a loss in the ability of insulin to further stimulate LCFA uptake.

Oligomycin retained its ability to stimulate myocardial LCFA uptake in obese Zucker rats
despite the loss of its ability to induce FAT/CD36 translocation. Apparently, oligomycin
stimulates myocardial LCFA uptake in obese rats by a different mechanism than FAT/CD36
translocation. A possible explanation could be that oligomycin increases the intrinsic activity
of FAT/CD36 by a signalling event that is not or only in part operative in cardiac myocytes
from lean rats. In another study we gathered evidence that supports the fact that the intrinsic
activity of FAT/CD36 in hearts of lean rats can be altered?2?,

Alterations in myocardial LCFA metabolism by obese Zucker rats

The increased FAT/CD36-mediated LCFA uptake by cardiac myocytes from obese Zucker rats
will provide the intracellular metabolic machinery with a greater supply of LCEAs. Therefore,
it was of interest to monitor the possible differences in metabolic fate of LCFAs taken up by
cardiac myocytes from lean versus obese rats. When considering the main metabolic pathways
that are involved in LCFA processing, it appeared that under basal conditions, the rate of
esterification of LCFAs into intracellular TAGs is significantly elevated in myocytes from obese
rats, whereas the rates of LCFA oxidation and esterification into PLs were not altered. We
expect that the enhanced LCFA esterification rate into myocardial TAGs is causally related to
the elevated Intracellular TAG content found in hearts of obese Zucker rats. Another important
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metabolic alteration in cardiac myocytes from obese rats is that the intracellular concentration
of unesterified LCFAs was significantly increased by more than 2-fold. Previously, we have
established that LCFAs taken up by cardiac myocytes are very rapidly equilibrated (in less than
30 sec) with the total intracellular unesterified LCFA pool'2, Therefore, we can reasonably
assume that a 2-fold increase in deposition of radiolabel in the myocardial unesterified LCFA
pool, when measured after 20 min, reflects a 2-fold increase in the LCFA pool size. Because
intracellular unesterified LCFAs are highly disruptive to cellular membranes and to a great
number of enzymes, the mammalian cell generally attempts to maintain a very low level of
unesterified LCFAs!9. As a result, the rise in intracellular unesterified LCFAs is a sensitive
indicator of a mismatch between LCFA uptake and subsequent LCFA metabolism34. Likely,
esterification of LCFAs into TAGs provides an escape route to prevent a further rise in
unesterified LCFAs. An intracellular TAG accumulation and an increased amount of
intracellular unesterified LCFAs are considered to be critical steps in the development of
cellular insulin resistance. These excess lipid depots will also result in an increased infracellular
long-chain acyl-CoA pool, leading to cardiac lipotoxicity47.35. Our findings strengthen the
relation between TAG storage and LCFA uptake and implicate that FAT/CD36 is involved in
this process.

Insulin had no effect on the rates of LCFA oxidation and esterification into PLs, but
stimulated the rate of esterification into TAGs in cardiac myocytes from lean rats. These
observations are in line with our earlier observations!s. However, in cardiac myocytes from
obese rats, in vitro administration of insulin had no additional metabolic effects. The loss of
insulin’s ability to stimulate LCFA esterification is likely related to elevated basal levels of the
LCFA esterification rate into intracellular TAGs. Analogous to the changes seen in the initial
LCEA uptake rate, we speculate that insulin signalling is already maximally activated under
basal conditions due to the high levels of insulin in vivo, so that insulin addition in vitro does
not result in further activation of the rate of LCFA esterification into TAGs. This would indicate
that the excess amount of LCFAs taken up under basal conditions is preferentially channeled
into storage.

When examining the metabolic effects of contraction signalling, oligomycin strongly
stimulates LCFA oxidation, and had no effect on esterification of LCFAs into TAGs and Pls in
cardiac myocytes from lean rats. It was found that these metabolic actions of oligomycin are
preserved in cardiac myocytes from obese Zucker rats and, strikingly, LCFA oxidation is even
more sensitive to oligomycin In cardiac myocytes from obese compared to lean rats. This
hypersensitivity of LCFA oxidation to oligomycin might be caused by a more potent activation
of AMPK in cardiac myocytes from obese Zucker rats. In this respect, it should be noted that
in skeletal muscle from both obese Zucker rats and type-2 diabetic patients AMPK activity is
still highly inducible36.37,

A total blockade of FAT/CD36-mediated LCFA uptake by SSO significantly reduced the
rate of LCFA utilization by two major LCFA metabolic pathways, i.e., LCFA oxidation and
esterification into intracellular TAGs, in cardiac myocytes from both lean and obese Zucker
rats. This is in agreement with the notion that the inhibitory effects of SSO on LCEA
metabolism are secondary to its inhibitory effect on the LCFA uptake process!2,1625, Hengce,
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$SO treatment proves to be an effective tool t© normalize LCEA metabolism in cardiac
myocytes from obese rats. Specifically, the normalization by SSO of the elevated esterification
rate into TAGs in myocytes from obese rats suggests that increased sarcolemmal FAT/CD36 is
responsible for TAG accumulation in the obese rat heart. Interestingly, and of potential
therapeutic significance, is the observation that SSO is able to reduce the intracellular level of
unesterified LCFAs, whereas the stimulatory effect of the AMPK activating agent oligomycin
on LCFA oxidation failed to do so. This indicates that SSO is not only able to decrease LCFA
esterification into TAGs, but also restores the balance between LCFA uptake and metabolism
in obese cardiac myocytes. Therefore, SSO is possibly more suited as antidiabetic agent than
currently used drugs, such as AICAR, that act via activation of AMPK36,38,39,

Concluding remarks

The present study indicates that in cardiac myocytes from obese Zucker rats a permanent
translocation of FAT/CD36 to the sarcolemma results in enhanced extracellular LCFA uptake
and channeling into TAGs, which is expected to lead to an accumulation of myocardial TAGs.
Furthermore, these cardiac myocytes, while sensitive to confraction-like stimulation, are
completely insensitive to insulin when administrated in witro, since basal conditions in
hyperinsulinemic, obese animals resemble the insulin-stimulated condition in lean littermates.
Nonetheless, the action of insulin in these lean littermates will not lead to cardiac lipotoxicity
as opposed to obese rats, because in vivo cardiac myocytes will only be exposed to insulin
during a short postprandial insulin peak. Finally, the studies with SSO suggest that blocking
FAT/CD36 would be an effective means to limit LCFA uptake and prevent myocardial TAG
accumulation, which most likely will result in an improved function of the heart in obesity.
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INTRODUCTION

Thiazolidinediones {TZDs] are a new class of insulin-sensitizing agents for the oral treatment
of type-2 (non-insulin dependent) diabetes mellitus (TZDM]. Several studies with insulin-
resistant rodent models and type-2 diabetic patients have demonstrated that TZD-treatment
reduces both hyperinsulinemia and hyperlipidemia!5. Another important effect of TZDs is the
normalization of the insulin-stimulated whole-body glucose disposal, as reflected by an
improved insulin action on skeletal muscle2 and heart. TZDs are agonists of the peroxisome
proliferator-activated receptor y (PPARY)®7. PPARy, a nuclear hormone receptor, is predominantly
expressed in adipocytes, but also, although at lower levels, in skeletal muscle and heart8.,
Together with the retinoid X receptora (RXRaj, PPARy forms a heterodimer, and once
activated this dimer modulates transcription patterns due to interaction with a peroxisome
proliferator response element (PPRE] located in the promotor region of many genesé. One of
the most potent members within the class of TZDs is rosiglitazone [Rgz), an agent which binds
PPARy with a high affinitys. Activation of PPARy by TZDs regulates the transcription of genes
involved in the differentiation of preadipocytes and the remodeling of adipose tissue, resulting
in smaller, more insulin-sensitive adipocytes3!9, Moreover, TZDs have been proven to
influence cellular long-chain fatty acid (LCFA) uptake by changing the mRNA expression levels
of several key players in the protein-mediated LCFA uptake processt!t,

In most mammalian cells the majority of LCFAs are taken up via a protein-mediated
transport system'2, Until now three membrane-associated proteins have been identified as
putative LCFA transport proteins, (i) a 43 kDa plasmalemmal fatty acid-binding protein
(FABPpm), a homologue of mitochondrial aspartate aminotransferase (mAspAT), (i} a 03 kDa
fatty acid transport protein (FATP), a protein with very long-chain acyl-CoA synthetase [ACS]
activity!3, and {iii) an 88 kDa highly glycosylated transmembrane protein, fatty acid translocase
(FAT), the rat homologue of human CD36'4. In muscle, FAT/CD36 is not only present at the
plasma membrane, but also in an intracellular storage pooli®. The membrane LCFA transport
proteins are only involved in cellular LCFA transport when they are present at the plasma
membrane. Intracellular FAT/CD36 translocates 1o the plasma membrane upon a varlety of
stimuli, such as by contractile stimuil that activates AMP-activated kinase [AMPK]!¢ and by
Insulin via the activation of phosphatidyiinositol-3 kinase [P1;K}'7. In addition to the membrane-
associated proteins, a 15 kDa soluble cytoplasmic fatty acid-binding protein (FABPc] is also
involved in cellular LCFA utilization!®.

Studies on the insulin sensitizing effect of Rgz-treatment have been focusing on the
effects in adipose tissue or on whole body level. Therefore, in the present study not only
adipose tissue, but also other metabolically important tissues, i.e., skeletal muscle and
heart, were investigated. We hypothesize that alterations in both the capacity to take up
LCFAs and in the total and plasmalemmal amounts of LCFA transport proteins in
metabolically important tissues play a pivotal role in the insulin sensitizing effect of TZDs.
Evidence for a role of FAT/CD36 in the Rgz’s insulin sensitizing effect has been given by a
study performed in spontaneous hypertensive rats, which harbor a defective CD36 allele,
and in which Rgz failed to improve glucose tolerance and hypertriglyceridemiat®.
Unfortunately, this particular study only investigated the whole-body effect of Rgz, and not
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possible tissue-specific effects. A proper model to Investigate the tissue LCFA uptake
capacity is giant membrane vesicles. These vesicles are oriented right side out and contaip
cytoplasmic LCFA binding proteins that serve as a LCFA sink, whereas LCFA metabolism
“has peen entirely eliminated?® (Fig. 7.1).

Figure 7.1: Giant membrane vesicles.

Glant membrane vesicles consist of @ membrane of pure plasmalernmal origin and
contain soluble cytoplasmic proteins, like cytoplasmic falty acid bindig protein
(FABFc), which acts as a sink for sequestered LCFAs. In addition, these vesicles lack
intracellular structures like endoplasmatic reticulum, endosomes and mifochondria,
which latter absence implicates the inability of giant membrane vesicles o oxidize
LOFAs».2z,

In the present study, we advance the understanding of the in wivo action mechanism by
which Rgz improves insulin sensitivity at three levels, the effects of Rgz on (i} LCFA transport
capacity in separate tissues (adipose tissue, skeletal muscle and heart), {ii) protein levels of
LCFA transport proteins (FAT/CD36, FABPpm and FATP1), whereas other studies measured
only mRENA levels23.24 and (iil} the plasmalemmal localization of these LCFA transport
proteins. The latter provides a superior indication of the functionality of the LCFA transport
proteins, because changes in mRNA levels are not necessarily accompanied by alterations in
protein content and function of the LCFA transport proteins. In addition, total tissve
triacylglycerol {TAG) content was determined in skeletal muscle and heart obtained from
control and Rgz-treated obese animals. To discriminate between intramyocellular and
extramyocellular lipids, we determined, in skeletal muscle and heart, cytoplasmic adipose-type
FABP {A-FABPc], which is a marker of differentiated adipocytes?S, The present study indicates
that in obese Zucker rats an increased plasmalemmal proteln content of FAT/CD36 in adipose
tissue s implicated in the mechanism by which TZDs redirect the LCFA flux from muscle cells
towards adipose tissue, causing plasma FA and TAG concentrations and intramyocellular TAG
content to decline.

EXPERIMENTAL DESIGN & METHODS

Animals

Eleven-week old female obese Zucker rats obtained from the Harlan laboratory {Horst, the
Nethetlands} were individually housed on a 12-h light/12-h dark cycle and divided into two
groups of 8 animals each. The control group {control] was fed a standard rat chow, and the
rosiglitazone (Rgz)-treated group received standard rat chow supplemented with 5 mg
rosiglitazone (Avandia®, GlaxoSmithKline, NC, USA} per kg body mass per day for 16 days.
Body mass and food intake were monitored throughout the entire treatment period. The
Experimental Animal Committee of Maastricht University gave approval for all experiments
involving animals. Before tissue harvesting rats were anesthetized with Nembutal® {sodium
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phentobarbital} injected intraperitoneally. We collected, [i) epididymal fat pads, (i) the hindlimb
muscle from the left leg, consisting of m. gastronemius and m. plantarius and (iii) the heart,
thereby removing all the visible fat pads. After harvesting, tissues were separated in two parts,
one part was used for the preparation of giant membrane vesicles and the other part was
immediately frozen in liquid nitrogen.

Materials

3H-palmitate and '4C-mannitol were obtained from American Radiolabeled Chemicals Inc. (St.
Louis, MO, USA}. Collagenase type I was obtained from Worthington Biochemical Co.
(Lakewook, NJ, USA). Collagenase Ila, collagenase VII and bovine serum albumin (BSA,
fraction V fatty acid free} were obtained from Sigma Aldrich (St. Louis, MO, USA]}

Assays of plasma metabolites

Blood samples were collected into 10-ml EDTA Vacutainer® tubes {Becton Dickinson, NJ,
[1SA} immediately after anesthesia from fed control and Rgz-treated obese Zucker rats, and
centrifuged at 10,000 g for 10 min. Blood plasma was then separated from red blood cells
and stored at -80°C. Glucose [hexokinase method, Roche, Basel, Switzerland], fatty acids
(Wako NEFA C test kit, Wako Chemicals, Neuss, Germany), and triacylglycerols {glycerol
kinase-lipase method, Boehringer Mannheim, Mannheim, Germany) were analyzed in plasma
on a COBAS BIO analyzer (COBAS FARA semi-automatic analyzer, Roche, Basel,
Switzerland]. The distribution of cholesterol in the three lipoprotein fractions {i.e., VLDL,
LDL and HDL) in plasma was determined with an AKTABasic chrematography system with a
Superose 6PC.

Isolation of giant membrane vesicles

Glant membrane vesicles from adipose tissue, skeletal muscle and heart derived from control
and Rgz-treated obese Zucker rats were prepared as previously described2!.23, Briefly, tissues
were cut into thin layers [1-3 mm thick) and incubated for 1h at 34°C in 140 mmol.l KC,
10 mmollt MOPS (pH 7.4}, aprotinin {10 mgml!}, and collagenase under continuous
shaking. Collagenase type VII {150 units.ml!) was used for skeleta! muscle, collagenase type
1110.3%, w/v] for heart, and collagenase lia [0.05%, w/v) for adipose tissue. At the end of the
incubation the supernatant fractions were collected and the remaining tissue was washed with
KCI/MOPS and 10 mmol.l't EDTA, which resulted in a second supernatant fraction. Both
supernatant fractions were pooled and Percoll and aprotinin were added to a final
concentration of 16% {w/v) and 10 mg.ml, respectively. The resulting suspension was placed
at the bottomn of a density gradient consisting of a 3-ml middle layer of 4% Nycodenz (w/v)
and an 1-ml KCI/MOPS upper layer. This sample was centrifuged at 60 g for 45 min at room
temperature. Subsequently, the giant membrane vesicles were harvested lrom the interface of
the upper and middle layers, diluted in KCI/MOPS, and recentrifuged at 900 g for 10 min. In
case of skeletal muscle, the pellet was resuspended in KCI/MOPS to a protein cancentration
of 2.3 mgml!, in case of the other tissues the pellet was resuspended to a protein
concentration of 0.4-0.8 mg.ml!.
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3H-palmitate uptake by giant membrane vesicles

Vesicular 3H-palmitate uptake was measured as previously described21.23, Briefty, 40 ul of 0;1?%
BSA in KCI/MOPS containing unlabeled (15 pmol.1!} and radiolabeled *H-palmitate (0.3 uCi
and '4C-mannitol {0.06 pCi) were added to a 40 pl giant membrane vesicle suspensiﬂnj.f
Manriitol is used to correct for non-specific binding of palmitate The incubation was carried
out for 15 s. Vesicular 3H-palmitate uptake was terminated by the addition of 1.4 ml ice-cold
KCl/MOPS, 2.5 mmol.I'1 HgCl, and 0.1% bovine serum albumin. The suspension was then
quickly centrifuged at 12,000 g for 1 min. The supernatant fraction was discarded and
radioactivity was determined in the tip of the tube. Nonspecific uptake was measured by
adding the stop solution prior to addition of the radiolabeled palmitate sofution.

Tissue triacylglycerol content

Total TAG content was determined in whole homogenates of skeletal muscle and heart derived
from control and Rgz-treated obese Zucker rats. Lipids were extracted and separated by high-
performance thin layer chromatography (HPTLC) as previously described?¢. Quantification
was performed by scanning HPTLC plates and by integrating the density areas against an
internal standard using Quantity One software.

FAT/CD36, FABPpm and FATP1 protein determination in homogenates and giant
membrane vesicles

FAT/CD36, FABPpm and FATP1 protein contents were determined in homogenates and giant
membrane vesicles derived from heart, skeletal muscle, and adipose tissue from control and
Rgz-treated obese Zucker rats. Aliquots of these homogenates {10 ug] and giant membrane
vesicles (5 pg) were separated with a 12% SDS-polyacrylamide gel electrophoresis at 200 V for
55 min. Proteins were then transferred to a Trans-Blot® pure nitrocellular membrane (Bio-rad
Laboratories, Hercules, CA, USA} at 100 V for 75 min. After blotting the membrane was
blacked for 1h at room temperature with TBS-T (20 mmol.1! Tris-base, 137 mmol.}! NaCl, 0.1
mol.I't HCI (pH=7.5], 0.1% Tween-20) containing 7.5% BSA for FAT/CD36 and 5% non-fat
dry milk for FABPpm and FATP1. A monaclonal antibody {MO25] (1:20,000) directed against
human €D36, a rabbit monoclonal anti-FABPpm antiserum {1:3,000) and a rabbit polyclonal
lgG antibody [1:1,000) directed against FATP1 [M-100, Santa Cruz Biotechnology, CA, USA)
were used to detect FAT/CD36, FABPpm and FATP1, respectively. The primary antibody was
incubated overnight at 4°C and then washed 5x5 min with TBS-T. After washing the
membrane was incubated for Lh at room temperature with the secondary antibody, rabbit anti-
mouse polyclonal-horseradish peroxidase (HRP} (1:20,000) for FAT/CD36 and swine anti-
rabbit polyclonal-HRP {1:3,000] for FABPpm and FATP1 (DAKO, Glostrup, Denmark).
Thereafter, the membrane was washed 5x5 min with TBS-T and 2x5 min with TBS. Protein
bands were visualized using enhanced chemiluminescence {(ECL) and immunoblot intensities
were analysed by densitometry using the computer program Scion Image. The antibody
directed against FATP1 appeared not entirely specific and a few additional proteins bands were
visible after using ECL. By using a molecular mass protein marker we identified the 63 kDa
protein band [= FATPL).



i vivo EFFECT OF ROSIGLITAZONE O FATYY ACH UPTAKE IN DBESE ZUCKER RATS

Assays of cytoplasmic FABP

The contents of heart-type cytoplasmic FABP (H-FABPc) in homogenates of skeletal muscle and
heart were determined by a sandwich-type enzyme-linked immunosorbent assay as previously
described??. The content of adipose-type cytoplasmic FABP (A-FABPc) was measured in adipose
tissue, skeletal muscle and heart homogenates by Western blotting using human anti A-FABPc
(HyCult biotechnology bv, Uden, the Netherlands).

Statistical analysis

All data are presented as means + S.E.M. Differences between control and Rgz-treated obese
Zucker rats were tested by ANOVA and appropriate post-hoc analysis between groups. P<0.05
indicates statistical significance.

ResuLts

Characteristics of control and rosiglitazone-treated obese Zucker rats

Obese Zucker rats treated with Rgz gained significantly more body mass and had a higher
food intake throughout the treatment period than their non-treated obese controls (Table
7.1 and Figs 7.2A and B). The calculated metabolic efficiency, i.e., the gain in body mass
divided by the amount of food consumed after 16 days of treatment, was significantly
higher in the Rgz group compared to the control group (Fig. 7.2C). Heart mass was
significantly higher in the Rgz-treated animals, but after correction for body mass there was

Parameter vy Control ~ Rosiglitazone

Body and organ mass , S
Body mass (g) 453 £23. 487 + 337

Body mass gain over 16 days (g) 4564 15.6 89.3+ 11.4"
Heart mass {g) o A0T 000 1.17 + 0.10*
Heart/Body mass (x103) - 024 £0:02 - 0.24 + 0.02
Hindlimb mass (g) i < 2,607+ 016 - 2.44 + 0:17
Hindlimb/Body mass (x103) G057 2 0.02 0.50 x 0.04
Plasma metabolites {(mmol.l'")

Glucose 175+ 1.3 11.3 4 1.6”
Triacylglycerols 6.30 + 1,08 249 % Q,ST*
Fatty acids 0.39 £ 0.06 - 0.17 £ 0.03*
Cholesteral 1.9 +0.2 3.3+019"

Table 7.1 Characteristics of control and Rgz-treated obese Zucker rats
Data are presented as means = S.EM, n=8, *Significantly different from obese control rats {P<0.05).
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Flgure 7.2: Effect of rosiglitazone treatment on body mass, food intake and metabolic efficiency in obese
Jucker rats.

A} Change In body mass in time (g}, B} Food intake in time [g), C} Metabolic efficiency { = [total body mass gain/total
amourt of food consumed) *100%) were determined in { O control or { 8} Rgz-treated obese Jucker rats, Data are
presented as means + S.EM., n=8. *Significantly different from control obese animals (P<0.05).

no difference. In addition, plasma ngucose triacylglycerol (TAG), and fatty acid {FA)
concentrations were significantly reduced, i.e., by 35%, 53% and 56%, in the Rgz-treated
group compared to their controls (p<0.05, Table 7. 1). However, in response to the Rgz-
treatment plasma cholesterol levels significantly increased by 1.7-fold in obese Zucker rats
{p<0.05, Table 7.1). This increased plasma cholesterol was equally distributed among the
three different lipoprotein fractions (i.e., VLDL, LDL and HDL) {data not shown)}. The
effects of Rgz are characteristic of the treatment of insulin resistance with PPARy agonists
in rodent and human studies3.28-30,
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Whether the observed decline of plasma FA levels in obese Zucker rats upon Rgz-treatment
results in a reduced LCFA availability for metabolically important tissues can be deduced from
comparison between the estimation of the LCFA concentration and the apparent Km of these
tissues for LCFAs. The driving force of cellular LCFA uptake is the non-protein-bound LCFA
concentration, which is solely a function of the ratio of total LCFAs to albumin concentrations3!.
Corresponding with a decline of the total FA plasma levels from 0.4 to 0.2 mmol.l'!, the plasma
non-protein-bound LCFA concentration decreases from 3.8 to 1.7 nmol.lt (calculated for a
mixture of palmitate and oleate, the major LCFA species in plasma)3!. Because these LCFA
concentrations are well below the apparent Km of 9.7 nmol.l"! for the LCFA transport system in
cardiac myocytes?!, a decrease in plasma LCFAs will result in a proportionally diminished cellular
LCFA uptake rate, assuming that the albumin conceniration did not change.

Cellular fatty acid uptake capacity

Giant membrane vesicles were used to investigate the capacity for LCFEA uptake across the
plasmalemima of adipose tissue, skeletal muscle and heart. These vesicles allow the
measurement of LCFA uptake without confounding effects of LCFA metabolism32. These
vesicles are oriented right-side-out and contain abundant quantities of FABPc, which serves as
a LCFA sink20. To be able to compare the LCFA uptake capacity among different tissues, the
concentration of non-protein-bound 3H-palmitate was equal in each experiment and set at 5.1
nmol.l'l. This concentration is below the apparent Km (9.7 nmol.l1} for the transport system
in cardiac myocytes?! and likely also for that of adipocytes24, so that the in vivo LCFA uptake
rates are a linear function of the (non-protein-bound) LCFA concentration, as explained above.

A Adipose tissue B Skeletal muscle C Heart
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Figure 7.3: 3H-palmilate uptake rate in giant membrane vesicles derived from metabolically important tissues
of obese Zucker rats.

3M-palmitate [LCFA] uptake in 15 s was measured in giant membrane vesicles from adipose tissue (Al, skeletal
muscle (B} and heart {C} derived from (T} control or { M) Rgz-treated obese Zucker rats and expressed as pmol.mg
protein!, |55, Data are presented as means + S.EM., n=8. *Significantly different from control obese animals
{P<0.05].




Chapter 7

A FATICD3, Total
3 J i
25
e J
R0
B
R P
2 z 15 .
13
% é 1.0
& g5 1
Adi\pmf,n'iiss‘ue Skeieiai muscle Heart
¢ FABPp, Total
#1217 T
[~
L]
iE
£
i
T T
Adipose tissue  Skeletal muscle Heart
B

Relative sbundance
{Control set at 1)

FATP1, Total

Adipose tssue  Skeletal miscle

L]
Heant

Relative abundance Relative abundance

{Control setat 1)

Relative abundance

Figure 7.4: FAT/CD36, FABPpm and FATP! protein content.
Western blots and guantitation of FAT/CD36, FABPpm and FATPI in total homogenates (4, C and EJ, and in glamt

(Control set a1 1)

0.4

-
B
1

0 ¥
Adipose tissue

1
Heart

Skeletal muscle
FABPpm, Plasmalemmal
e T ——

T T
Skeletal muscle

Adipose tissue Heart
FATP, Plasmalemmal

1.6
1.2
0.8
0.4

ND ND ND

T L] T
Adipose tissue  Skeletal muscle Heart

membrane vesicles {=plasmalemmal fraction){B, D and I derived from {3 control or { B} Rgz-treated obese Zucker

rats. Data are presented as means + S.EM., relative to corresponding control values, which are sef at I, n=8
“Significantly different from controf obese animals {P<0.05). ND = nort detectable.

After 16 days of Rgz-treatment, the capacity to take up LCFAs was significantly increased, i.e., by
2.0-Told, in giant vesicles derived from adipose tissue (Fig. 7.3A). In contrast, Rgz-treatment had
no effect on the LCFA uptake capacity in skeletal muscle and heart (Figs 7.3B and CJ.
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Total and plasmalemmal FAT/CD36, FABPpm and FATP1 protein contents

In control and Rgz-treated obese Zucker rats, the total protein contents of FAT/CD36, FARPpm
and FATP1 were measured in homogenates from adipose tissue, skeletal muscle and heart-{Figs
7.44, C and E), while plasmalemmal FAT/CD36, FABPpm and FATP1 protein contents were
determined in the giant membrane vesicle preparations {Figs 7.4B, D and F). In skeletal muscle
and heart neither total nor plasmalemmal amounts of FAT/CD36 and FABPpm were altered by
Rgz-treatment of obese Zucker rats (Fig. 7.4). In contrast, Rgz-treatment increased the-total
amount of FAT/CD36 in adipose tissue by 2.3-fold [p<0.05), with a concomitant increase in
adipocyte plasmalemmal FAT/CD36 by 1.7-fold (Figs 7.4A and B). The total and plasmalemmal
protein levels of FABPpm in adipose tissue were not altered by Rgz-treatment {Figs 7.4C and D).
Howrever, in adipose tissue the total amount of FATP1 increased by 1.7-fold after Rgz-treatment,
whereas in skeletal muscle and heart FATP1 remained unaltered [Fig. 7.4E]. In giant membrane
vesicles from adipose tissue, skeletal muscle and heart, the content of FATP1 was below the
detection leve! (Fig. 7.4F). In a previous study using a different antibody, FATP1 was also barely
detectable in giant membrane vesicles from skeletal muscle and heart2!.

Total tissue triacylglycerol content

The total tissue TAG content was measured in skeletal muscle and heart homogenates
obtained from control and Rgz-treated obese Zucker rats. Rgz-treatment significantly lowered
the total tissue amount of TAG in heart by 36%. In skeletal muscle total tissue TAG content
was not significantly different between control and Rgz-treated obese animals [Fig. 7.5).
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Figure 7.5: Effect of Rgz-treatment on TAG content in heart and skeletal muscle.

Total tissue triacylglycesol (TAG) content in skeletal muscle and heart from [ £3) control and { By Rgz treated obese
Zucker rats. Tissue TAG content was measured by using HPTLC and expressed as ug.mg protein’. Dala are
presented as means + S.EM., n=8. *Significantly different from control obese animals {P<0.05}.
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Cytoplasmic heart-type and adipocyte-type FABP contents
H-FABPC levels were measured in skeletal muscle and heart homogenates, and A-FABPc iy
adipose tissue, skeletal muscle and heart homogenates. Rgz-treatment resulted in a 48%
dectease in H-FABPc content in skeletal muscle, but had no effect on the H-FABPc contentin
heart (Fig. 7.6). 0 ‘

~In both adipose tissue and skeletal muscle from obese Zucker rats, Rgz administration
significantly increased A-FABPc protein levels by 1.4-fold and 1.2-fold, respectively (p<0.05,
Fig. 7.7). A-FABPc levels were almost undetectable in heart homogenates from both control
and Rgz-treated obese rats (Fig. 7.7).
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Figure 7.6: Content of cytosplasmic heart(H)-type FABP in skeletal muscle and heart.

H-FABPe levels in skeletal muscle and heart from { ) control and | B) Rgz-treated obese Zucker rats. Data are
presented as means & S.EM, h=8, and expressed as mg.g dry weightt. *Significantly different from controf obese
animals [P=0.05).

Discussion :

The present study implicates FAT/CD36 in the insulin sensitizing action of Rgz in obese
Zucker rats, Total and plasmalemmal FAT/CD36 protein content increased in adipose tissue,
coinciding with an increased LCFA uptake capacity. Plasmalemmal protein contents of both
FABPpm and FATP1 were unaltered in adipose tssue of Rgz-treated obese rats, suggesting no
functional role for these putative LCFA transport proteins in the increased LCFA uptake
capacity. Rgz-treatment decreased total cardiac TAG content, whereas in skeletal muscle the
total TAG content remained unaltered. Interestingly, we demonstrated that in skeletal muscle
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Figure 7.7: Content of cytoplasmic adipose(A)-type FABP in adipose tissue, skeletal muscle and heart.
A-FABPc Western blots and quantitation in adipose tissue, skeletal muscle and heart from (0] controf and (8} Rgz-
treated obese Zucker rats. Data are presented as means + S.EM., relative to corresponding control valies, which
are set at I, n=4. *Significantly different from control obese animais [P<0.05)

of Rgz-treated rats the adipose-type (AJ-FABPc content increased, indicating substantial
extramyocellular deposition of differentiated adipocytes.

Characteristics of control and Rgz-treated obese Zucker rats

The present study and those of others3.28 have demonstrated that Rgz-treated obese Zucker
rats become metabolically more efficient. This resulted in significantly more body mass gain
during the treatment period of 16 days compared to non-treated obese controls, Studies in
T2DM patients and insulin-resistant rodents have demonstrated that this increase in total body
mass is predominantly due to an increase in adipose tissue3.%. Subsequently, plasma glucose
levels decrease during 16 days of Rgz-treatment suggesting that the whole body giucose
disposal was increased as has been well docurnented by others?30, and which is in line with
the notion that Rgz improves the tissue insulin sensitivity. Moreover, obese Zucker rats treated
with Rgz become less hyperlipidemic, which is reflected in a reduction of both plasma TAG
and FA concentrations. In addition, Rgz significantly increased plasma total cholesterol by 1.7-
fold, which is consistent with the increase of total cholesterol plasma levels seen in Rgz-treated
T2DM patients3¥35, Altogether, these findings show that in the present study Rgz elicited
characteristic effects on body and plasma parameters in obese Zucker rats, that agree with the
observations made in other rodent and human studies29.30,
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Effect of Rgz-treatment on the cellular long-chain fatty acid uptake capacity
Alterations in cellular LCFA uptake have been proposed to play a prominent role in the insulin-
sensitizing effect of TZDs in obesity and TZDM. Recently, we demonstrated that the LCR4
uptake capacity is increased in adipose tissue, heart and skeletal muscle from insulin-resistant,
obese Zucker rats, compared to lean control rats?3. However, limited data is available on Roz’s
effect on the cellular LCFA uptake capacity in these metabolically important tissues from obese
rats. Therefore, in the present study we determined the LCFA uptake capacity in adipose
tissue, skeletal muscle and heart by using giant membrane vesicles as a model. We are the first
to demonstrate that the LCFA uptake capacity significantly increases by 2.0-fold in adipose
tissue from Rgz-treated obese rats, compared to control obese rats. The present findings
provide a mechanistic insight for findings from Oakes and coworkers®, who calculated, by
using an in vivo tracer method, that darglitazone increases by 2.3-fold the deposition of plasma
LCFAs into adipose tissue from obese Zucker rats.

In contrast to adipose tissue, in skeletal muscle and heart the LCFA uptake capacity was
unaffected by Rgz-treatment in obese rats. However, we calculated that by reducing the plasma
FA and TAG levels, the availability of these substrates for nonadipose tissue, such as skeletal
muscle and heart do not compensate the decline in plasma LCFA availability by increasing their
LCFA uptake capacity.

Alterations in membrane fatty acid transport protein levels after rosiglitazone-
treatment

In the present study, we showed that Rgz-treatment had differential effects on the LCFA uptake
capacity in adipose and muscle tissues from obese rats. It is well docurnented that
plasmalemmal LCFA uptake is predominantly mediated by LCFA transport proteins'Z, and
several proteins have been identified to play a role in this transport system, i.e., FAT/CD36,
FABPpm, and FATP!4, Here, we demonstrated that in adipose tissue, total FAT/CD36 and
FATP1 protein contents were significantly increased in Rgz-treated obese Zucker rats, whereas
the total FABPpm protein content was unaltered. This is in agreement with the observation
that both FAT/CD36 and FATP1 have a PPRE. It is unknown whether a PPRE is present in the
upstream regions of the FABPpm genes, The fact that Rgz has an effect on FAT/CD36 and
FATP, and not on FABPpr, suggests that such a PPRE is lacking in the FABPpm gene. Others
already showed that mRNA levels of FAT/CD36 and FATP1 are upregulated in adipose tissue
derived from TZD-wreated, insulin-resistant rodents! !, Apparently, changes in mRNA ievels of
FAT/CD36 and FATP1 are in accordance with the respective total protein levels.

In addition to the amount of membrane-associated LCFA transport proteins, their
subcellular localization is important for their function!s. In earlier studies, we demonstrated
that FAT/CD36 and FABPpm are present both at the plasma membrane and in intracellular
storage compartments!37, Moreover, we found a positive correlation between the amount of
FAT/CD30 residing at the plasma membrane and the rate of cellular LCFA uptake?!,

In the present study, we demonstrated that upon Rgz-treatment the plasmalemmal content
of FAT/CD36 increased by 1.7-fold, closely matching the increase of 2.3-fold in its total
expression and the 2.0-fold induction of the plasmalemmal capacity to take up LCFAs. In
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contrast to FAT/CD36, both the total and plasmalemmal amounts of FABPpm did not alter.
Although the content of FATP1 in adipose tissue increased upon Rgz-treatment, FATP1 was
undetectable in giant membrane vesicles from adipose tissue, skeletal muscle and heart. This
fatter finding suggests that FATP] plays guantitatively no prominent role in the transmembrane
transport of LCFAs. Rather, FATP1 may function in the intracellular trapping of LCFAs,
presumably by its acyl-CoA synthetase activity38. The Rgz-induced 1.4-fold increase of A-FABPc
in adipose tissue relates to the presence of a PPRE also in the gene of this proteini43s,
However, because FABPC’s have a permissive and no regulatory role in cellular LCFA uptake!4,
this increase will hardly influence the rate of LCFA uptake in adipose tissue, Therefore, these
combined observations indicate that the rise in FAT/CD36 expression in adipose tissue is
pivotal in explaining the increase in cellular LCFA uptake

In contrast to adipose tissue, Rgz-treatment had no effect on total and plasmalemmal
protein contents of FAT/CD36, FABPpm and FATP1 in both skeletal muscle and heart from
obese Zucker rats. These observations are in line with the unaltered LCEA uptake capacity in
skeletal muscle and heart derived from Rgz-treated obese rats {present study} and with the low
expression of PPARy in these tissues39.

Alterations in cytoplasmic fatty acid transport protein levels after rosiglitazone-
treatment

In addition to membrane-associated LCFA transport proteins, tissue-specific cytoplasmic FABP's
play a role in intracellular LCFA transport. Once present inside the cell, LCFAs can bind to
FABPc, which directs LCFAs towards their different sites of metabolism?3, Several tissue-
specific isoforms of FABPc have been identified, such as adipocyte-type [A)-FABPc in adipose
tissue, and heart-type [H)-FABPc in skeletal muscle and heart40, It has been demonstrated that
after Rgz-treatment of obese rats mRNA and protein levels of A-FABPc in adipose tissue are
significantly increased! .41, In contrast to upregulation of A-FABPc, H-FABPc levels were decreased
in skeletal muscle and unaltered in heart derived from Rgz-treated obese Zucker rats.

A functional role of H-FABPc in LCFA uptake became evident when it was shown that in
heart and skeletal muscle of homozygous H-FABPc knock-out mice plasmalemmal LCFA
uptake is severely hampered, However, in heterozygous mice even a loss of 50% of H-FABPc
in skeletal muscle had no effect on cellular LCFA uptake, suggesting a permissive rather than
a rate-limiting role of H-FABPc in plasmalemmal LCFA uptake42. Therefore, the 487% decrease
in H-FABPc in skeletal muscle of obese rats after Rgz-treatment most likely will not affect
intraceliular transport of LCFA in skeletal muscle.

Effect of rosiglitazone on total TAG contents and A-FABPc protein levels in
skeletal muscle and heart

It is well documented that the accumulation of intramyocellular TAGs positively correlates
with the development of tissue insulin resistance4344. Recently, we demonstrated that the total
TAG content was threefold higher in hearts of obese Zucker rats than in their age-matched
controls#s. The present study showed that after Rgz-treatment the total cardiac TAG content
of obese Zucker rats significantly declined, suggesting that the heart becomes more insulin
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sensitive. A reduction in intramyocellular TAGs is not only beneficial for the tissue sensitivity
to insulin, but also for functioning of the heart. Young and coworkers* demonstrated in obese
rats a positive correlation between contractile dysfunction and an increase in intramyocellular
lipids. Moreover, an enhanced protection of the heart against ischemic injury after TZE: -
treatment was demonstrated by Sidell and coworkers0.

In contrast to heart, Rgz-treatment had no effect on the total TAG content in skelet&
muscle from obese rats. Puzzling findings were presented by the fact that Muurling and
coworkers? have shown an increased amount of TAGs in skeletal muscle from Rgz-treated
ob/ob mice, whereas the whole body insulin sensitivity improved. In our study and the one of
Muurling and coworkers total TAG content was measured in total tissue homogenates making
it impossible to discriminate between intramyocellular and extramyocellular TAGs. Therefore,
the amount of A-FABPc, an established marker of differentiated adipocytes?S, was measured in
tissue homogenates and demonstrated to be increased by 1.4-fold and 1.2-fold in adipose tissue
and skeletal muscle, respectively, after Rgz-treatment, whereas in heart A-FABPc was almost
undetectable in Rgz-treated obese rats. In T2DM patients treated for 3 months with a TZD, it
was indeed demonstrated that the extramyocellular TAG content in skeletal muscle increases
by 1.4-fold47, A-FABPc is expressed in differentiated adipocytes and not in skeletal muscle, thus
adipose tissue deposition between muscle fibers increases. Because PPARy activation elicits the
differentiation of adipocytes'®, we believe that the increase in muscular adipocytes is
attributable to the differentiation of existing preadipocytes into adipocytes. Accordingly, an
increased deposition of adipocytes between skeletal muscle fibers could mask a possible
decline in intramyocellular TAGs in skeletal muscle cells after Rgz-treatment.

Concluding remarks

One of the hallmarks of obesity and T2DM is tissue insulin resistance48, It is well described
that treatment of T2DM with TZDs improves insulin sensitivity®28, exemplified by an increased

lular glucose uptake in both skeletal muscle and heart from TZD-treated obese Zucker
rats>30, Here, we show that an increased plasmalemmal protein content of FAT/CD36 in
adipose tissue plays a pivotal role in the insulin sensitizing effect of Rgz-treatment in obese
Zucker rats, As a result of Rgz-treatment, adipose tissue extracts LCFAs from the circulation
thereby reducing the LCFA supply to non-adipose tissue such as skeletal muscle and heart. The
decreased LCFA availability reduces the myocytal LCFA uptake rate and limits intramyocellular
TAG accumulation, leading to an increased muscle insulin sensitivity. Thus, improvement of
muscle insulin sensitivity can be considered secondary to the direct effect of Rgz on
FAT/CD36-mediated LCFA uptake by adipose tissue.
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INTRODUCTION

Long-chain fatty acids (LCFAs) are not only important substrates for energy production, but
also function as precursors for signalling molecules, mediators of gene expression and
constituents of membrane phospholipids!. [n order to investigate the significance of membrane-
associated proteins involved in the LCFA uptake process in mammalian cells, derivatives of
LCFAs, which maintain the lipophilic properties of LCFAs but are able to crosslink with
proteins, could be powerful tools. In particular, LCFAs have been coupled to Athydroxy-
sulfosuccinimides through an ester linkage. In general, sulfo-Msuccinimidyl esters of
carboxylic acids are used as acylating reagents for proteins and as crosslinkers2, These sulfo-N-
succinimidyl esters were found to react at high yield with proteins present at the plasma
membrane2.3,

Harmon and coworkers? used sulfo-Nsuccinimidyl esters of FAs with different chain-
length in order to identify plasma membrane proteins that may be involved in the LCFA uptake
process. They demonstrated that sulfo-Asuccinimidyl oleate [SSO) labelled an 88 kDa rat
adipocyte membrane protein, which resulted in a decrease in LCFA uptake in isolated rat
adipocytes. Moreover, they discovered that in isolated rat adipocytes pretreated with 5SSO the
intracellular water space, glucose uptake and retinoic acid permeation were unaltered. These
findings gave indirect evidence that SSO acts at the level of the plasma membrane.
Furthermore, because of their membrane permeability intracellular processes are thought not
to be directly affected by sulfo- Msuccinimidyl esters of LCFAs,

In this review we discuss the use of sulfo-Nsuccinimidyl esters of LCFAs to examine
celiular LCFA uptake in vitro. First, we investigated the possible role of an 88 kDa plasma
membrane protein, notably fatty acid translocase (FAT]/CD36, in the inhibitory action of SSO
on LCFA uptake in heart and skeletal muscle. Second, evidence is presented that S5O specifically
binds to FAT/CD36. Finally, examples of the application of sulfo-Msuccinimidyf esters of LCFAs
in studies on the regulation of cellular FAT/CD36-mediated LCFA uptake are discussed.

CHARACTERIZATION AND SYNTHESIS OF SULFO-N-succiniMIDyL ESTERS oF LCFAs
Sulfo- Msuccinimidyl acyl esters are composed of a LCFA, such as palmitic acid or oleic acid,
coupled to Mhydrosulfosuccinimide. These esters are synthesized in our laboratory by a procedure
described by Harmon and coworkers4. Briefly, in this procedure the FA reacts with a A-hydro-
sulfosuccinimide in the presence of dicyclohexylcarbodiimide (DCC) under anhydrogenous
conditions. In the upper part of figure 8.1 the general structure of a sulfo-Nsuccinimidyl ester
of a FA is given. In our laboratory we are able to synthesize sulfo-N-succinimidy! oleate (SSO)
and palmitate (SSP). Moreover, by coupling either 3H-labeled or 14C-labeled palmitate to the
Nhydrosulfosuccinimide we synthesized 3H- and 14C- SSP.

To identify the synthesized sulfo-Arsuccinimidyl esters of a specific LCFA, mass spectral
analysis can be applied? as well as infrared spectroscopy®. The latter is routinely used in our
laboratory. It has been described that in an aqueous environment these ester hydrolyse after
approximately two hours. A scheme for the hydrolysis of sulfo- Msuccinimidyl acyl esters is
given in figure 8.1.
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Figure 8.1: Hydrolysis of suifo-N-succinimidy! esters of fatly acids.

The general structure of sulfo-W-succinimidyl esters of fatty acids is given in the upper panel. The molecule consists
af a reactive sulfo-N-succinimidyl head group and an acyl chain tail, such as myristate (C14:0), palmitate fC16:0/
and oleate (C18:0). In the lower pane! the hydrolysis products are given.

EFFeCTS OF SULFO-N-SUCCINIMIDYL ACYL ESTERS ON UPTAKE OF LCFAS BY VARIOUS
CELL TYPES

The first study on the effect of sulfo-Msuccinimidyl ester of LCFAs on substrate utilization was
performed by Harmon and coworkers4. The uptake of cleate, linoleate and stearate into
isolated rat adipocytes treated for 25 min with 0.2 mmol.I't SSO was significantly reduced by
approximately 65% in each case. These researchers also demonstrated that the length of the
carbon chain of the acyl moiety chemically bound to the reactive sulfo- Msuccinimidyl group
was crucial for the function of the ester. Sulfo- Atsuccinimidyl propionate (C3:0} had no effect
on the oleate uptake by rat adipocytes, while esters of oleate (C18:1], palmitate {C16:0) and
myristate (C14:0} had an inhibitory effect on the LCFA uptake by adipocytes. These findings
indicate that only LCFAs coupled to a reactive sulfo-N-succinimidyl group influenced cellular
LCEA uptake, which is in agreement with the notion that the transport system mediating
uptake of oleate Is specific for LCFAs, and is not invelved in uptake of short- and medium-chain
fatry acidd,

In rat type 1 pneumocytes, in which LCFAs are required for production of surfactant,
uptake of palmitate was reduced upon pretreatment with SSO, the maximal inhibition being
80% at 1 mmol.l" ¢ In cardiac myocytes, for which LCFAs are the main source of energy?,
incubation with 0.4 mmol.lt SSO inhibited palmitate uptake by 50%3. Thus in rat adipocytes,
type Il pneumocytes and cardiac myocytes, SSO exerts an inhibitory effect of comparable
magnitude on LCFA uptake, i.e., between 50 and 80% (Fig. 8.2).
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Figure 8.2: Effect of SSO on LCFA uptake by various cell types, i.e., rat adipocytes, type Il pneumocytes and
cardiac myocytes.

These various cell types were either non-treated { £} or pretreated with SSO [ M). Data are presented as percentage
of non-treated cells £ S.E.M. and were obtained from Harmon et al #; Guthmann et al.t; Luiken et al 5. *Significantly
different from non-treated celfs.

EFrecT OF suLro-N-succinmmibyL ESTERS oF LCFAS oN myocarpial LCFA UPTAKE

In view of the crucial role of LCFAs in cardiac energy production?, research with respect to
the effect of sulfo-Nsuccinimidyl acyl esters on cellular LCFA uptake predominantiy
focuses on the heart. In this section we compare the effect of SSO/SSP on cardiac LCFA
uptake in three different models. First, in isolated rat cardiac myocytes, in which LCFA
uptake is functionally linked to its metabolism, SSO inhibited LCFA uptake by 50%%9, as
described in the previous section. Second, giant membrane vesicles derived from rat heart
tissue were used to investigate myocardial LCFA uptake. Giant membrane vesicles are a
model by which LCFA uptake can be investigated dissected from subsequent metabolism?10.
These vesicles consist of a membrane of pure sarcolemmal origin and contain soluble
cytoplasmic proteins, like the cytoplasmic fatty acid bindig protein (FABPc] which acts as a
sink for sequestered LCFAs. In addition, giant membrane vesicles lack intracellular
structures like endoplasmatic reticulum, endosomes and mitochondria, which [atter
absence implicates the inability of giant membrane vesicles to oxidize [.CFAs910, Using
giant membrane vesicles derived from heart, we discovered that inhibition of LCFA uptake
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by S50 occurs in the absence of mitochondrial f-oxidation. The comparable inhibitory
effect of SSO on heart glant membrane vesicles {-70%) and cardiac myocytes {-50%}, i.e.,
in the absence or presence of LCFA metabolism, indicates that inhibition of
transsarcolemmal LCFA trangport is the primary action of sulfo-Asuccinimidyl esters of
LCFAs. Third, the effect of SSP was investigated at total heart level by Tanaka and
coworkers!!, They demonstrated that perfusing rat heart with 10 umol.l" SSP resulted in
a decrease in palmitate uptake by approximately 24%. Thus not only at the cellular level,
but also at total tissue level, sulfo- Nsuccinimidyl esters of LCFAs are able to inhibit cardiac
LCFA uptake.

INABILITY OF SULFO-N-sucCnimIDYL ESTERS OF LCFAS TO INHIBIT CELLULAR UPTAKE
OF SUBSTRATES OTHER THAN LCFAs

In order to investigate whether SSO specifically inhibited LCFA uptake, we used giant
membrane vesicles derived from rat heart and skeletal muscle to determine if SSO inhibits the

— 94 kDa
— 67 kDa

— 43 kDa

— 30 kDa

— 20kDa
— 14 kDa

Lane

Figure 8.3: Presence of SH-label in myocardial cell fractions obtained from IH-SSP perfused rat hearts.

SDS PAGE was performed, followed by autoradiography. The molecular welght standards {lane M) were phosphorylase
b (94 kDa}, bovine serum albumin {67 kDal, ovalbumin (43 kDaj, carbonic anhydrase (30 kDa), soybean trypsin
inhibitor (20,1 kDaj and a-lactatbumin {14 kDaj, Lanes 1-4 and 14’ present rat heart fractions and autoradiographs,
respectively. Lane 1 and 1 cyiosolic fraction, fanes 2 and 2°: microsomal fraction, lanes 3 and 3’ mitochondrial
Jraction, lanes 4 and 4'; cell debris. These data are reproduced with permission of Dr. T Tanaka, Japan®!,
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uptake of other substrates, such as glucose and medium-chain FA, as well as LCFAs. SSO had
no effect on the uptake of glucose into giant membrane vesicles derived from either heart or
skeletal muscle, whereas phloretin, a non-specific inhibitor of carriermediated transport, inhibited
glucose uptake into these vesicles by more than 80%°. In contrast, in metabolically active
cardiac myocytess and in the perfused heart!!, the presence of SSO resulted in a substantial
increase in glucose uptake by 40% and 31%, respectively. We speculate that the SSO-induced
inhibition of myocardial LCFA uptake lowers the intraceliular levels of nonesterified LCFAs,
which might stimulate the uptake and cellular consumption of glucose. With respect to the
medium-chain FAs, the uptake of octanoate in heart giant membrane vesicles was not inhibited

by 5509, Taken together, these findings indicate that the effect of sulfo-Nsuccinimidyl esters
of LCFAs are restricted fo the uptake of LCFAs.

Specific binding of sulfo-N-succinimidyl esters of LCFAs to fatty acid translocase
(FAT)/ICD36

At present three putative membrane-associated proteins are described to be involved in
transmembrane LCFA transport, each showing a characteristic tissue occurrence. These

Heart Skeletal muscle Liver
g 1257 | |
5 : |
+= 100 7 [ |
— | I
(@] [ f
] i ! {
5 P | |
= ! * |,
e ﬁ
g 50 . 2
8 | |
g . | |
@ 25 ! '
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Figure 8.4: Effect af sulfo-N-succinimidyl oleate (SSOJ on the palmitate uptake rate in heart, skeletal muscle
i liver gi ne vesicles. “
i’l’i'ig;;;i: Z;);::: liirz sec was measured in rat heart, skeletal muscile anq %ff‘w?r gxanfl m?ﬁmmné e:fjs/c/f:d lj»::j;r,ifj
were preincubated either with DMSO [non-treated, I or with 50 pmold 1 S50 fj‘. /:m 5‘3({ waa e :x; ” 3 :f/ {)mk;
assessment of the palmilate uplake rate. Data are presented as percentage ij no‘.wredmd ﬁr-‘;]w [rr:m/ LNW; E(,.m J;,/
+ S EM. of 3 experiments carried out in different glant memb‘mme preparations and published by Lutken el al.=.

*Significantly different from non-treated giant membrane vesicles, p<0.03,
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proteins are a 40 kDa plasmalemmal fatty acid binding protein (FABPpm)'2, an 88 kDa highly
glycosylated fatty acid translocase (FAT], the rat homologue of human CD36!3.14 and a 62 kDa
fatty acid transport protein [FATP)!S. Various cell types, in particular cardiac myocytes, are
known to contain all three described plasma membrane-associated proteins.

There are two lines of evidence that sulfo-Nisuccinimidy! esters of LCFAs specifically bind
to FAT/CD36, and in that manner inhibit the transport of LCFAs across the plasma membrane.
First, in plasma membrane fractions of rat adipocytes, in which 550 reduced LCFA uptake by
65% [see earlier section], 3H-SSO specifically labelled an 88 kDa rat adipocyte mermbrane
protein which was identified as FAT!!. In addition, Tanaka and coworkers!! showed, using
SDS-PAGE autoradiography, that in myocardial cell fractions from 3H-SSP perfused rat hearts a
single microsomal protein of 80-90 kDa was labelled {Fig. 8.3).

Second, we discovered that, in contrast to giant membrane vesicles derived from heart and
skeletal muscle, in which SSO inhibited LCFA uptake by 70 and 50%, respectively, SSO had
no effect on the LCFA uptake capacity in liver giant membrane vesicles {Fig. 8.4). In contrast
to heart and skeletal muscle giant membrane vesicles, low levels of FAT/CD36 are present in
liver giant membrane vesicles (Fig. 8.5). Moreover, Koonen et al'¢ demonstrated that in giant
membrane vesicles from liver, FATP and FABPpm are abundantly expressed. Therefore, a lack
of inhibitory action of S5O on LCFA uptake in rat liver giant membrane vesicles suggests that
SSO specifically interacts with FAT/CD36 (Fig. 8.5). The lesser inhibitory action of SSO in
skeletal muscle compared to heart is related to the lower abundance of FAT/CD36 in the
former tissue (Fig. 8.5). Thus, these two lines of evidence bolster the notion that SSO
specifically inhibits the LCEA transport function of FAT/CD36,

Figure 8.5: Protein content of FAT/CD306 in heart, skeletal muscle and
liver.

Sug protein of giant membrane vesicles derived from heart (H], skeletal
H S L muscle {5 and liver {L}) was used to determine FAT/CD36 protein content.

A representative western blot is given.

Metabolic effects of sulfo-N-succinimidyl esters of LCFAs

In our studies we observed that SSO inhibited mitochondrial f-oxidation and esterification in
intact cardiac myocytes (Fig. 8.6)5. The maximal inhibition of initial palmitate uptake in
cardiac myocytes pretreated with S5O was observed at a concentration of 0.4 mmoll! or
higher and amounted to 50%. Mitochondrial f-oxidation and esterification were also inhibited
by SSO, comparable with the amount of inhibition of palmitate uptake, 35% and 49%,
respectivelys. Importantly, (i) the inhibitory effects of SSO on palmitate utilization {oxidation
and esterification) are compatable to the SSO-induced inhibition of palmitate uptake across the
sarcolemma, and {if) the relative {%) partitioning of LCFAs into oxidation and esterification was
not changed by S50. The observations, therefore, suggest that inhibition of LCFA oxidation
and esterification are secondary to inhibition of LCFA uptake.
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Application of sulfo-N-succinimidyl esters of LCFAs in studies on the regulation of
cellular LCFA uptake ‘

Recently, we observed that LCFA uptake by heart and skeletal muscle is subject to short-term
regulation by cellular contractions!”.!8; and by the hormone insulin'®. For these studies $ulfo-
Msuccinimidyl esters of LCFAs were crucial tools to describe the involvement of FAT/CD38
in short-term inducible LCFA uptake. The first evidence that FAT/CD36 was involved in the
regulation of LCFA uptake came from studies with giant membrane vesicles derived from rat
hind Hmb muscle that had been electrically-stimulated. We demonstrated that the palmitate
uptake rate was increased by 47% [p<0.05)28. However, the stimulatory effect on palmitate
uptake, induced by electrostimulation, in these vesicles was completely inhibited by SSO!7.
Similarly, electrostimulation of cardiac myocytes increased the LCFA uptake by 49%, an effect
that could be completely inhibited by SSP (Fig. 8.7). Besides electrostimulation, insulin aiso
had a stimulatory effect of LCFA uptake into cardiac myocytes, i.e., 1.4-fold induction at 10
nmol.I'! insulin. This insulin-mediated increase in LCFA uptake could be completely inhibited
by SSP (Fig. 8.7).

These inhibitory actions of SSO indicate that the stimulatory effects of both electrical
stimulation and insulin are mediated by alterations in the activity of sarcolemmal FAT/CD36.

Uptake Oxidation Esterification
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Figure 8.6: Myocardial palmitate uptake, oxidation and esterification as function of the concentration of sulfo-
N-succinimidyl oleate (SSOJ. - o
[iptake was measured in 3 min and “CO;, production, thus oxidation, and esterification in 20 min ‘a‘efzu ‘ C
palmitate addition in isolated cardiac myocytes. These cardiac myocytes were pre-incubated with either 5% DMSO
g oy, 0.1 (m), 0.4 (8] and 0.8 (@] pmoll ! SSC in DSMO), for 15 min by 37°C. Dala are presented as means x
A Ry . * . E " - 13 I . - i ‘ i' ) }‘v ) ? J“
SEM of 3 experiments carried out in different cardiac myocyle preparation, expressed as nmol g celf mass!.mii

*Significantly different from non-treated cardiac myocyles.
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Subsequently, we demonstrated with subcellulaire fractionation experiments that the
contraction- and insulin-stimulated LCFA uptake involved translocation of FAT/CD36 from
intracellular storage pools towards the plasma membrane!7.21,

CONCLUDING REMARKS

Sulfo- Msuccinimidyl esters of LCFAs are useful compounds to study the mechanism and
regulation of LCFA uptake by mammatian cells in vitro, because (i} they are specific in blocking
uptake of LCFAs while having no direct effect on uptake of other substrates, and {ii) they do
not directly interfere with the intracellular metabolic fate of LCFAs, Furthermore, there is
convincing evidence that SSO and SSP specifically bind to FAT/CD36, and in doing so they
inhibit its transport function. When cellular LCFA utilization is altered, sulfo- Msuccinimidyl
esters of LCFAs are useful tools to determine whether or not FAT/CD36 is involved. However,
mare insight is needed to identify the binding site of sulfo- Msuccinimidyl esters of LCFAs to
FAT/CD36 in order to unravel the molecular mechanism of their inhibitory action on LCFA
uptake by this transporter.
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Figure 8.7: Effect of sulfo-N-succinimidy! paimitate (SSP] on the palmitate uptake rate in cardiac myocytes
either electrically stimulated or treated with insulin.
1sCpalmitate uptake was measured in electrically-stimulated cardiac myocytes, or in cardiac myocytes treated with
10 nmold + insulin, in the absence or presence of SSE Data are presented as percentage of non-treated cardiac
myocyfes + S.EM. *Significently different from cardiac myocyles not treated with SSP (p<0.05}, **Significantiy
different from non-treated cardiac myocytes {p<0,05).
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Chapter 8

INTRODUCTION

I vitro admdnistration of sulfo-A-succinimidyl esters of long-chain fatty acids {LCFAs) has been
proven to be an important tool to specifically inhibit cellular FAT/CD36-mediated LCFA uptake
{part 1 of this chapter]. The aim of the present study was to verify the in vitro effects of these
esters of LCFAs with respect to the inhibition of cellular LCFA uptake in rats in vivo. First, the
tissue distribution in time after one intraperitoneal [i.p.] injection of 3H-sulfo-Msuccinimidyl
palmitate (SSP} was monitored in rats. Second, the LCFA uptake capacity in adipose tissue,
heart, skeletal muscle and liver was determined after chronic i.p. administration of sulfo- M-
succinimidyl oleate (SSO) in rats.

PHARMACOKINETICS OF 3H-SuLFO- N-sucCINIMIDYL PALMITATE (SSP)

Male lewis rats [200-250 g} were given one i.p. injection of 3 mg 3H-SSP dissolved in 2.2%
DMS0/0.9% NaCl (3 mg 3H-SSP = 1.9*106 DPM). Thereafter, the appearance of 3H-label in
blood, heart, skeletal muscle, liver and epididymal adipose tissue, was determined at 4
different time-points, i.e., 8, 24, 72 and 96 hours. At all time-points one rat was sacrificed and
blood samples, and heart, skeletal muscle, liver and epididymal white adipose tissue were
harvested and immediately frozen in liquid nitrogen.

The amount of 3H-label was determined in heart, skeletal muscle, liver and adipose tissue
homogenates. To this end, 2 ml of 20% tissue homogenates were digested in 3 ml Solvent®
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Figure 8.8: Rat tissue distribution of 3H-label after an intraperitoneal bolus injection of 3H-sulfo-N-succinimidy!
paimitate (SH-SSP),

Rats were given a bolus injection of 3 mg 3H-SSP dissolved in 2.2% DMSO/0.9% NaCl Thereafter, the appearance
of iH-label in blood, heart, skeletal muscie, liver and adipose tissue, was determined at 4 different time-points, ie.,
8, 24, 72 and V6 hours. The data are expressed as disintegrations per minute [dpm].g tissue 1{*1(8).
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{Perkm Elmer] at 60°C for 6 hours. Cooled solutions were well mixed with 15 mi Hionic-
Fluor™ (Perkin Elmer) and counted by a scintillation counter,
Figure 8.8 shows that 3H-label mainly accumulates in adipose tissue after one 1.p. injection

of 3H-SSP. Conversely, only minor amounts of 3H-label could be retrieved from the bloed,
heart, skeletal muscle and liver (Fig. 8.8).

CHRONIC INTRAPERITONEAL ADMINISTRATION OF SULFO~A-SUCCINIMIDYL OLEATE
(SSO) 10 RrATS

As mentioned in the previous paragraph, after one i.p. injection of 3H-SSP, 3H-label
accumulates in epididymal white adipose tissue, whereas substantially lesser amounts of
IH-label were present in blood samples, heart, skeletal muscle or liver. Therefore, we
hypothesize that by injecting sulfo-AMsuccinimidyl esters of LCFAs i.p. the cellular LCFA
uptake capacity will be inhibited only in adipose tissue, but not in skeletal muscle, heart
and liver.

The in vivo effect of sulfo-N-succinimidyl oleate {SSO}, when administrated by i.p. injection,
on the cellular LCFA uptake capacity in heart, skeletal muscle, liver and adipose tissue was
measured in male Lewis rats (200-250 g). These rats were divided in two groups of 6 animals
each, and they were twice a week for 12 weeks injected i.p. with, (i} 2.2%DMS0/0.9% NaCl
(control] or (i} 20 mg SSO/kg body mass dissolved in 2.2%DMS0/0.9% NaCl (SSO-treated).
Body mass was measured at the begin and the end of the treatment period. Moreover, at 12
weeks organ mass of heart, skeletal muscle (hindlimb), liver and adipose tissue, and also
plasma glucose, FA and cholesterol concentrations were determined.

Parameter  control $SO

‘Body mass (start) - o 01495 14322

Body mass (end). oo o389 18 ; 394»&9
Heartmass . 1432006 146 +0.04
Hindlimbmass =~ . o3 080 138« 0.4
Yivermass ol el 6522027 6.42 + 0.25
Epididymal adipose tissue pads 1014 12913
Plasma metabolites (mmol.I") ; 7
Eﬁiﬂi " ( 9.52 + 0.83 7.23 +0.16*
Fatty acids 0:36'+0.05 0.39 + 0.04

Cholesterol ’ - 143 0:04 1.50 + 0.04

Table 8.1: Characteristics of control and SSO-treated rats; intraperitoneal injection.
Data are presented as means + SEM, n=6. *Significantly different Jfrom control rats.
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Figure 8.9: Effect of chronic intraperitoneal sulfo-N-succinimidyl oleate (S5O} administration on the cellular
palmitate uptake capacity,

in glant membrane vesicles prepared from heart, skeletal muscle, liver and adipose tissue of DMSO {non-treated, [}
and S5O-treated [ rats, the palmitate uptake capacity was determined. Data are presented as means + S.E.M. and
expressed as pmolmg proteint, 1554, n=0. *Significantly different from giant membrane vesicles obtained from non-
$SO treated rats.

After treating rats for 12 weeks twice a week with SSO, plasma glucose concenirations
significantly decrease by 24%, whereas plasma FA and total cholesterol concentrations were
unaltered compared to control rats (Table 8.1, In addition, body, heart, skeletal muscle [hindlimb),
liver and epididymal adipose tissue rass were unaltered after SSO-treatment {Table 8.1).

The cellular LCFA uptake capacity in adipose tissue was significantly inhibited by 68% in
SSO-treated rats, whereas in skeletal muscle, heart and liver the capacity was unaltered (Fig.
8.9). The inhibited cellular LCFA uptake capacity in adipose tissue is in agreement with the
accumulation of 3H-SSP in this organ after one Lp. injection.

CONCLUDING REMARKS

Since the LCFA uptake capacity decreases only in adipose tissue and not in heart and skeletal
muscle, it is believed that SSO when given i.p. dees not reach muscle tissues. Therefore, a
manner to improve the bioavailability of SSO should be investigated in future studies. In addition,
long-term 1.p. administration of SSO to rats may lead to increased cellular glucose utilization,
which is secondary to a decreased FAT/CD36-mediated LCFA uptake by adipose tissue.
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ADMINISTRATION OF SULFO-N-SUCCINIMIDYL ESTERS OF LONG-CHAIN FATTY ACIDS TO
RATS BY 0SMOTIC MINIPUMPS (ALZET®)

To investigate the whole body effect of sulfo- Asuccinimidyl esters of LCFAs they have to reach
metabolically important tissues. We demonstrated that when  injected i.p; these esters
accumulate in adipose tissue and only a small amount reaches the circulation and non-adipose
fissues. [n the present study we investigated whether 14C-SSP, when administrated to rats by
Alzet® osmotic minipumps, reaches heart, skeletal rmascle, liver, adipose tissue and kidney. By
using osmotic minipumps a continuous rate of 14C-SSP can be given for one week.

Tissue distribution of 14C-SSP given by osmotic minipumps was determined in Sprague-
Dawley rats. These rats were anesthetised by halothane and the osmotic minipumps [Alzet®]
were subcutaneously positioned at the back .of the rat via a small incision. Here, we used
osmotic minipumps with a total volume of 200 yl, that delivered, with a continuous flow, 1.2
mg 14C-SSP dissolved in DMSO per day for 7 days [1 mg 4C-SSP = 1.1*106 DPM). After 7
days of '4C-SSP administration, red & white muscle, soleus, heart, kidney, liver, tissue
surrounding the pump and edipidymal adipose tissue were harvested and immediately frozen
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Figure 8.10: Tissue distribution of '*C-label after one week of +*C-55P administration by osmotic minipumps.
HOSSP dissolved in 2.2% DMSO/0.9% NaCl was administered to rats by osmotic minipumps for one week.
Thereaftes, the appearance of 12C-label in red & while muscle, soleus, heart, liver, epididymal adipose tissue, kidney
and the tissue surrounding the pump was determined. The data are expressed as disintegrations per minute (dpmj.g

tissue {108, n=d.
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in liquid nitrogen. To digest these tissues, approximately 100 mg of frozen tissue was
incubated in 20-ml scintillation vials with 1 ml Soluen®-350 {Perkin Elmer) for 6 hours at
60°C. After the solution cooled down, 10 ml Hionic Fluor™ (Perkin Elmer) was added, mixed
well and counted on a scintillation counter. ‘

After 7 days of treatment with 4C-SSP administrated by osmotic minipumps, 4C-label
was predominantly present in the tissue surrounding the pump (Fig. 8.10). In addition, 14C-
label was also, although at small amounts, present in soleus, liver, adipose tissue and kidney
{Fig. 8.10].

The presernt study demonstrated that after administration of 14C-SSP by means of osmotic
minipumps the majority accumulated in the tissue surrounding the pump. In conclusion,
osmotic minipumps positioned at the back of the rat are not suitable for measuring whole hody
effects of sulfo-M-succinimidyl esters of LCFAs.

PROCEDURE TO APPLY A CATHETER INTO THE RAT JUGULAR VEIN CONNECTED TO AN
OSMOTIC MINIPUMP

Since both i.p. injections and osmotic minipumps were not suitable for the measurement of
the whole body effects of sulfo-N-succinimidyl esters of LCFAs, we developed a new method
to directly administrate agents into the circulation with a continuous flow. The materials
needed and the surgical procedure are mentioned here.

Materials:

PE-tubing:

Intramedic®, Clay Adams®, Becton Dickinson Primary Care Diagnostics,
Becton Dickinson Company, MD, USA.

- PE-50, internal diameter = 0.58 mm and outer diameter = 0,965 mm
- PE-160, internal diameter = 1.4 mm and outer diameter = 1.57 mm
Alzet® gsmotic minipumps

Somnotol® {sodium phentobarbital injection):

MTC Pharmaceuticals, Cambridge, ON, Canada.

Buprenex® Injectable (buprenorphine hydrochloride):

Reckitt & Colman, Pharmaceuticals Inc., Richmond, VA, USA.

Surgical procedure

Sprague-Dawley rats were anesthesized by an intravenous injection of Somn?tolﬁif’ fﬂ”ld were
given Buprenex® Injectable for painkilling and eye augment to prevent dry‘mg of th‘r‘a eye.
Thereafter, the back in between the shoulder blades, the right side of the shoulder and frqm
ihe neck to the top peak of the arm, were shaven. After disinfecting the shavern areas with
petadine and 70% ethanol, a small incision was made at the back near me neck of the r‘aht,
where after by using scissors, a small pocket was made at the bgu;k of Fne r‘at. A osmf)u«:
minpump filled with saline connected to a catheter was gently posnmne‘d In this .pock?tu I he
catheter was made of a large piece of PE-50 with a loop and the end which enters the jugular
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vein was connected to a small pfece of PE-160. After placing the osmotic minipump, a small
pocket was made at the right side of the animal from the neck at the back to the front. Than,
the external jugular vein was exposed and side-branches were tight up. Ones the exiernal
jugular vein was exposed the catheter was placed in the vein and tight up so it will not move.
Thereafter, the incisions were closed by stapling and the rat was monitored for four hours.

CONCLUDING REMARKS

The combined use of a catheter and an osmotic minipump is a promising method to apply
agents straight into the circulation with a continuous flow. In future studies effects of sulfo-MN
succinimidyl esters of LCFAs on substrate metabolism when administered in this manner
should be investigated.
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Chapter 9

INTRODUCTION

In this chapter a selection of the most important findings of this thesis will be discussed in
relation to the newest literature. Because in our studies we used the obese Zucker rat as a
moadel of abesity-induced type-2 diabetes mellitus (T2ZDM] to study substrate utilization, it is
discussed whether the obese Zucker rat is a model that adequately reflects the human
sttuation. Our studies in these rats showed that a sarcolemmal presence of FAT/CD36 plays
a pivotal role in the development of cardiac insulin resistancé. Hence it is of interest to
discuss this finding in relation to published data and new insights in the {tissue} insulin
sensitivity in CD36-deficient rodents and humans. Apart from the fact that translocation of
FAT/CD36 appears very important in the regulation of its activity, also other ways to alter
the amount and activity of sarcolemmal FAT/CD36 have recently been unveiled and may
open additional opportunities for future studies. Finally, normalizing LCFA uptake by cardiac
myocytes during insulin resistance and obesity is believed to be beneficial for cardiac
function. Therefore, two possible strategies to reduce FAT/CD36-mediated LCFA uptake
will be discussed.

OBEeSE (FA/FA) ZUCKER RATS A SUITABLE MODEL TO REFLECT THE OBESITY-INDUCED T2DM?

To investigate substrate uptake and utilization and subcellular distribution of FAT/CD36 in
obesity-induced T2DM we used eleven-week old insulin resistant obese Zucker rats. The
genetically obese (fa/fa} Zucker rat, first described by Zucker & Zucker!, carries an autosomal
recessive mutation, the fa-mutation, in the gene encoding for the leptin receptor, which in
homozygous [fa/fa} rats results in the development of obesity, insulin resistance,
hyperinsulinemia, and hyperlipidemia! 2. In eleven-week old Zucker rats plasma insulin, fatty
acid {FA] and triacylglycerol {TAG) concentrations are matkedly increased, whereas the
plasma glucose level is unaltered, indicating that these rats are insulin resistant, but not type-
2 diabetic {see Chapters ¢ and 7). It can be questioned whether these obese [fa/fa} Zucker
rats are the rodent model that best reflects obesity-induced TZDM in humans. One of the
major concerns is that obese Zucker rats, when fed a regular diet, do not develop T2DM and
hyperinsulinemia persists throughout life. Moreover, in humans a defect in the leptin receptor
Is very rared,

A different rat model for obesity and insulin resistance can be generated by feeding rats
a western-type (high-fat (HF]-containing) diet. In several ways this rodent model resembles
the human situation better than insulin resistant, obese Zucker rats. Rafs excessively fed
alimentary fat for 7 weeks developed T2DM, whereas obese Zucker rats do not develop
T2DM4. Also, most patients with obesity will eventually develop type-2 diabetes mellitus
(T2DM). Moreover, in humans environmental factors such as a western-type diet and a
sedentary lifestyle, even more than genetic factors result in the development of obesity.
Therefore, in future studies it is worthwhile 1o investigate subcellular localization and function
of FAT/CD36 in isolated cardiac myocytes from rats with a HF versus a low-fat (LF} diet
intervention.
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FAT/CD36 AND INSULIN RESISTANCE

It has been demonstrated that the development of insulin resistance and the accumulation of
TAGs are positively correlated in muscle tissuesS® and it is believed that enhanced
plasmalemmal FAT/CD36 content contributes to the development of insulin resistance. In
insulin resistant, obese Zucker rats we showed that the amount of CD36 present at the
sacrolemma of cardiac myocytes is increased, which coincided with enhanced rates of LCFA
uptake and LCEA incorporation in the TAG pool®!10 {see for more detail Chapter 6]. In
addition, Bonen er al!! demonstrated that in human skeletal muscle the intracellular amount
of TAGs correlates positively with the plasmalemmal FAT/CD36 protein content. Several
studies in CD36 null mice and CD36-deficient humans investigated the relation between
CD36-deficiency and (tissue} insulin resistance. On the basis of our observations it would
follow that CD36 null mice and CD36-deficient humans become more insulin sensitive while
overexpression of CD36 in skeletal muscle would make this tissue insulin resistant.

€D36 nuil mice and mice overexpressing CD36 in muscle

In 1999 Febbraio et al'2 generated a mouse null for CD36 by homologues recombination.
Upon fasting these CD36 null mice showed significantly increased plasma FA and TAG
concentrations, whereas the plasma glucose levels were significantly decreased!2. In heart
and skeletal muscle of CD36 null mice LCFA uptake and oxidation were significantly
decreased by approximately 40-80%, and also the LCFA incorporation into intramyocellular
TAGs was reduced!3. In addition, muscle tissues from CD36 null mice exhibited a
compensatory increase in the glucose oxidation rate!?. These findings suggest that CD36 null
mice become more sensitive to insulin. Indeed it was shown that whole-body insulin-
mediated glucose uptake was increased in CD36 null mice's. This effect is attributed to the
increased insulin sensitivity in muscle tissues, whereas the liver, which tissue normally hardly
expresses CD36, was insulin resistant in CD36 null mice!S. Due to the decreased LCFA
uptake by muscle and adipose tissues, LCFAs in the circulation are directed towards the liver
leading to an increased accumulation of TAGs that results in hepatic insulin resistance's.
Collectively, these findings indicated that in mice, CD36 deficiency results in an increased
muscle tissue insulin sensitivity.

In addition, a mice was generated by lbrahimi ef al'6 that overexpresses CD36 in muscle
tissue. These transgenic mice exhibited an opposite lipid profile to the one observed in D36
null mice, i.e., plasma TAG and FA concentrations were significantly decreased 6. Whereas the
concentration of glucose in plasma was increased at 20 weelks of age the glucose tolerance was
not different between control and transgenic mice, suggesting that the whole body insulin
sensitivity remains unaltered!®. Whether at this age the insulin sensitivity of muscle tissues is
altered and if the transgenic mice will develop glucose intolerance later in life remains to be
determined.

Taken together these findings are in line with the hypothetical model for the development
of cardiac insulin resistance presented in Chapter 2, which suggests that an elevated sarcolermimal
FAT/CD36 content plays a pivotal role in the development of cardiac insulin resistance.

179



Chapter 9

Human CD36 deficiency

The prevalence of human CD36 deficiency is 3-11% in Asian and African populations, whereas
it is only 0.3% in the US population!?.18. In humans the relation between CD36 deficiency and
the sensitivity of insulin is controversial. Several studies demonstrated a correlation between
imsulin resistance and CD36 deficiencyi920. However, these studies are performed in a fairly
small population of CD36-deficient subjects2!,22 and are therefore difficult to interpret. In
contrast, a study in which a large CD36-deficient population demonstrated no relation between
the development of insulin resistance and CD36 deficiency?3. Thus CD36 may contribute to
the development of insulin resistance, but it is certainly not the only factor causing insulin
resistance.

REGULATION OF THE AMOUNT AND ACTIVITY OF SARCOLEMMAL FAT/CD36

Since FAT/CD36 can only exert its function as a LCFA transport protein at the sarcolemma,
the subceliular localization is important. In agreement, the sarcolemmal amount of FAT/CD36
has been found to correlate with the LCFA uptake rate24.25. Besides induction of existing
endosornal FAT/CD36 translocation fo the sarcolemma, the amount and activity of
sarcolernmal FAT/CD36 may also be regulated in other ways (Fig. 9.1). The machinery
involved in the intracellular vesicular trafficking of FAT/CD36 between the intracellular
storage compartments and the sarcolernma remains to be elucidated.

Once present at the sarcolemma, localization of FAT/CD36 in specific domains of the
membrane is important for its function. Stremmel er al2¢ suggested a possible role for caveolae
in the FAT/CD36-mediated LCFA uptake process. These caveolae are invaginations of the
sarcolemma consisting of caveolin, cholesterol, and glycosphingolipids, and are enriched with
membrane receptors and signalling molecules?”, Indeed it has been demonstrated that in
human skeletal muscle, FAT/CD36 colocalizes with caveolin-328.29 which is predominantly
expressed in myocytes, but it is unknown whether FAT/CD36 interacts directly with caveolin-
3. In contrast to FAT/CD36, FABPpm is not present in the caveolae. The importance of this
piasmalemmal localization of FAT/CD36 was presented by Pohl and coworkers3®, who
showed that a proper organization of caveolae is necessary for FAT/CD36-mediated LCFA
uptake by adipocytes. Thus in addition to translocation of FAT/CD36, its sarcolemmal
localization is another levels of regulation. Therefore, caveclea-disrupting agents could have
therapeutic potential,

Recently, we demonstrated that myocardial LCFA uptake can be regulated without changes
in the total amount and subcellular localization of FAT/CD3631, suggesting that the
sarcolemmal FAT/CD36 activity can be increased without changing its content. In fact, several
post-translational modifications of the FAT/CD36 molecule, i.e., phosphorylation, glycosylation
and palmitoylation, could alter the intrinsic activity of FAT/CD3632.33, In human platelets it has
been shown that FAT/CD36 can be phosphorylated by a kinase present at the outer leaflet of
the sacrolemma34. Here, phosphorylation of FAT/CD36 was paralleled by a significant decrease
in initial palmitate uptake by intact human platelets35. These data suggest that also in cardiac
myocytes phosphorylation of FAT/CD36 could influence its intrinsic activity. However, it should
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Figure 9.1: Regulation of the amount and activity of sarcolemmal FAT/CD36.

Possible levels of regulation are: 1) Iniracellular vesicular trafficking, 2} Membrane domain localization, 3)
Interaction with plasmalemmal fatty acid binding protein {FABPpmy, fatty acid transport protein [FATF] or
cytoplasmic FABP (FABPc), 4) Phosphorylation [Pl, 5} Palmitoylation {Palm), and 6} Glycosplation {Gly).

be realized that several tissue-specific functions of FAT/CD36 have been revealed. Whereas, in
myocytes and adipocytes FAT/CD36 has been demonstrated to function as a putative LCFA
transport protein, in platelets it is a receptor for collagen and thrombospondin, and in monocytes
and macrophages it serves as a scavenger receptor for oxidized low-density lipoproteins36-39,
Since FAT/CD36 is a highly glycosylated protein the degree of glycosylation could influence its
function in different tissues. Therefore, studies which simultaneously investigated the various
post-translational modifications of FAT/CD36 and their effect on its function in different tissue
could shed more light on the whole-bady effect of FAT/CD36.

POSSIBLE STRATEGIES TO REDUCE THE SARCOLEMmMAL FAT/CD36 AMOUNT OR ACTIVITY

One of the main conclusions of this thesis is that an increased sarcolemmal FAT/CD36 content
plays a pivotal role in the accumulation of intracellular TAGs in cardiac myocytes from insulin
resistant rodents, Because intracellular TAG accumulation is associated with the developmerit
of cardiac insulin resistance and dysfunction, a reduced sarcolemrnal content and/or activity
of FAT/CD36 should help prevent TAG accumulation. Therefore, manners to reduce the
sarcolemmal FAT/CD36 localization and activity are suggested as new strategies to normalize
cardiac insulin sensitivity and function.
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A manner to inhibit the activity of FAT/CD36 is by blocking the binding site of LCFAs at the
FAT/CD36 molecule. As demonstrated in Chapter 8, in vitro FAT/CD36-mediated cellular
LCFA uptake can be inhibited by sulfo- Msuccinimidyl oleate {SSOJ, which covalently binds
1o FAT/CD36. However, when SSO is given in vivo it must be realized that FAT/CD36 is not
only expressed in muscle tissue, but also in adipose tissue, monocytes, macrophages and
platelets37-39, As a result, in vivo administration of SSO has more effects than inhibiting LCFA
uptake and TAG accumulation in muscle tissues. Other disadvantages of administrating SSO in
vivo are that in an aqueous environment 5SO hydrolyses in approximately 2 hours, and S5O is
very hydrophobic making it almost impossible to dissolve it in a vehicle that is not toxic for
rodents and humans. Therefore, an agent should be developed that, (i} specifically inhibits
FAT/CD36 in muscle tissue, {ii] is stable in an aqueous environment and [iif] dissolves easily
in a non-toxic vehicle. Moreover, it should be considered that when specifically inhibiting the
activity of muscle FAT/CD36 in vivo it is likely that plasma LCFA levels will rise. In line with
results obtained in studies with CD36 null mice, it is expected that this rise in LCFA levels will
result in accumulation of TAGs in the liver, causing hepatic insulin resistance. A manner {o
reduce hepatic TAG content is to induce hepatic LCFA oxidation by activating the nuclear
receptor, peroxisome proliferator-activated receptor o (PPARa). PPARo. agonists are known to
increase the expression of genes in LCFA oxidation in liver and skeletal muscle40. A
combination therapy of a muscle-specific FAT/CD36 inhibitor and a PPARo agonist could be
a suitable strategy to prevent accumulation of intracellular TAGs in muscle tissues and liver
Therefore, in future studies the effect of such a combination therapy should be investigate on
tissue insuiin sensitivity, intracellular TAG accumulation and subcellular FAT/CD36
localization.

The sarcolemmal amount of FAT/CD36 can be reduced by specifically inhibiting the
recruitment of FAT/CD36 to the sarcolemma, without affecting GLUT4 translocation. As
demonstrated in Chapter 4, it is possible to selectively induce FAT/CD36 translocation in a
contraction-like manner, suggesting that beyond AMPK the signal branches off into fwo
separate ways to mobilize GLUT4 and FAT/CD36. However, these downstream targets of
AMPK remain to be identified in future studies, But once the FAT/CD36-mobilizing branch is
identified and can be blocked it is possible to enhance mitochondrial LCFA oxidation by
activating AMPK without inducing recruitment of FAT/CD36. This could be a new strategy to
reduce the elevated intracellular TAG content in cardiac mycovtes in a prediabetic state,

Besides these two strategies there is a whole range of possibilities to influence the sarcolemmal
FAT/CD36 amount and/or activity. Agents that influence membrane domain localization of
FAT/CD36, intraceliular vesicular trafficking, interaction of FAT/CD36 with either FABPpm,
FATP or FABPc, or phosphorylation/ palmitoylation/glycosylation of FAT/CD36, each may
alter FAT/CD30 functional activity and hence the cellular LCFA uptake rate.

Although an agent that reduces FAT/CD36-mediated LCFA uptake by cardiac myocytes in
vivo remains to be designed and deveioped, such an inhibitor could be of great value in the
fight against diabetic cardiomyopathy.
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Summary

The heart predominantly consisis of specialized muscle cells, cardiac myocytes, which perform
contractions in a coordinated fashion. These confractions require large amounts of energy in
the form of ATP which is generated by oxidation of substrates. Under normal physiological
conditions cardiac myocytes predominantly utilize long-chain fatty acids {LCFAs, 60-70%),
with the remainder covered by carbohydrates, i.e., glucose {20%) and lactate [10%). The
cellular uptake of these substrates is regulated by the sarcolemmal content and dctivity of
specific transport proteins. GLUT4 is the main glucose transport protein in the heart and is not
only present at the sarcolemmma, but also in intracellular compartment stores fromwhere it can
translocate to the sarcolemma. [t has been well described that both the hormone insulin and
an increased workload induce translocation of GLUT4 from the intracellular stores to the
sarcolernma resulting in an increased glucose uptake by cardiac myocytes. Although both
stimuli increase glucose uptake different signalling pathways are activated. Insulin acts via the
activation of phosphatidylinositol-3 kinase (PI;K], whereas cellular contractions induced
adenosine monophosphate kinase (AMPK] activity, Several putative transport proteins are
involved In the LCFA uptake process; (i) fatty acid translocase (FAT), the rat homolog of human
CD36, (if} plasmalemmal fatty acid binding protein (FABPpm) and (iii) fatty acid transpoit
protein {FATP). There is evidence that the amount of FAT/CD36 at the sacrolemma is the rate-
limiting step in the LCEA uptake process. Like GLUT4, FAT/CD36 is located both at the
sarcolemma and in intracellular storage compartments. Recently, we demonstrated that insulin
is also able to increase myocardial LCFA uptake by inducing FAT/CD36 translocation via
activation of PI;K. However, whether the regulation of FAT/CD36-mediated LCFA uptake by
an increased workload resembles that of GLUT4-med{ated glucose uptake was unknown.

Several studies presented in this thesis give new insights into the effect of cellular
contractions in rat cardiac myocytes on, (i) FAT/CD36-mediated LCFA uptake and (i} the
intracellular signalling pathway affecting LCFA utilization. We were the first to demonstrate
that upon cellular contractions FAT/CD36 translocates to the sarcolemma resulting in an
increased uptake of LCFAs. Interestingly, we showed that activation of AMPK is involved in
this contraction-induced transiocation of FAT/CD36 {Chapter 3). Although the manner in
which cellular contractions induce glucose uptake resembles that of LCFA uptake, we showed
that it is possible to recruit FAT/CD36 to the sarcolemma without affecting the subcellular
localization of GLUT4. The universal phosphodiesterase-inhibitor, dipyridamole, is able to
induce FAT/CD30-mediated LCFA uptake in a contraction-like manner, but has no effect on
glucose uptake (Chapter 4). This latter study sugpests that beyond AMPK the contraction-
induced signalling pathway branches off into separate mobilizations of GLUT4 and of
FAT/CD36.

Besides AMPK, we were also interested in other kinases that could be involved in the
contraction-induced increase in LCFA uptake. Attractive candidates are members of the protein
kinase C (PKC) family. The PKC family consists of three subfamilies, conventional, novel and
atypical PKCs. Conventional and novel PKCs can be activated by phorbol myristate acetate
(PMA), a diacylglycerol {DAG) analog. The activation of AMPK during cellular contractions
can be pharmacologically mimicked by oligomycin, a mitochondrial F,/F; ATPase inhibitor
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Whi.ch elevvatwes that intracellular AMP/ATP ratio. We indeed demonstrated that PKCs are
involved m oligomycin-induced LCFA uptake (Chapter 5). Moreover, we showed that the
effect of oligomycin and PMA are non-additive suggesting that the activated PKC should have
? DAG-binding domain. However, additional studies are needed to disclose which specific PKC
isoform is activated in the contraction signalling resulting in an increased LOFA uptake.

After identifying that both insulin and cellular contractions stimulate FAT/CD36-mediated
LCEA uptake by cardiac myocytes we were interested in whether the effects of these stimuli
are altered during obesity and insulin resistance. 1t is believed that alterations in myocardial
LCFA utilization in obesity and type-2 diabetes mellitus (T2DM) can contribute to the
development of cardiac dysfunction. The incidence of obesity and TZDM is drastically
increasing worldwide and heart failure is one of the main causes of morbidity and death in
these patients. Therefore, identifying the mechanism involved in the alterations in LCFA
utilization in these conditions will contribute to finding new therapeutically approach to
prevent or treat cardiac dysfunction.

We demonstrated that in cardiac myocytes from obese, insulin resistant rats, under basal
conditions, FAT/CD36 was to a large extent relocated to the sarcolemma at the expense of
intracellular stores resulting in an increased LCFA uptake rate (Chapter 6). Whereas insulin
stimulated the FAT/CD36-mediated LCFA uptake by cardiac myocytes in lean rats it failed to
do so in obese rats. Oligomycin was able to induce the myocardial LCFA uptake rate in both
lean and obese rats, but only in lean rats more FAT/CD36 was recruited to the sarcolemma.
In cardiac myocytes from obese rats the intracellular amount of triacylglycerols (TAGs] and
non-esterified LCFAs, and the intracellular incorporation rate of LCFA into TAGs were
markedly elevated already under basal conditions. It should be mentioned that insulin directs
the intracellular LCEAs towards storage and cellular contractions directs them into the
mitochondrial oxidation. /n vitro insulin-treatment of cardiac myocytes from obese rats does
not further induce the incorporation rate into TAGs. In obese rats oligomycin was still able to
induce the myocardial LCFA oxidation rate. Thus in vitro cardiac myocytes from obese rats,
while sensitive to contraction-like stimulation, are completely insensitive to insulin. Thus, the
basal condition in hyperinsulinemic, obese rats resembles the insulin-stimulated condition in
lean rats. Finally, it was found that each the metabolic processes altered under basal conditions
in cardiac myocytes from obese rats were normalized by specific inhibition of FAT/CD36,
indicating the involvement of this transport protein.

A new class of insulin sensitising agents, l.e., thiazolidinediones [TZDs) are commonly
used to treat insulin resistance in obesity and T2DM. TZDs are peroxisome proliferator
activated receptor y (PPARy) agonists. PPARy is a nuclear hormone receptor predominantly
expressed in adipose tissue, but which is also present, although in lower levels, in skeletal
muscle and heart. We investigated whether in the insulin-sensitizing effect of rosglitazone
(Rgz), a member of the TZD family, alterations in (i) the capacity to take up LCFAs anq {ii} ‘the
total and plasmalemmal protein content of membrane-associated LCFA transport proteins, 1.e.,
FAT/CD36, FABPpm and FATP1, in adipose tissue, heart and skeletal muscle are imoWed
(Chapter 7). In adipose tissue from obese, insulin resistant rats treated for I’l@ days wlth Rgz,
the LCFA uptake capacity increased coinciding with increased total tissue contents of
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FAT/CD36 and FATP1, but not of FABPpm, whereas only the protein content of FAT/CD36
plasma membrane was elevated. The increase in the LCEA uptake capacity in adipose tissue
was assoclated with a decline in plasma FAs and TAGs, suggesting that Rgz-treatment
enhanced plasma FA extraction by adipocytes. In obese heart, Rgz-treatment had no effect on
the LCFA transport system, vet the total TAG content decreased, suggesting enhanced cardiac
insulin sensitivity. Although in skeletal muscle, the LCFA transport system alsc remained
unaltered, the tissue TAG content did not change. However, the skeletal muscle content of
cytoplasmic adipose-type FABP, a marker of differentiated adipocytes increased, indicating that
the extramyocellular TAG increased. In conclusion, this study implicates FAT/CD36 in the
mechanism by which Rgz, in obese rats, redirects the FA flux towards adipose tissue, causing
plasma FA and TAG concentrations to decline, and reducing intramyocellular lipid overload,
which most likely results in increased muscle insulin sensitivity.

FAT/CD36 is belfeved to play a pivotal role in the development of cardiac dysfunction in
obesity and T2DM. We showed that in vitro sulfo-Nsuccinimidyl esters of LCFAs inhibit
EAT/CD36-mediated LCFA uptake by cardiac myocytes without directly affecting its metabolism
(Chapter 8). However, the in vivo effect of these acyl esters on cardiac LCFA utilization remains
to be elucidated. Several strategies for future studies to improve cardiac function and insulin
sensitivity during obesity and T2DM are discussed in Chapter 9. We believe that an agent that
specifically reduces FAT/CD36-mediated LCFA uptake by cardiac myocytes could be of great
value in the fight against the development of diabetic cardiomyopathy.
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Het hart bestaat voornamelijk uit spiercellen die gecodrdineerd contraheren. De energie die
n;ogig isﬁ om te contraheren wordt gegenereerd uit het verbranden van voedingstoffen. Onder
fysmio%]s‘che o\msta,n,digheden verbranden hartspiercellen voornamelijk langketenige vetzuren
{00;/0,’6]_ Dg qvenge energie wordt gehaald uit de verbranding van koolhydraten, glucose
[20%) en melkzuur (10%). Voordat glucose en vetzuren verbrand kunnen worden passeren ze
eerst het omhulsel van de hartspiercel, de zogenaamde plasmamembraan, In de plasmamembraan
bevinden zich transporteiwitten die de oprname van ghicose en vetzuren reguleren, GLUT4 is het
voornaamste glucose transporteiwit in het hart en is niet alleen aanwezig in de plasmamembraan
maar ook in intraceliulaire opslagruimtes. In hartspiercellen wordt een verplaatsing van
GLUT4 van de intracellulaire opsiagruimtes naar de plasmamembraan geinduceerd door zowel
het hormoon insuline als door contracties. Ondanks dat beide stimull de opname van glucose
verhogen worden er verschillende intracellulaire signaattransductieroutes geactiveerd. Insuline
activeert phosphatidylionositol-3 kinase (PI;K] en contracties stimuleren adenosine monofosfaat
kinase [AMPK]. Bij de opname van vetzuren zijn meerdere transporteiwitten betrokken; (i)
vetzuur translocase [FAT), de rathomoloog van het humane CD36, (ii) plasmalemmaal
vetzuurbindend eiwit (FABPpm) en (iii} vetzuurtransporteiwit (FATP). De hoeveelheid FAT/CD36
aanwezig in de plasmamembraan wordt gezien als de snelheidshepalende stap in de opname
van vetzuren. FAT/CD36 is net als GLUT4 aanwezig in zowel de plasmamembraan als in
intracellulaire opslagruimtes. Eerder is aangetoond dat in hartspiercellen onder de invioed van
insuline ook FAT/CD36 verplaatst van de opslagruimtes naar de plasmamembraan. Doordat er
meer FAT/CD36 aanwezig is in de plasmamembraan neemt de vetzuuropname in deze cellen
toe. Of de regulatie van FAT/CD36-gemedieerde vetzuuropname tijdens contracties gelijk is
aan die van de GLUT4-gemedieerde glucose opname is een van de bevindingen die
voortvloeien uit dit proefschrift.

Studies die gepresenteerd worden in dit proefschrift geven nieuwe inzichten in het effect
van contracties in hartspiercellen van ratten op, (i} de FAT/ CD36-gemedieerde vetzuuropname
en (i) de intracellulaire signaaltransductieroute die betralken is bij het verbruik van vetzuren.
Wij hebben aangetoond dat onder invloed van contracties FAT/CD36 naar de plasmembraan
verplaatst waardoor de opname van vetzuren toeneemt {Hoofdstuk 3). Tevens is gebleken dat
een verhoogde AMPK activiteit betrokken is bij de stimulatie van de vetzuuropname tijdens
contracties. De manier waarop contracties de opname van glucose stimuleert vertoont een
grote gelijkenis met de manier waarop de vetzuuropname toeneemt. Wij hebben echter laten
zien dat het mogelijk is om FAT/CD306 naar de plasmembraan te rekruteren zonder dat de
subcellulaire lokalisatie van GLUT4 verandert. De universele fosfodiesterase-remmer,
dipyridamole, is in staat om de FAT/CD36-gemedieerde vetzuuropname te verhogen op een
wijze die lijkt op de verhoging bij contracties, maar die geen effect heeft op de opname van
glucose (Hoofdstuk 4). Deze studie suggereert dat de contractiegeinduceerde es:iignaaltran&
ductieroute na AMPK afsplits in twee verschillende routes om GLUT4 en FAT/CD36 te
mobiliseren. ‘

Naast AMPK waren we ook geinteresseerd in andere kinases die betrokken zijn bij de
contractiegeinduceerde verhoging van de vetzuuropname door hartspierceilen. Attractieve
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kandidaten zijn leden van de proteine kinase C (PKC] familie. De PKC familie bestaat uit drie
subfamilies, conventionele, nieuwe en atypische PKCs. Conventionele en nieuwe PKCs
kunnen geactiveerd worden door phorbol myristaat acetaat (PMA}, een diacylglycerol {DAG)
analoog, Activatie van AMPK tjdens contracties kan farmacologisch nagebootst worden door
oligomycine, een rermmer van het mitochondriéle F;/Fy ATPase. Door het tot in zekere mate
remmen van F,/F, ATPase stijgt de AMP/ATP ratio en wordt AMPK geactiveerd. We hebben
aangetoond dat PMA de vetzuuropname in hartspiercellen verhoogt. (Hoofdstuk 5). Tevens
hebben we laten zien dat dit effect van PMA niet additief is aan het stimulerende effect van
oligomycine. Deze bevindingen suggereren dat een PKC met een DAG-bindend domein
betrokken is bij de oligomycine-geinduceerde vetzuuropname in hartspiercellen. Additionele
studies zullen moeten uitwijzen welke specifieke PKC isoform geactiveerd wordt.

Nadat gebleken is dat zowel insuline als ook contracties de FAT/CD36-gemedieerde
vetzuuropname in hartspiercellen verhogen, waren we geinteresseerd in het effect van deze
twee stimuli tijdens obesitas en insulineresistentie. Veranderingen in het vetzuurverbruik door
hartspiercellen tijdens type-2 diabetes mellitus {T2DM) zouden kunnen bijdragen aan de
ontwikkeling van diabete cardiomyopathie. De incidentie van obesitas en T2DM stijgt
wereldwijd gestaag en hartfalen is een van de voornaamste oorzaken van morbiditeit en
mortaliteit in deze patigntengroepen. Door het ontrafelen van het mechanisme dat betrokken
is bij veranderingen in vetzuurverbruik zou er mogelijk gerichter gezocht kunnen worden naar
manieren voor de preventie en behandeling van diabete cardiomyopathie.

Wij hebben aangetoond dat onder basale condities significant meer FAT/CD36 aanwezig
is in de plasmamembraan van hartspiercellen van obese ratten (Hoofdstuk 6]. Aangezien de
totale hoeveelheid FAT/CD36 niet verandert en de intracellulaire hoeveelheid is afgenomen,
lijkt het erop dat FAT/CD36 permanent verplaatst is naar de plasmamembraan. Deze
verplaatsing van FAT/CD36 zorgt voor een chronische toename van de vetzuuropname.
Terwijl insuline de FAT/CD36-gemedieerde vetzuuropname door hartspiercellen stimuleert in
slanke ratten is het hormoon hiertoe niet in staat in obese ratten. Daarentegen stimuleert
oligomycine de vetzuuropname in hartspiercellen van zowel slanke als van obese ratten, maar
alleen in slanke ratten is er meer FAT/CD36 naar de plasmamembraan verplaatst. Al onder
basale condities is de totale hoeveelheld triacylglycerolen {TAGs] en vetzuren in hartspiercellen
van obese ratten hoger dan in slanke ratten. Tevens stijgt in hartspiercellen van obese ratien
de snetheld waarmee extracellulaire vetzuren worden ingebouwd in intramyocellulaire TAGs.
Onder fysiclogische condities stimuleert insuiine de opslag van extracellulaire vetzuren en
stimuleren contracties de verbranding van deze vetzuren. [n vifro behandeling van
hartspiercellen van obese ratten met insuline laat de snelheid waarmee vetzuren worden
ingebouwd in TAGs niet verder toenemen. In deze cellen is oligomycine nog steeds in staat
am de snetheld waarmee vetzuren worden verbrand te laten toenemen. Concluderend, in
vitro zijn hartspiercellen van obese ratten gevoelig voor contractie-achtige stimulatie, maar ze
zijn volledig ongevoelig voor insuline. De basale conditie in obese ratten lijkt dus op de
insulinegestimuleerde conditie in slanke ratten. Tot slot hebben we in deze studie aangetoond
dat elk van de metabole processen die veranderd zijn onder basale omstandigheden in
hartspiercellen van obese ratten genormaliseerd kunnen worden door de specifieke remming
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van de activiteit van FAT/CD36. Deze bevindingen suggereren de beirokkenheid van
FAT/CD36 in de veranderingen van het vetzuurverbruik die plaatsvinden in hartspiercellen
tijdens obesitas en insulineresistentie.

Een nieuwe groep van medicijnen die de insulinegevoeligheid tijdens obesitas en T2DM
verhogen zijn de thiazolidinediones (TZDs). TZDs zijn agonisten van peroxisoom proliferator
geactiveerde receptor ¢ (PPARy]. PPARy is een hormoonreceptor die aanwezig in de celkern,
PPARy komt voornamelijfk tot expressie in vetcellen, maar is in lagere hoeveelheden ook
aanwezig in hart en skeletspier. We hebben onderzocht of rosiglitazone {Rgz), een lid van de
TZD familie, invioed heeft op de eiwit-gemedieerde opname in vet- en spierweefsel van obese
ratten (Hoofdstuk 7). In vetweefsel van obese, insulineresistente ratten die 16 dagen
behandeld zijn met Rgz neemt de capaciteit waarmee vetzuren worden opgenomen foe, Dit
gaat samen met een verhoogde totale hoeveelheid van FAT/CD36 en FATP1, terwijl de totale
hoeveelheid van FABPpm onveranderd is. Tevens is in de plasmamembraan alleen de
hoeveetheid van FAT/CD36 verhoogd. De toegenomen vetzuuropnamecapaciteit in vetweefsel
wordt geassocieerd met een verlaging van de concentratie vetzuren en TAGs in het
bloedplasma. Dit suggereert dat door de behandeling met Rgz het vetweefsel meer vetzuren
uit het plasma extraheert. In het hart van obese ratten heeft de Rgz behandeling geen effect op
het vetzuurtransportsysteern, maar de totale hoeveelheid TAGs is verlaagd. Dit suggereert dat
de insulinegevoeligheid van het hart toeneemt. In de skeletspier blijkt dat naast het
vetzuurtransportsysteem ook de totale TAG hoeveelheid onveranderd blijft. De hoeveelheid van
cytoplasmatisch adipose type FABP (A-FABPc), een marker voor gedifferentieerde vetcellen,
neemt echter toe. Deze toename in A-FABPc toont aan dat de extramyocellulaire hoeveelheid
TAG toeneemt. Concluderend, deze studie laat zien dat FAT/CD36 in obese ratten een
belangrijke rol speelt in het mechanisme waarop Rgz de insulinegevoeligheid in spierweefsel
verhoogt.

FAT/CD36 wordt gezien als een eiwit dat betrokken is bij de ontwikkeling van diabete
cardiomyopathie. We hebben aangetoond dat in vitro de FAT/CD30-gemedieerde vetzuuropname
door hartspiercellen specifiek geremd kan worden middels sulfo-Msuccinimidyl esters van
langketenige vetzuren {Hoofdstuk 8). Het in vivo effect van deze acyl esters op het vetzuur-
verbruik deor het hart moet echter nog onderzocht worden. Verschillende strategieén voor
verder onderzoek naar het verbeteren van de functie van het hart en de insulinegevoeligheid
tijdens obesitas en T2DM worden bediscussieerd in Hoofdstuk 9. Wij denken dat specifieke
remming van de FAT/CD36-gemedieerde vetzuuropname door hartspiercellen van grote
waarde kan zijn in het gevecht tegen de ontwikkeling van diabete cardiomyopathie.
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Na vier jaar met veel plezier aan mijn promotieonderzoek te hebben gewerkt, is het nu toch
echt zover: het proefschrift is af. Het tot stand komen van dit proefschrift zou niet zijn gelukt
zonder de hulp en steun van anderen. Nu is het dan ook tijd om de mensen te bedanken die
hebben bijgedragen aan een succesvolle promotieperiode. ,

Allereerst wil ik mijn promotieteam, bestaande uit mijn twee promotores Prof. dr. .EC. Glatz
en Prof. dr. G.J. van der Vusse en co-promoter Dr. J.I.EP. Lufken, bedanker.

Beste Jan, ten eerste bedankt dat je me de mogelijkheid hebt gegeven om mijn promotie-
onderzoek bij jouw groep uit te voeren. Je deskundigheid, toewijding en optimisme maakten
deze AlO-periode een waardevolle tijd waarin ik veel algemene en specifieke vaardigheden
heb opgedaan. Als ik het even niet meer zag zitten wist je me weer te motiveren om door te
gaan. De uitspraak “de aanhouder wint” is geheel op jou van toepassing.

Beste Ger, ondanks je drukke agenda maakte je altijd tijd voor mij vrij, zowel voor als tijdens
de afronding van het proefschrift. [k wil je bedanken voor je kritische en deskundige
beoordeling van de manuscripten.

Beste Joost, jij bent degene die me wegwijs heeft gemaakt in de wereld van de gelsoleerde
hartspiercellen. [k heb veel van je geleerd. Je betrokkenheid bij mijn dagelijkse werkzaamheden
en je enthousiasme heb ik zeer gewaardeerd. Af en toe verschilden we van mening wat betreft
aanpak en interpretatie, maar de daaruit volgende discussies zijn het eindresultaat alleen maar
ten goede gekomen.

Gedurende mijn AIO-periode heb ik de mogeliikheid gehad om een deel van het onderzoek wuit
te voeren in het laboratorium van Prof. dr. A. Bonen in Waterloo, Canada. Dear Arend, it was
a pleasure to work with an expert in the field of muscle substrate metabolism and many thanks
for your hospitality. Even after my stay in Canada you stayed involved in my project, which [
appreciated very much.

| also want to thank Adrian, Dave, Lisa, Miriam, Ted & Marieke, Shannon & Ben, Ruth, Xiao-
Xla and Yoga, all {old} members of the Bonen-lab who each contributed to an unforgettable stay
in Canada. A special thanks to Carley, you became a true friend. Your visits to Maastricht and
the Keystone meeting in Alberta were wonderful. Good luck with finishing your thesis and
who knows maybe one day we will become colleagues again.

Een speciaal woord van dank gaat uit naar mijn twee paranimfen.

Beste Barbara, samen VWO en samen op kamers tijdens de studietijd. We hebben lief en leed
gedeeld en je bent mijn beste vriendin. Het is vanzelfsprekend, geruststellend en zeer prettig
dat je mijn paranimf bent.

Beste Hanneke, als zusje van Petra heb ik je leren kennen en nadat ik je als student heb mogen
begeleiden, werd je uiteindelijk een collega AlO en kamergenootie. Bij jou kan ik altijd terecht
en dat waardeer ik zeer. Ik vind het fantastisch dat {ij mijn paranimf bent.



Dapinwoonn

Beste Jodil, de keren dat we samen de klok hebben rondgeteld zijn ontelbaar. Mede dankzlj
jouw inzet is de Zucker studie een succes geworden. Bedankt voor alle hulp bij de
werkzaamheden op het lab en voor de eerste hulp bij computerproblemen.

Beste Will, met een stralend humeur gaf je aan het werken op het lab iets speciaals. Jouw
uitspraken zoals “het briesend paard” en “ho, ho...” staan al bekend als echte klassiekers.
Bedankt voor het aanleren van de isolatie van vesicles en al je hulp op het lab.

Beste Maurice & Daniélle vd V, bedankt voor alle gezelligheid op en buiten het lab. Nog
eventies wachten en dan zijn jullie met z'n vijven, spannend!

Beste Debby, Masja en Daphna, gefsoleerde hartspiercellen zijn jullie alien niet vreemd. Debby,
}ij was al een jaartje bezig toen ik begon. Samen hebben we heel wat congressen en cursussen
bezocht. Nu werk je als Post-doc in Canada ent ik wens je veel succes toe. Masja en Daphna,
veel succes met het afronden van jullie promotieonderzoek.

Gedurende mijn promotieonderzoek heb ik het genoegen gehad om bij twee verschillende
capaciteitsgroepen binnen de Universiteit Maastricht te mogen werken.

Het begon allemaal bij Fysiologie. Ik wil dan ook de collega’s van Fysiologie, Andries, Ben,
Claire, Danny (bedankt voor al het krabwerk!), Frans, Geertje, Hans, Joep, Jos, Karin, Kristel,
Luc, Marc, Mirjam, Pascal, Peter, Richard, Roy {jij bent de eerstvolgende van ons groepje,
succes met de laaiste loodjes), Theo en Viviane, bedanken voor een onvergetelijke tijd.

Mijn tweede thuisbasis werd Moleculaire Genetica. Arjen, Claudia, Daniélle C, Guilaumme,
Inge (wielrennen & kolonisten, wanneer & waar?), Iris (bedankt voor je interesse), Kristiaan,
Le, Marion, Marten, Mathys, Menno, Mohammed {zorg je goed voor mijn oude plelje?),
Monique & Patrick, Petra & Sander {bedankt voor de gezellige (kolonisten)} avondjes), Ronit,
Stifn, Vivian, Willem, Wilma en Yana, bedankt voor alle leerzame en gezellige momenten. Mijn
collega AIO’s wens ik heel veel succes met het afronden van hun promotieonderzoek.

Beste Fysiologie-kamergenoten, lieve Anita, Veerle & Miriam, we konden lief en leed samen
delen. Ik wil jullie bedanken voor een geweldige tijd. Het kameruitje naar de Efteling was zeer
geslaagd en is zeker voor herhaling vatbaar. Anita: heel veel succes met de laatste loodjes, het

gaat je zeker lukken!
Dear Molgen-roommates, dear Céline, Frank, Hanneke & Scfia, after a warm welcome | felt at
home immediately. You each were a real help during the last stressful months of my Ph.D.

project.

Alle medewerkers van de Centrale Proefdier Voorzieningen wil ik bedanken voor hun
expertise bij het uitvoeren van diverse experimenten.

John & Eric, bedankt voor de creatieve bijdrage aan dit proefschrift.
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Dr It C.T.A. Evelo, beste Chris, bedankt dat je me hebt gestimuleerd om door te gaan in het
onderzoek. Mijn afstudeerstage heb ik als zeer leerzaam en prettig ervaren.

Beste Paul en lija, ik heb jullie adviezen en interesse voor en tijdens mijn AlO-periode altijd
zeel op prijs gesteld.

Alle vrienden en in het bijzonder Jannie & Maarten [de vakantie in Canada was geweldig!],
Barbara & Owen, Linda & Gaston, Fabiénne & Raoul, Ingrid & Geert en Anouk & Johan wil ik
bedanken voor de nodige ontspanning naast het werk en voor het medeleven tijdens het
afronden van mijn proefschrift.

De familie Steinbusch; Harrie & Fleny, Wilbert, Annegien, Jan & Rik, Maurice, Tanja, Linde,
Lara & Tom bedankt voor al hun getoonde interesse, Wilbert nog bedankt voor het redden van
mijn gecrashte memory stick!

Beste oma Mia en oma Mieke, bedankt daf jullie me al van kleins af aan hebben bijpestaan.
Jullie hebben altijd veel voor e betekend en ik hoop nog lang van jullie te mogen genieten.

Lieve Plep & Miem, bedankt voor jullie steun, belangstelling en liefde. Jullie staan altijd voor
me klaar. Alle adviezen die jullie me geven aver belangrijke zaken in het leven stel ik zeer op
prijs. Heel erg bedankt voor alles!

Lieve Erik, samen met jou ben ik begonnen aan het AlQ-avontuur. Dat het niet altijd van een

leien dakje gaat heb je van dichtbij meegemaakt. Bedankt dat je er onvoorwaardelijk voor me
bent. Samen gaan we een mooie toekomst tegemoet.
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