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ABSTRACT

Cardiac complications are a major cause of death in patients with chronic kidney
disease (CKD). Left ventricular hypertrophy (LVH) is a significant contributing
factor to uraemic cardiomyopathy and results in significant molecular, cellular and
metabolic remodelling. Progression of LVH leads to the development of insulin
resistance, a feature common to CKD and heart failure, further jeopardising survival

of the uraemic heart.

The aim of this thesis was to investigate the effect of uraemia on cardiac physiology,
function and metabolism. Specifically, the aim of the study was to examine the
cellular mechanisms underlying the development of myocardial insulin resistance in

uraemia.

The experimental model was induced surgically via a two-stage 5/6 nephrectomy in
adult male Sprague-Dawley rats over three, six weeks or nine weeks. An integrated
experimental approach combining in vivo and ex vivo methods was used to
characterize the morphology and physiology of the experimental model, examine
myocardial function and energy provision; assess alterations in myocardial protein
expression and determine potential mechanism involved in the development of

insulin resistance.

Uraemic animals exhibited impaired renal function (creatinine 69+2 vs. 40+2 uM n=
41; p<0.05), cardiac hypertrophy (dry heart weight: tibia length 0.5+0.01 vs.
0.4+0.01 g/cm; n=30; p<0.05), impaired glucose tolerance, hyperinsulinaemia,

anaemia and hypertension.



In perfused hearts, uraemia caused a limited response of the uraemic heart to an
increase in workload, demonstrated by cardiac dysfunction and metabolic adaptation.
This profile was exacerbated in the presence of insulin. In vivo studies highlighted
that insulin sensitivity was reduced in uraemic animals (HOMA-IR 1.27£0.3 vs.
0.58+0.1; n=8 p<0.02) and declined progressively with renal dysfunction. LV tissue
from the uraemic model showed an increase in myocardial GLUT4 and normal

insulin mediated translocation mechanism.

In conclusion, uraemic animals exhibited a reduction in insulin sensitivity, glucose
intolerance and hyperinsulinaemia, indicating onset of insulin resistance after 6
weeks of uraemia. Profile of myocardial GLUT4 expression and response to insulin
stimulation suggested that insulin resistance is not a consequence of impaired
translocation. The lack of overt metabolic remodelling suggests a compensatory

phase of left ventricular hypertrophy.
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ABBREVIATIONS

ADP
ACE
Akt/PKB
AMP
ATP
AV
ANF
BSA
BWt

C a2+
cAMP
CAT
CH
CKD
CK

CO

CO,
CPT1
CPT2
D,O

Dp

ET

ETC
EDTA
Erk
FABP
FAO
FAT/CD36
FADH;
FID
FFA
GAPDH
GATA
GLUT1/4
GP
GSK-3
GPCR

GAB

G-6-P
HK
HR
Hcy
Hb
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Adenosine diphosphate

Angiotensin converting enzyme
Serine/threonine kinase or Protein kinase B
Adenosine monophosphate
Adenosine triphosphate
Atrioventricular

Atrial natriuretic factor

Bovine serum albumin

Body weight

Calcium

Cyclic adenosine monophosphate
Carnitine acylcarnitine translocase
Cardiac hypertophy

Chronic kidney disease

Creatine kinase

Cardiac output

Carbon Dioxide

Carnitine palmitoyl transferase 1
Carnitine palmitoyl transferase 2
Deuterated water

Diastolic pressure

Endothelin

Electron transport chain

Ethylene diamine tetraacetic acid
Extracellular signal-regulated kinase
Fatty acid-binding protein

Fatty acid oxidation

Fatty acid translocase

Flavin adenine dinucleotide (reduced)
Free induction decay

Free fatty acid
Glyceraldehyde-3-phosphate dehydrogenase
Transcription factor

Glucose transporter 1/4

Glycogen phosphorylase

Glycogen synthase kinase-3
G-protein coupled receptors

Grb-2 associated binder scaffolding adapter
molecules

Glucose-6-phosphate

Hexokinase

Heart rate

Homocysteine

Haemoglobin



HDL
HPLC
HOMA-IR

HRP
IGF

Ir

Jak
K-H
kDa
LCFA
LVH
LVDP
LV
LDH
LPL
MAPKSs
MCAD
mCPT1
MCT-1

MEK/MEKK

MHC
mM
MI
MVO,
NAD"
NADH
NCX
NFAT
nM
NMR
NO
p38
PAGE
PCA
PCNA
PCr
PDC
PDH
PDK
PDGF
PDP
PFK
PGC-1
P;
PI3-K
PIP3
PPARo.
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High-density lipoprotein

High performance liquid chromatography
Insulin resistance homeostasis assessment
model

Horse radish peroxidase

Insulin-like growth factor

Insulin receptor

Janus Kinase

Krebs-Henseleit

Kilo Dalton

Long-chain fatty acids

Left ventricular hypertrophy

Left ventricular developed pressure

Left ventricle

Lactate dehydrogenase

Lipoprotein lipase

Mitogen-activated protein kinases

Medium chain acyl CoA dehydrogenase
Muscle type carnitine palmitoyl transferase 1
Monocarboxylate transporter
Mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase

Myosin heavy chain

Milimolar

Myocardial Infarction

Myocardial oxygen consumption
Nicotinamide adenine dinucleotide (oxidised)
Nicotinamide adenine dinucleotide (reduced)
Sodium calcium exchanger

Nuclear factor of activated T cells
Nanomolar

Nuclear magnetic resonance

Nitric oxide

Type of MAPK

Polyacrylamide gel electrophoresis
Perchloric acid

Proliferative cell nuclear antigen
Phosphocreatine

Pyruvate dehydrogenase complex

Pyruvate dehydrogenase

Pyruvate dehydrogenase kinase

Platelet derived growth factor

Pyruvate dehydrogenase phosphate
Phosphofructokinase

PPARYy co-activator-1

Inorganic phosphate

Phosphatidylinositol 3-kinase
Phosphatidylinositol(3,4,5) triphosphatase
Peroxisome proliferators activated receptor a-
isoform



PT
PTH
RNA
ROS
RPP
RyR
SA
SERCA
SDS
SHR

SNARE

Sp
SR

Stat

TCA
TGN
TG
T™MS
VEGF
VAMP
Wt
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Pyruvate transferase

Parathyroid hormone

Ribonucleic acid

Reactive oxygen species

Rate pressure product

Ryanodine receptor

Sinoatrial

Sarcoendoplasmic reticulum Ca®*-ATPase
Sodium dodecy! sulphate
Spontaneosly hypertensive rat
N-ethylmaleimide-sensitive fusion protein
attachment receptors

Systolic pressure

Sarcoplasmic reticulum

Signal transducers and activators of
trenscription

Tricarboxylic acid cycle

Trans-Golgi network

Triglyceride

Tetramethylsilane

Vascular endothelial growth factor
Vesicle associated membrane protein
Weight

Anaplerotic flux



1. INTRODUCTION
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1.1 Background

Chronic kidney disease (CKD) currently affects 6 million patients in the United
Kingdom, and over 12 million in the United States, with thousands of new cases
diagnosed every year (www.kidneyresearchuk.org, 2008). The mortality from
cardiovascular disease in uraemia is substantially higher (1000 fold) than in an age,

sex and race matched general population (Fig. 1.1), accounting for more than 50%

mortality.
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Figure 1.1 Cardiovascular Disease Mortality in General Population & in CKD
Patients

(Parfrey and Foley, 1999)
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Historically this cardiovascular mortality rate was attributed exclusively to coronary
heart disease resulting from accelerated atherogenesis (Amann and Ritz, 1997).
However, studies have shown that myocardial infarction accounts only for 30-50%
of cardiac deaths in uraemia (Wing et al., 1984, Rostand et al., 1986), but left
ventricular hypertrophy (LVH) is present in more than 75% of uraemia (Levey et

al., 2007) and may play an important role in patient mortality.

Metabolic syndrome and insulin resistance are common features in patients with
CKD (Lastra et al., 2006). Insulin resistance has been identified as an independent
predictor of cardiovascular mortality in uraemia (Shinohara et al., 2002). However,
no study to date has examined the cellular and metabolic mechanisms of myocardial
insulin resistance in uraemia. An understanding of this may allow the future

development of potential treatments for cardiac dysfunction in uraemia.
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1.2 Myocyte Structure

Cardiomyocytes, smooth muscle cells, endothelial cells and fibroblasts are essential
components of heart tissue and function. The majority of myocardial tissue volume
in vivo is made up of cardiomyocytes, (25% cardiac cell population), whilst
fibroblasts dominate in numbers (Camelliti et al., 2005). All cardiomyocytes retain

properties of conductance with some properties of pacemaker.

Contractile cardiomyocytes are similar in structure but differ to other functional
somatic cell types. They are arranged longitudinally, forming fibers and are rich in
myofibrils. Despite the presence of numerous lateral and end-to-end connections
between cardiac muscle fibres, the contractile cells do not form a true anatomical
syncitium (Waller and Schlant, 1998). Intercalated disks at the terminal cell margins
and junctions form permeable communicating gap junctions, permitting diffusion of
ions and spreading of the action potential between cardiomyocytes (Brooks et al.,
1998). Contractile cells consist of sarcomeres together with numerous centrally
located mitochondria (40% cell volume) and nucleus (Waller and Schlant 1998).
Contractile filaments are arranged in a regular array of thick (A-bands) and thin
filament (I-bands)(Fig.1.2) (Vozzi et al., 1999). The sarcomere is the functional unit
of the contractile apparatus and is the region between two Z-lines (Fig. 1.2). Calcium
(Ca®) is a direct activator of the myofilaments causing the contraction (Schlant et al.,

1998, Bers, 2002).
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The thick filaments are composed of myosin, a large hexameric structure consisting
of two heavy chains, two essential light chains and two regulatory light chain
subunits (Fig. 1.2) (Katz, 1992). Myosin molecules are set in the filament with their
tails toward the centre of the filament so that the heads are concentrated towards two
ends leaving the centre portion bare. The ATPase activity is contained within the
myosin head, generating energy for force developing in the contracting cardiac
muscle (Davies, 2001). There are two isoforms of myosin heavy chains (MHC): a-
MHC with greater ATPase activity and B chain with lower ATPase activity (Boheler

etal., 1992, Katz, 2001).

Thin filaments are composed of the protein complexes, actin, tropomyosin and
troponin (Fig. 1.2) (Martini, 2001). The actin “thin filament” consists of a 1 um long
double-stranded helix of polymer of actin with strands of tropomyosin stretched
between troponin complexes (Davies 2001). The troponin complex consists of three
proteins, troponin C (Ca®* binding), troponin I (inhibitory protein), and troponin T
(tropomyosin binding protein) (Schlant et al., 1998). In the resting state, troponin I
lies on top of the actin active sites, stabilising the tropomyosin-actin complex. This
prevents the interaction between actin and myosin. Myosin interacts with actin
hydrolysing ATP to generate energy supply for the muscle contraction. Ca®" interacts
with the troponin complex to alter the configuration of tropomyosin, hence allowing
the bridging of actin and myosin, causing sarcomere to contract (Schlant et al.,
1998). Actin filaments slide along adjacent myosin filaments by cycling of the
actinomyosin cross bridges thus bringing the Z lines closer together (Fig. 1.2) (Berne

et al., 2004).
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1.2.1 Cardiac Excitation —Contraction Coupling

Cardiac excitation-contraction coupling is the process linking the electrical excitation
of the myocyte to contraction of the heart (Hein et al., 2000). The sarcotubular
system is central to the electrical impulse conduction and electromechanical coupling
and therefore crucial for myocardial contraction. The structure is the T system,
comprised of transversely orientated tubules periodically invaginating sarcolemma.
T tubules are observed close to the area of Z band forming intermediary vesicles (Fig

1.2) (Waller and Schlant, 1998).

The cardiac contraction cycle is initiated by the sino-atrial node (pacemaker) which
triggers heart beat (Berne et al. 2004). The electrical impulse is propagated to the
bundle of His via the AV node, and subsequently the bundie branches, the Purkinje
network and finally to ventricular myocytes causing depolarisation and subsequent
contraction (Martini, 2001). Ca** plays a critical role in linking excitation and
contraction. During the plateau phase of the action potential there is a slow, inward
flux of Ca?' from extensive transverse tubule through I ¢, channels in sarcolemma

into cytosol (Fig. 1.3) (Schlant et al., 1998).
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1.2.1.1 Ca** Handling Proteins

The sarcoplasmic reticulum (SR) Ca®*-ATPase 2a is one of the key proteins involved
in Ca®* cycling. It transports 2 mol of Ca® into the SR lumen by utilizing 1 mol ATP
as an energy source (Sharma et al., 2001). Its activity is regulated by phospholamban
(PLB), a 52-residue cardiac SR-associated protein. Phosphorylation of
phospholamban enhances SERCA2a activity and allows relaxation to occur (Koss
and Kranias, 1996). PLB interacts with SERCA2a to reduce its affinity for Ca*,
therefore altering the rate and amount of calcium sequestrated by SR during
myocardial relaxation (Simmerman and Jones, 1998, Zhai et al., 2000).
Phosphorylation of PLB at Ser-'® or Thr-!" via B-adrenergic pathway or via
calcium/calmodulin kinase II results in increased rate of pumping by the Ca** ATPase
(Sharma et al. 2001). SR calcium re-uptake is determined by the SERCA 2a pump

capacity (Sande et al., 2002).

1.3 Energy Metabolism in the Healthy Heart

The heart requires a continuous supply of energy to maintain its function of a pump.
Due to the omnivorous nature of the heart, glucose, lactate, fatty acids, ketone bodies
and, under some circumstances, amino acids, compete as the substrates for

respiration (Fig. 1.4).
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Plasmalemmal fatty acid binding protein (FABP,y); fatty acid translocase
(FAT/CD36) with intracellular fatty acid transport protein (heart type FABP)
maintain sufficient flux of FA through the sarcolemma into the cell (Fig. 1.5) (van
der Vusse et al., 2000). FFA are bound to albumin in the plasma and to small fatty
acid binding proteins in the cardiomyocyte cytosol (Fig. 1.5) (van der Vusse et al.
2000). Intracellular transport of long chain FA is catalysed by three carnitine
dependant enzymes 1) carnitine palmitoyltransferase 1 (CPT-1) catalyzes formation
of the long-chain acyl CoA between inner and outer mitochondrial membranes 2)
carnitine acylcamnitine translocase transports the long-chain product across the inner
mitochondrial membrane 3) CPT-II regenerates long chain acyl CoA in the
mitochondrial matrix (Fig. 1.5) (Glatz and van der Vusse, 1996, van der Vusse et al.,
2000). CPT I plays major regulatory role in transport and is inhibited by malonyl

CoA.
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1.3.1.1 PPARa Regulation of Fatty Acid Utilization

The regulation of myocardial substrate utilization is linked to the arterial substrate
concentration, hormone levels, inotropic state and the nutritional status of the tissue
(Stanley and Chandler, 2002). FA utilization is regulated by peroxisome proliferator-
activated receptors (PPARSs), via transcriptional activation of genes encoding key
enzymes of FA utilisation (Finck and Kelly, 2004). PPARs are a family of ligand
activated transcription factors regulating different aspects of cellular lipid
metabolism (Finck and Kelly, 2002). Three PPAR isoforms have been described to
date- PPARa, PPARB and PPARy and are all activated by fatty acids. PPARa is
considered the primary transcriptional regulator of cardiac lipid metabolism (Huss
and Kelly, 2004). In PPARa knockout mice, the expression of cardiac genes
involved in FA uptake (CD36, FATP), transport (CPT1, CPT2) and oxidation
(MCAD, VLCAD and SCAD) is reduced (Fig. 1.5) (Huss and Kelly, 2004). Studies
by Luptak et al. (2005) suggested that metabolic remodelling in the hearts from
PPARo knockout mice can increase the myocardial susceptibility to functional

deterioration during haemodynamic overload.

In vitro assessment has identified LCFA and related metabolites as the most relevant
ligands for myocardial PPARa (Djouadi et al., 1998, Watanabe et al., 2000). Upon
activation, PPARa recruits transcriptional activators essential for target gene
transcription initiation (Fig. 1.6), namely the retinoid X receptor (RXR) and PPAR
promoter response element (PPRE) located upstream of the PPARa target genes

(Fig. 1.6).
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1.3.1.2 Carbohydrate Metabolism

Healthy heart utilizes glucose and lactate subsequently converted to pyruvate in
the cytosol and oxidized to CO, in mitochondria. Transport of the exogenous
lactate across the sarcolemma is facilitated by a monocarboxylate transporter
(MCT-1) (Stanley and Chandler, 2002). Intracellular lactate is rapidly oxidised by
lactate dehydrogenase (LDH) and further oxidised to CO, in the TCA cycle

(Staniey and Chandler, 2002).

The uptake of extracellular glucose is regulated by transmembrane glucose
gradient and the concentration and the activity of glucose transporters in a plasma
membrane (Stanley et al., 2005). Transporters regulating glucose uptake are from
the family of transporters GLUT1 and GLUT4 (Pessin and Bell, 1992). Details
about glucose transport are further discussed in Chapter 5. Upon entering the cell,
free glucose is rapidly phosphorylated by hexokinase to glucose-6-phosphate
rendering the glucose impermeable to cell membrane (Fig. 1.7) (Stanley et al.,
1997). Insulin activates hexokinase and causes its release from the outer
mitochondrial membrane therefore increasing phosphorylation and uptake of
glucose (Russell et al., 1992, Taegtmeyer, 1994). Glucose-6-phosphate can be
used for glycogen synthesis or can enter glycolysis to form pyruvate (Stanley et
al., 1997). The committing step in glucose oxidation is the conversion of pyruvate
to acetyl CoA by pyruvate dehydrogenase (PDH) complex (Fig. 1.7) (Randle,

1986). PDH is a multi-enzyme complex located in the mitochondrial matrix (Fig.

1.7).
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PDK (pyruvate dehydrogenase kinase) inactivates the PDH by phosphorylation
and PDP (pyruvate dehydrogenase phosphatase) catalyses phosphorylation-
dephosphorylation cycle and activates the enzyme complex (Randle et al., 1964,
Stanley and Chandler, 2002). PDK has 4 isoforms and type II and IV
predominate in the heart (Sugden et al., 2000). Schematic summary of the

carbohydrate metabolism is outlined in figure 1.7.
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1.4 NMR and Cardiac Metabolism

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for investigation
of various biological processes. A major advantage of the technique is its non-
invasive property that enables nuclei detection in their physiological environments
(Chatham et al., 2001). NMR spectroscopy enables anatomical, physiological and
metabolic information analysis in a single experimental setting (Badar-Goffer and
Bachelard, 1991, Seymour, 2003a). It relies on the spin property of nucleus
orientating within a magnetic field, exhibited by nuclei with spin 1/2 or 3/2 such as
hydrogen (‘H), phosphorus (*'P), carbon (**C) and sodium (*Na) (Seymour, 2003a).
NMR spectroscopy can be used for metabolic and bioenergetics studies, whilst »Na,
3K, ¥Rb NMR focus is on ion transport and ionic pump regulation (Gadian, 2004,

Seymour, 2003a, Ten Hove and Neubauer, 2007).

3C NMR has been an invaluable means of studying myocardial metabolism in
health and disease (Gadian, 2004), in particular cardiac hypertrophy (Des Rosiers et
al., 2004) and diabetes (Chatham and Seymour, 2002), ageing (Sample et al., 2006)
and uraemia (Reddy et al., 2007). BC NMR spectrnscopy has been widely used to
investigate a) the relative contribution of substrates to oxidative metabolism
(metabolic steady state NMR) and b) fluxes through metabolic pathways (kinetic
NMR) (Yu et al., 1995). Kinetic NMR enables continuous measurement of the time
course of *C glutamate enrichment during non-steady state, including the rate

limiting steps in glutamate enrichment (Yu et al., 1995).
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Metabolic steady-state NMR has been used in this study and examines 13C glutamate

enrichment subsequent to steady state establishment (Yu et al., 1995). Detailed

mechanism of *C glutamate analysis is outlined in section 2.11.

There are a number of advantages associated with ">C labelling methods:

Experiments are simpler to perform and analyse (Malloy et al., 1990a).
Relative fractional enrichments at each carbon atom can be directly
quantified from *C NMR spectrum, eliminating additional purification steps.
All labelled metabolites present in sufficient concentrations detected, not
solely those for the study (Badar-Goffer and Bachelard, 1991).

Enrichment patterns in adjacent carbons detected; provides additional
information about the activity of pathways and allows simultaneous
determination of different labelled substrates.

3C NMR is considerably more advanced than radioisotopic techniques which
limit the number of pathways investigated as these studies focus only on a

measurement of end products (Malloy et al., 1990a).

A major disadvantage of C NMR is its relative insensitivity, necessitating the

presence of NMR-visible nuclei in sufficient (mM) concentrations to be detectable

(Scwartz and Weiner, 1992).
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Parathyroid hormone (PTH) plays an important role in the genesis of wall thickening
as demonstrated clinically by a correlation between the PTH concentration and
cardiac morbidity in dialysis patients (Amann et al., 1995b, Block, 1998). Deposition
of collagen fibres between cardiomyocytes and capillaries may increase the risk of
ischemia by capillary displacement, in turn causing reduction of heart compliance,
altered stress-strain relation and altered electrical stability by re-entrant type of
arrhythmias (Tornig et al., 1996, Tornig et al., 1999). Myocardial capillary density is
reduced, further interfering with blood and oxygen supply in uraemic heart. This

renders myocardium more susceptible to ischaemic injury (Amann et al., 1998a).

Fibrosis is a common occurrence in uraemic myocardium (Amann et al., 1995a).
Interstitial cells from subtotally neprectomized rats stained for proliferating cell
nuclear antigen (PCNA) proliferation marker, in addition to 125I-platelet-derived
growth factor-AB (PDGF-AB) and integrin-8, detected in cardiac interstitium, unlike
the heart in a model of essential hypertension (Amann et al. 1995). In situ
hybridisation has revealed an increase in cardiac renin and ET-1 mRNA expression
in uraemic rats compared to controls (Amann and Ritz 2001). Uraemic patients have
high risk of myocardial infarction with a high rate of MI mortality. Reduced
ischemia tolerance stems from finding that the greater parts of non perfused uraemic
myocardium undergo total necrosis compared to controls resulting in a poor MI

tolerance (Dikow et al., 2004).
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1.5.2 Pathophysiological Effects of Uraemic Retention Solutes

Disorders of cardiovascular, skeletal, haematological and other systems are thought
to result in part from retention of uraemic toxins, namely urea, creatinine,
guanidines, inodoxyl sulphate, hippuric acids, parathyroid hormone, B»-

microglobulin, spermine and putrescine (Vanholder et al., 2001).

Accumulation occurs in plasma and cells and their impaired removal during dialysis
may result in inadequate detoxification (Vanholder and De Smet, 1999). Urea itself
has several important physiological effects; it inhibits Na'K'/Cl" co-transport in
erythrocytes which normally regulates cell volume and extrarenal potassium
regulation (Vanholder and De Smet, 1999). In addition it can decrease cAMP
production at extremely high concentrations and reduces affinity of haemoglobin for
oxygen (Lim et al., 1995). This latter effect is due to excessive 2,3-
diphosphoglycerate binding (Monti et al., 1995, Prabhakar et al., 1997).
Accumulation of middle weight molecular peptides (MW 300-12000Da) (i.e. B,-
macroglobulin and parathyroid hormone PTH) have also been considered as potential

instigators of uraemic syndrome (Vanholder and de Smet, 1992).

Creatinine is one of the most characteristic uraemic products and is acutely
responsible for reduced cardiomyocyte contractility, induction of arrhythmias or
asynchronies in a concentration-dependent manner by dysregulating Ca** availability

(Weisensee et al., 1993, Weisensee et al., 1997).
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Homocysteine (Hcy) is increased 2-4 fold in CKD and constitutes one of the most
prevalent cardiovascular risk factor in CKD (Massy et al., 1994). Hcy was found to
stimulate proliferation of vascular smooth muscle cells, one of the most prominent
markers of atherosclerosis, altering the balance between pro- and anti- coagulants in
vessel walls and predisposing vessels towards thrombogenicity (Tsai et al., 1992,

Harpel et al., 1996).

1.5.3 Hypertension

Hypertension results from extracellular fluid expansion, neurohormonal activation
(Morgan and Baker, 1991), endothelial dysfunction (Puddu et al., 2007) and artery
stiffening (Duprez and Cohn, 2007) and can cause pressure overload hypertrophy in
uraemia (London et al., 1999). Hypertension is a major culprit for cardiovascular
complications in uraemia and is associated with LVH (Braunwald and Bristow,
2000), cardiac chamber dilation, increased LV wall stress, redistribution of coronary
blood flow, reduced coronary artery blood reserve, ischaemia, myocardial fibrosis,
heart failure and arrhythmias (Rostand et al., 1991). Concentric hypertrophy arises
from the generation of greater pressure during ventricular contraction achieved by
arraying of protein contractile units in parallel (Fig. 1.10) (Middleton et al., 2001).
Concentric hypertrophy development leads to decreased diastolic compliance.
Hypertension has shown consistent association with LVH in both early and later
stages of the disease (Middleton et al., 2001). Hypervolaemia (salt and water
retention) and activation of rennin angiotensin system (RAS) are the major

determinants of hypertension in CKD.
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1.5.4 Anaemia

In pre-dialysis stage of the CKD, anaemia is the most important factor in volume
overload usually occurring in parallel to the pressure overload (London, 2001).

Anaemia is associated with an increase in stroke volume and the heart rate (London,
2001). Anaemia in renal disease results in reduced oxygen delivery and is
increasingly dependant on the affinity of Hb for oxygen, blood flow and the

adaptation of peripheral tissue.

Primary compensatory mechanisms for the decrease in Hb levels include increase
and redistribution in blood flow (London, 2001) and consequently an increase in
cardiac output as a consequence of decreased blood viscosity and decreased

peripheral vascular resistance (Fig 1.9) (London, 1999).
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Under normal circumstances, an increase in cardiac work and cardiac output by
anaemia would result in reversible LV and arterial remodelling (Metivier et al.,
2000). However, in uraemia these changes are maladaptive preceding hypertrophy
and possibly atherosclerosis. Several treatment studies have demonstrated that partial
correction of anaemia in CKD can improve LV dimensions without a full correction

of LV hypertrophy and dilation (Middelton et al. 2001).

1.6 Left Ventricular Hypertrophy

LVH is a definitive hallmark of CKD (Amann et al., 2003b, Reddy et al., 2007).
LVH is the most potent marker of cardiovascular risk in uraemia due to vascular
abnormalities (hypertension, increased arterial stiffness etc.) and a causal risk per se,
influencing coronary dynamics and myocardial oxygen requirement (De Simone,

2003).

The basis of LVH is the activation of cardiac protein synthesis in cardiomyocytes in
response to hyperfunction of the heart (Meerson, 1971). It is an adaptive response of
the heart to a chronic haemodynamic overload resulting in molecular, cellular and
physiologic adaptations (Stanley et al., 2005). It normalizes myocardial wall stress in
response to an increased workload (Grossman et al., 1975).This is in accordance with
the Law of La Place stating that the wall stress is proportional to the pressure and the

chamber radius and inversely proportional to the wall thickness (Katz, 2001).
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Wall Stress =  Pressure x Radius

Wall Thickness

Owing to terminal differentiation of adult cardiomyocytes, any adaptation to an
increased workload is going to be compensated primarily via cell hypertrophy
versus hyperplasia (Beltrami et al., 2001). Pathological hypertrophy progresses
through three phases:

1) Developing hypertrophy where unpredicted overload exceeds functional reserve
causing acute heart failure;

2) Compensatory hypertrophy- enlargement of heart to match chronic demands;

3) Fulminant heart failure- myocyte incapacitation and loss, accompanied by cardiac
function deterioration and subsequent failure (Meerson, 1971, Bugaisky et al., 1991).
Hypertrophic stimuli include mechanical stress/stretch and neuro-humoral factors
which initiate hypertrophic response (i.e. RAS) and are sensed by the heart cells via
an array of membrane-bound receptors:

1) stretch-sensitive receptors,
2) G-protein-coupled receptors (GPCRs),

3) gp130-linked receptors,
4) integrins
5) receptors associated with the intracellular tyrisne kinase or serine/threonine
domains (Heineke and Molkentin, 2006).
Coordinated myocardial transcriptional responses in hypertrophy and diabetes
(model of hypertrophy and insulin resistance) are given in table 1.5 below

(Taegtmeyer et al., 2005).
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LVH can also be interpreted as natural evolution of cardiac disease in uraemia.
Structural changes in LVH can occur as a result of volume and pressure overload
(Fig. 1.10). Two contrasting models of adaptation can develop depending on the
pattern of imposed stress (Middleton et al 2001). Chronic pressure and volume
overload in uraemic hearts accelerates cardiomyocyte loss via apoptosis and necrosis
(Amann et al. 2003). The number of cardiomyocytes was found to be significantly
reduced in chronic renal failure (Amann et al. 2003). The mechanism of cell loss is
not fully understood. However, it has been suggested that the local renin-
angiotensisn system (RAS), activated by increased cardiac workload, plays an
important part in cell loss and hypertrophy, as cardiomyocyte loss was prevented by
administration of the angiotensin-converting enzyme (ACE) inhibitor ramipril (Mann
et al., 2001, Amann et al., 2003a). Certain myocyte ventricular population stained
positive for proliferation marker PCNA (proliferating nuclear antigen) indicating
possible cell cycle reactivation in myocytes, potentially culminating in apoptosis

(Amann et al., 1998b).
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Compensated cardiac hypertrophy and subsequent heart failure are associated with
alterations in cellular Ca** homeostasis, which either underlies or accompanies the
alteration in contractile phenotype (Fowler et al., 2007). Contractile dysfunction in
uraemia is accompanied by a pro-arrythmogenic tendency with increased occurrence
of ventricular premature beats, couplets, runs of ventricular tachycardia, late
ventricular depolarisations and increased QT interval dispersion (Niwa et al., 1985,
de Lima et al., 1999, Donohoe et al., 2000b). Myocardial calcium content of the
dialysis patient is greater than in control subjects and it has been associated with
altered contractile function and cardiac arrhythmias (Rostand et al., 1991). Electrical
pacing of a single uraemic ventricular cardiomyocyte shows contractile abnormalities
confirming that the cardiomyopathy occurs at the cellular level (McMahon et al.,
1996). Cells from uraemic animals showed a reduction in contraction amplitude in
addition to impaired contraction and relaxation velocities under maximum Ca”*
induced stimulus, suggesting altered Ca>* cytoplasmic handling (McMahon et al.,
2002). Therefore uraemia potentially leads to alterations in the cardiac calcium

cycling and contractile function.

One of the known causes of intracellular calcium overload in is a reduction in energy
availability required for the maintenance of normal ionic gradients (Bers, 2006), and
the reduction in PCr/ATP ratio is well documented in experimental uraemia (Raine et
al., 1993). In addition, reduced Na'/Ca®* exchanger actively interferes with

relaxation in uraemia possibly by working in reverse mode (McMahon et al. 2006).
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Renal failure is also associated with the rapid inactivation of the ventricular
cardiomyocyte L-type Ca* currents which may reduce calcium influx and contribute
to shortening of the action potential duration (Donohoe et al., 2000a). In addition,
abnormalities in the cardiac transient repolarizing K * current are a potential cause of
altered cardiac action potential in uraemia (Donhoe et al. 2000). Sodium pump
functional abnormalities have been known for many years, with circulating pump
inhibitors being present in the serum of uraemic patients (Stokes et al., 1990, Sohn et
al., 1992, Periyasamy et al., 2001), causing an acute alteration in calcium cycling and
cardiomyocyte relaxation through sodium pump inhibition (Periyasamy et al., 2001).
The inhibition of the sodium pump initiates a signal cascade that can cause
alterations in gene transcription and ultimately result in cardiac hypertrophy in

1solated cardiomyocytes (Xie et al., 1999).

1.6.2 Metabolic alterations

It has been postulated that metabolic remodelling is the adaptive response to
hypertrophy, maintaining structural and functional remodelling of the heart (De
Simone, 2003). Thus, metabolism provides the connection between environmental
stimuli and signalling pathways of cardiac growth and function. LVH is
characterized by a switch in the preference of metabolic substrates from long chain
fatty acids to glucose and was observed in both experimental and clinical LVH

(Lopaschuk et al., 1992, Allard et al., 1994, Davila-Roman et al., 2002).
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This occurs as an adaptive response to prolonged haemodynamic overload in LVH in
order to maintain sufficient cardiac output (Allard et al., 1994, Sambandam et al.,
2002, Allard 2004). The pattern of change in substrate utilization that develops in
pathologic LVH resembles that in foetal hearts with increased preference for glucose
as the major source of energy (Lopaschuk et al., 1992), reflecting the re-expression
of foetal metabolic phenotype (Taegtmeyer, 2000, Tian, 2003, Allard, 2004) and
downregulation of adult metabolic phenotype in addition to evidence of reduction of
FA oxidation (Remondino et al., 2000). Furthermore, progression of LVH from
compensated to decompensated stage, as observed in the failing human heart, is also
characterized by a decrease in metabolic gene expression from the adult to the foetal
heart levels (Razeghi et al., 2001). Figure 1.11 below summarizes the metabolic

adaptation versus maladaptation in the hypertrophied heart.
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During chronic renal failure, total serum carnitine levels are raised in response to
depressed renal clearance of esterified carnitine. By contrast, uraemic patients
undergoing dialysis present with secondary carnitine deficiency (Hurot et al., 2002).
The carnitine serum levels of dialysis patients can be 50-80% lower than normal
levels in healthy adults (Schreiber and Lewis, 2001). Carnitine is a cofactor essential
for LCFA oxidation as it shuttles LCFA into the mitochondria. Furthermore,
mitochondrial uptake of octanoate, a medium chain fatty acid not requiring carnitine
shuttle, is unaffected in LVH therefore confirming that the reduction in LCFA uptake
is not due to impaired B oxidation per se (El Alaoui-Talibi et al., 1997, Allard, 2004).
Low plasma carnitine levels in CKD may lead to a reduction in fatty acid oxidation
contributing to uraemic cardiomyopathy by decreasing the adaptability and left
ventricular ejection fraction in 75% of CKD dialysis patients (Schreiber and Lewis,
2001). Reduced fatty acid oxidation has been observed in CKD patients in vivo
clinical studies. Trials with dialysis patients administered L-carnitine showed that
the ejection fraction and LVH improved in 37% with the recovery of mitochondrial

FFA supply and oxidation (Scrieber and Lewis, 2001).

1.7 Insulin Resistance in Uraemia

Insulin resistance is a diminished ability of insulin to exert its biological actions
across a broad range of concentrations (Okada et al., 2007). Numerous studies using
euglycemic glucose clamp have revealed that the progression from normal to
impaired glucose tolerance is associated with the development of insulin resistance

(DeFronzo et al., 1978, DeFronzo et al., 1981).
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Insulin resistance is usually associated with the metabolic role of insulin and its
ability to affect glucose uptake in insulin sensitive tissues (i.e. hyperinsulinaemia and
impaired glucose tolerance). Insulin resistance is associated with type 2 diabetes,
hypertension, central obesity and dyslipidaemia, all of which are significant risk
factors for chronic kidney disease (Chen et al., 2003, Nishimura et al., 2006). The
kidneys are an important regulator of glucose homeostasis and any alteration in
function will have detrimental impact (Becker et al., 2005). Insulin resistance is
widely recognised in uraemic patients even at the earliest stages of renal dysfunction
(Kauffman and Caro, 1983, Lim et al., 2003). Moreover, clinical studies have
indicated that a greater degree of insulin resistance may predispose to renal injury by
worsening renal haemodynamics through glomerular hyperfiltration (Dengel et al.,

1996).

The early stage of insulin resistance is characterized by hyperinsulinaemia and
euglycaemia as B pancreatic cells have diminished ability to maintain high rates of
insulin secretion. Subsequent insulinopenia leads to the impaired glucose tolerance
and overt diabetes (Shulman, 1999). DeFronzo et al. (1981) examined insulin
sensitivity in patients with uraemia compared to 36 control subjects. They discovered
a 47% reduction in insulin-mediated glucose metabolism in patients with renal
failure. However, insulin-mediated glucose uptake by liver is normal in uraemia
indicating that the peripheral tissue insensitivity is the underlying cause of insulin

resistance (DeFronzo et al., 1981, Chen et al., 2003).
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1.7.1 Insulin Signalling

In addition to its metabolic effect, insulin has anti-apoptotic effect. Studies on
ischaemia-reperfusion have clearly demonstrated protective effect mediated via PI-
3K phosphorylation of serine/threonine kinase Akt (PKB) which in turn activates
mTOR and p70s6k (Jonassen et al., 2001) and in turn apoptotic regulator BAD was
maintained in inactive phosphorylated state. Dephosphorylation of BAD results in
translocation to the mitochondria with the subsequent heterodimerization with Bel-xl
or Bcl-2 to promote cell death (Jonassen et al. 2001). Critical downstream element of
PI3K/AKkt is glycogen synthase kinase-3(GSK-3), key regulator of apoptosis.GSK-3
regulates glycogen synthesis in response to insulin (Pap and Cooper, 1998). Its
activity is inhibited by Akt phosphorylation in response to growth factor stimulus.
GSK-3 also phosphorylates wide range of substrates including transcription factors
and translation initiation factor elF2B (Welsh et al., 1996). GSK-3 is a central
element in PI3K/Akt survival pathway, with phosphorylation of any of its
downstream targets serving to activate apoptotic cell death (Pap and Cooper, 1998).
Insulin resistance in uraemia may therefore remove all the protective mechanisms
against apoptosis, further increasing the vulnerability of the uraemic heart to cell loss
and heart failure. However, the exact underlying causes of the insulin resistance
observed in uraemia still remain unclear with numerous proposed suspected

mechanisms.
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Insulin resistance in uraemia may be triggered by the underlying hypertension. There
is increasing evidence that the angiotensin II inhibits insulin and IGF-1 signalling
through the PI3K/Akt pathway inhibiting vasodilation and glucose transport (Sowers,

2004).

ANG II binding to its receptor AT|R, increases generation of ROS in the vasculature
through activation of membrane bound NAD(P)H oxidase. In addition, binding
causes activation of low molecular weight G proteins such as RhoA. Generation of
ROS and RhoA inhibits PI3K/Akt signalling mediated actions including endothelial
NO synthase activity, Na pump activation and Ca-MLC desensitization. Inhibition
of PI3K/Akt signalling results in decreased endothelial cell NO production, increased
myosin light chain activation with vasoconstriction and diminished glucose transport

(Sowers and Frohlich, 2004).

1.7.2 Cardiac Dysfunction & Substrate Metabolism in

Insulin Resistance

Experimental model of hypertension (SHR) and insulin resistance have exhibited
decreased GLUT4 and a decreased ratio of GLUT4/GLUTI mRNA expression
(Paternostro et al.,, 1995a, Paternostro et al., 1999a). However, defective glucose
utilization, characteristic of insulin resistance, cannot be account solely by reduced
transporter expression, as little or no reduction in heart GLUT4 content was observed

in obese insulin resistant db/db and ob/ob mice (Koranyi et al., 1990, Mazumuder et

al., 2004).
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Insulin resistance affects myocardial energy metabolism, as heart is exposed to
hyperinsulinaemia and hyperglycaemia due to impaired insulin-mediated glucose
uptake and glycolysis (Buchanan et al., 2005). Although reduced glucose uptake may
contribute to decreased glucose utilization in insulin resistant hearts, in CIRKO
(insulin receptor knockout) mice hearts and ob/ob severely insulin resistant mice,
basal rates of glucose oxidation is reduced , suggesting additional mechanism for
reduced glucose utilization than impaired insulin signalling (Boudina and Abel,
2006). One possible mechanism could be via reduction in PDH flux, as observed in
the hearts of ZDF (zucker diabetic fatty) and ob/ob rats (Boudina et al., 2005).
Another possible mechanism is reduced mitochondrial oxidative capacity due to
mitochondrial uncoupling defects, which are common in insulin resistant mice hearts

(Boudina et al. 2005).

The insulin resistant myocardium adapts to this environment by increasing the
reliance on fatty acids as a main metabolic fuel primarily by increasing the
expression of PPARa regulated genes (Young et al., 2002a, Mazumder et al., 2004).
However, initial increase in FFA oxidation in insulin resistance is accounted for by
an alternative mechanism to PPARa upregulation as it was found to occur at a later
stage of the disease (Boudina et al. 2006). Some studies have found evidence for
downregulation of PPARa in the diabetic heart (Depre et al., 2000, Young et al.,
2001), supporting positive involvement of the alternative pathway. However, the
precise mechanism is yet to be elucidated. Increased reliance of the insulin resistant
heart on fatty acids as a main fuel results in metabolic inefficiency, declined cardiac
function and inability to modulate substrate utilization in response to changes in

insulin and FFA supply (Mazumder et al. 2004).
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Increase in FFA oxidation is associated with an increase in MVO; (oxygen
consumption) relative to hearts that are predominantly oxidizing glucose (Vik-Mo
and Mjos, 1981, How et al., 2006). Thus, the increase in FFA oxidation in diabetes
may be energetically detrimental due to high oxygen cost /ATP molecule produced.
Increased MVO; accompanied by decreased cardiac efficiency have been found in
obese IR and diabetic rat models (Mazumuder et al., 2004, Boudina et al., 2005,
Buchanan et al., 2005, How et al., 2006). However, a study on ZDF rats has, in
contrast, revealed reduced FFA oxidation rates accompanied by decreased MVO;
(Young et al., 2002a). The mechanism for insulin resistance and diabetes associated
increase in MVO, and accompanying reduction in cardiac efficiency is not fully
elucidated. In addition to increased FFA uptake and oxidation, both accounting for
increased MVO,, oxygen may also be utilized for: a) FFA esterification (high TG
content is a hallmark of insulin resistance and diabetes) b) ROS production; c) futile
ATP consuming cycles (mitochondrial thioesetrases, long chain acyl CoA synthase
reactions in fatty acid cycling etc.). Increased MVO,; could also reflect increased
mitochondrial uncoupling (Boudina and Abel 2006). Despite an increase in
mitochondrial mass in 0b/0b animals (Boudina and Abel 2006), there is a global
defect in oxidative phosphorylation and reduced expression of complexes I, Il and V
of the electron transport chain, hence further raising possibility of increased

mitochondrial uncoupling (Boudina et al., 2005; Boudina and Abel 2006).
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There is strong evidence from perfusion studies in diabetic hearts utilizing FFA, that
the increased MVO, accompanied by reduced cardiac efficiency is due to FFA-
induced activation of the mitochondrial uncoupling proteins (UCPs) and adenine
nucleotide translocator (ANT) in addition to a superoxide generation (Boudina and
Abel 2006). Mitochondrial uncoupling could therefore potentially play a major role
in the development of cardiac dysfunction in IR states such as obesity, type 2
diabetes and potentially uraemia. However, uraemic cardiomyopathy is a specific
model, as it is typically characterized by diminished oxidation of fatty acids
(Nishimura et al., 2006), possibly due to insulin resistance. However, the exact

mechanism remains to be fully elucidated.

1.7.3 Post —Translation Protein Modification

Uraemia is characterized by in vivo irreversible carbamoylation of the a-amino and
g-amino acid group of proteins by cyanite, resulting in the formation of carbamoyl
amino acids (C-AA). This would alter protein activity by modifying structure and
charge (Kraus et al., 2001, Kragelund et al., 2004). For example, in vitro insulin
carbamoylation by cyanite results in reduction of insulin activity to 50% of original
molecule. Binding capacity of carbamoylated insulia, as studied in rat hepatocyte,
was 1/5 of unaltered insulin molecule, hence indicating significant protein structure
and function deterioration (Oimomi et al., 1987, Kragelund et al., 2004). Urea and
urea-derived cyanate may lead to carbamoylation of proteins involved in signal

transduction and translocation of GLUT4 by structural and functional modification

(Kraus et al. 2004).
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a-amino-carbomyl-L-aspargine (N-C-Asn) affects the insulin-sensitive glucose
transporter system and in vivo concentration of N-C-Asn is high in patients with
ESRD. The amino acid N57 is the potential N-glycosylation site in GLUT4 (Kraus
et al., 2004). The -COOH terminus domain of 30 amino acids is a unique feature of
GLUT4, containing double leucine (489, 490), acting as a signal for rapid enocytosis
and intracellular retention in the absence of insulin (Verhey et al., 1995). N-C-Asn
inhibiting effect on glucose transport in IR in uraemia could thus be due to:

a) Competition with glycosylation site GLUT4 N57, hence causing decrease in

GLUTH4 glycosylation.

b) Enhanced activity of domain responsible for rapid GLUT4 endocytosis

resulting in rapid endocytosis and retention of GLUTA4.

c¢) N-C-Asn in the presence of insulin resulting in restricted GLUT 4

redistribution to the cell surface.

d) N-C-Asn altering insulin induced signal transduction thus interfering with

GLUT4 activity.
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1.8 Objectives

One of the causes of myocardial insulin resistance in uraemia may arise from glucose
uptake and metabolism. Insulin resistance is also potentially a result of cumulative
confounding factors associated with the uraemic cardiomyopathy, many of which
themselves occur as a result of left ventricular remodelling. However, the precise

underlying mechanism still remains unclear.

Consequently, the focus of this project was to use an integrated approach combining

physiological and cellular techniques to:

a) Evaluate alterations in myocardial structure and function in uraemia;

b) Investigate oxidative metabolism of the uraemic heart under conditions of
increased work;

¢) Examine potential mechanisms underlying insulin resistance in uraemia at the
level of the myocardial expression of the proteins responsible for the energy
provision (metabolic transporters);

d) Investigate the cellular basis of myocardial insulin resistance.
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2. MATERIALS & METHODS
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2.1 Materials

Materials and respective suppliers are listed in tables 2.1-2.4. All chemicals, unless

otherwise stated, were of AnalaR grade from BDH (Poole, UK).

Table 2.1 Materials & Suppliers (Miscellaneous)

SUPPLIERS

MATERIALS

ADInstruments, Hastings, UK

Mac Lab/2e System
Chart v 5.0 software

Animalcare Ltd. York, UK

Sterile isotonic saline NaCl

Apollo Scientific Ltd. Bradbury, UK

Deuterated water (D,0O) (DE50K)

Bio-Rad Laboratories,

Bio-Rad protein assay (500 0006)

Hemel Hempstead, UK Bio-Rad mini protean system
Bio-Rad Microscience Ltd , LaserPix Software
Hemel Hempstead, UK
British Oxygen Corporation, Oxygen PL 07350-5000 (D fitting)
Manchester,UK
Bruker BioSpin Ltd, Bruker TopSpin 1.3 software
Coventry, UK

Carbiochem, La Jolla, CA, USA

Miracloth 25 pm nylon gauze

Cambridge Isotope Laboratories Inc,
Andover, USA

(1-°C) D-glucose (CLM-420)
(3-C 98%) L-lactate (CLM-1578)
(*C 98%) Sodium palmitate (CLM-

6059)

ChemLab Instruments, London, UK

Freeze Dryer Modulyo

Charles-River, Margate, UK

Sprague-Dawley Rats

Cole Parmer Ltd, London, UK

Sialistic Tubing (508-007)

Fisher Scientific,
Loughborough, UK

L-Glutamine (BP 379)

63




GE Healthcare UK Ltd, Little
Chalfont, UK

Amersham ECL Western Blotting
detection reagents (1059243)

Gilmont Instruments, Barrington, RI,
USA

Micrometer glass syringe

Harvard Apparatus, Edenbridge, UK

Gaseous anaesthetic apparatus:
Fluovac(vacuum pump),

Veterinary Fluosorber;

Ohmeda Fluotec 3 (vaporizer)

Haemostatic Clip
(micro aneurism/ micro vascular)
Non-invasive blood pressure monitor

Invitrogen Life Technologies,
Carlsbad, CA,USA

Prestained Benchmark Protein Molecular
Marker (10748-010)

Johnson & Johnson, UK

Surgicel Absorbable Haemostatic;
oxidised regenerated
cellulose(190x7.5cm)

Ethilon 3-0 polyamide 6 violet braided
absorbable

Ethicon 3-0, vicryl polyglactin910 blue
monofilament, non-absorbable

Ethicon-Mersilk black braided non-
absorbable

Kodak, Steinheim, Germany

Kodak BioMax Light Film (819 4540)

Kodak GBX developer & replenisher
(1900943)
Kodak GBX fixer & replenisher
(1901875)

Linton Instrumentation.co.uk

Animal restraining cages

MatTek Corporation, Ashland, OR,

Microwell Dishes

USA
Media Cybernetics, Silver Spring, CO, Image Pro-Plus v. 5.1.2
USA
Medicell International Ltd, Visking dialysis tubing
London, UK
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Merck, Hohenbrunn, Germany

Taurine (8.08616)

0.45um filter (HA type; HAWP-04700)

Millipore, Watford, UK 5.0 pum filter (SVPP type; SVLP-04700)
0.22 pum syringe filter
Nestle, UK Marvel Semi-skimmed powder milk
Pierce, Cramlington, UK Restore™ Western Blot Stripping Buffer
(21059)
Radiometer Ltd, Crawley, UK ABL 77 Blood Gas Analyser

Roche Diagnostics Ltd, Lewes, UK

ACCU-CHECK® Advantage Plus Test
Strips (04735102001)

Mini-protease cocktail (11836153001 )

Sarstedt, Numbrecht, Germany

Microvette 200 pl capillary tubes

SensoNor, Horten, Norway

SensoNor 840 pressure transducer

Serologicals, Norcross, GA, USA

Bovine serum albumin-fatty acid free
(BSA; 3320)

Sepatech GmbH,
Osterode/Harz,Germany

Megafuge 1.0 Hereans

Sigma Chemical Company Ltd
Poole, UK

Acrylamide/Bis 30:0.8 (%w/v)(A3699

Adenine diphosphate (A-2754)

Amyloglucosidase (A-7420)

Ammonium persulfate (A 3678)

2,2-Azino-di-(3-ethylbenzthiazoline)-
6 sulphonate (ABTS; A-1888)

Bovine serum albumin (A7030 &
A6003)

(BDM; B-0753)

Bromophenol Blue (B-8026)
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Sigma Chemical Company Ltd
Poole, UK

Brilliant blue G solution (B8522-1EA)

Chelex chelating resin (C-7901)

CoA (C-3019)

Citrate synthase (C-3260)

Dichloroacetis acid (D-5470)

Glucose oxidase (G-7141)

Glycine (electrophoresis min99%)
(G8898)

HEPES (H-0527)

Insulin (I-5500)

Lactate dehydrogenase (L-2625)

Lactate-sodium salt (L-7022)

Lauryl sulphate (L-377)

2- Mercaptoethanol (M-6250)

Palmitic Acid-sodium salt (P-9767)

Peroxidase (P-8125)

Phenyl methyl sulfonyl fluoride (PMSF)
(P-9767)

Potassium fluoride (P-2569)

Ponceau S solution 0.1% (w/v)
in acetic acid (P7170)

Pyruvate-sodium salt (P-2256)

Sodium dodecyl sulphate approx 99%
for electrophoresis (L3771)

Trizma Base (T-6066)

Tween 20 (P-5927)

TEMED (T-9281)
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Vickers Laboratories, Pudsey, UK

Acetic Acid

Worthington Biochemical
Corporation, Lakeland, NJ, USA

Collagenase Type II (394 U/mg ; 4176)

Table 2.2 Antibody Suppliers

SUPPLIERS ANTIBODIES
Rabbit pAb to CD36 (ab 36977-100)
Abcam, Cambridge, UK Mouse mAb Sodium Potassium ATPase
o) 464.6 (ab 7671-50)
Mouse anti-Rat GLUT4 (4670-1725)
AbD Serotec, Oxford, UK

Rabbit Anti Mouse IgG:HRP()

Autogen Bioclear (Santa Cruz),
Calne, UK

Donkey anti-goat IgG-HRP (sc-2033)

Goat polyclonal GLUT4 (c-20) (sc-1608)

Goat polyclonal GLUT1 (c-20) (sc-1605)

Goat polyclonal Phospholamban (L-15)
(sc-21923)

Goat polyclonal SERCA 2a (c-20)
(sc-8094)

Goat polyclonal anti-rabbit HRP
(sc-2004)

Rabbit polyclonal IgG ANP (FL-153)
(sc-20158)

Molecular Probes, Leiden,
Netherlands

Alexa Fluor 568 goat anti mouse IgG
antibody (A11004)
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Table 2.3 Assay Kits

SUPPLIERS

KITS

Mercodia, Uppsala, Sweden

Ultrasensitive Rat Insulin ELISA
(10-1137-01)

Rat Proinsulin ELISA (10-1118-01)

Roche Diagnostics GmbH,

Free fatty acids, half micro kit

Mannheim,Germany (1-383-175)
Sigma Chemical Company Ltd. Triglyceride assay kit (336)
Pool, UK

Table 2.4 Veterinary Drugs & Agents

SUPPLIERS DRUGS/AGENTS
Animal Health Ltd, Duphacillin (Ampicillin Microfine
Southampton, UK Formulation)

Leo Laboratories Ltd, Dublin, Ireland

Heparin sodium 100 IU/ml

Merial Animal Health Ltd, Harlow,

Isofluorane-Vet

UK
Novartis Animal Health Ltd, Royston, | Thiovet (0.025 g/ml thiopentone sodium)
UK Thiopentol 25% (w/v)
Pfizer, Tadworth, UK Rimadyl
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2.2 Experimental model

All procedures were performed in accordance with the Home Office Guidance on the
Operation of Animals (Scientific Procedures) Act 1986.

Uraemia was induced surgically, using aseptic techniques, in male Sprague-Dawley
rats (200-240 g Bwt) via 5/6 nephrectomy as described previously (Reddy et al.,
2007). Rimadyl, an analgesic agent, (4 mg/kg Bwt) was administered sub-
cutaneously and anaesthesia induced using 3% isofluorane /3L/min O, and
maintained using 2.5% isofluorane/L/min O,. A laparotomy was performed, the left
kidney isolated and the renal artery temporarily occluded using a microvascular clip.
Approximately 2/3 (~ 0.5 g) of kidney cortex was removed. Normal blood flow was
restored and blood loss limited using absorbable haemostatic material Surgicel®.
Sham operated control rats underwent the same procedure except that the left kidney
was solely decapsulated. Saline was administered directly into the abdomen to

compensate for any fluid loss.

The muscle layer was sutured with absorbable suture (Ethicon, Vicryl) and the
epidermal layer with non-absorbable suture (Ethilon). Amfipen (42mg/kg Bwt), an
antibiotic, was administered sub-cutaneously. Seven days later, animals were
anaesthetised again, the right kidney exposed through a flank incision and removed.
Sham operated controls underwent the same procedure, with decapsulation as before.
24 h post surgery, rats were housed individually and pair fed. Animals had unlimited
access to water, they were weighed weekly and maintained for 3, 6 and 9 weeks post

surgery.
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2.4 Glucose Tolerance Test

The oral glucose tolerance test (OGTT) was based on the method of Veliquette et al
(2005). OGTT was performed 6 weeks post-induction of uraemia. Animals were
fasted overnight. Local anaesthetic (EMLA) cream was applied to the tail and
animals were placed on a heating pad, 15 min prior to blood collection. OGTT was
initiated with a single dose of 6g/kg glucose, administered via oral gavage. Blood
samples (~5-7ul) were collected via tail venupuncture prior to glucose administration
and at 30, 60, 90 and 120 minutes post glucose-load into Sarstedt microvette 200ul
capillary tubes. Blood was centrifuged at 3600g, 4°C for 10 min and serum glucose
concentration was analysed using ACCU-CHECK® Advantage Plus Test Strips and
digital monitor. Serum samples were collected and stored at -20 °C for insulin
analysis. Animals were sacrificed and heart tissue harvested as described in section

2.54.

2.5 Heart Perfusion Studies

2.5.1 Krebs Henseleit Buffer

Krebs-Henseleit (K-H) bicarbonate buffer was used for all heart perfusions
containing 3% (w/v) fatty acid free albumin (BSA), and (in mM): glucose 5;
palmitate 0.3 ; lactate 1 ; pyruvate 0.1 ; glutamine 0.5; NaCl 118; NaHCO3 25; KC1
4.8, KH;PO, 1.2; MgS04.7H,0 1.2 and CaCl,.2H,O 1.25 pH 7.4. Buffer was
prepared using ultra-pure water MiliQ 18 megQ and filtered through 0.45um HA

filters.

72



2.5.2 Bovine Serum Albumin Preparation

2.5.2.1 Dialysis Tubing Preparation

Visking dialysis tubing (28.6 mm diameter) with a 12-14 kDa molecular size cut-off
was cut into 20 cm length pieces. Tubing was thoroughly rinsed with ultra-pure
water and subsequently boiled in 500 ml of 2% (w/v) Na,COj; and 1 mM EDTA (pH
8.0) for 10 min, followed by thorough rinsing with ultra pure water and a further 10

min boiling in 500ml 1 mM EDTA (pH 8.0).

2.5.2.2 BSA Dialysis

A 30% (w/v) solution of BSA (fatty acid free) in 118 mM NaCl and 2.5 mM CaCl,
was dialysed for 48 hours at 4°C against a 20 fold larger volume of 118 mM NaCl
and 2.5 mM CacCl, solution to remove any small molecular weight impurities. The
resultant volume of BSA was recorded, aliquoted and stored at - 20°C until further
use. Appropriate corrections were made for NaCl and CaCl; in the K-H buffer to
account for their presence in K-H stock. Corrections were made using the equation

below.

Mass of chemical in 30% BSA /L of buffer (2)=V apumin 1 bugrer X My, chemical x Molarity

CaCl, in 30% BSA (g) = volume of BSA/L x 147.02 x 0.0025
te.=0.185Lx 147.02 x 0.0025=0.068g
corrected CaCl, for 1L K-H buffer= 0.184g-0.068g= 0.116g

NaCl in 30% BSA (g) = volume of BSA/l x 58.44 x 0.118
ie.=0.185Lx5844x0.118=1.275g
corrected NaCl for 1L K-H buffer= 6.89g- 1.275g=5.615g
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2.5.3 Preparation of BSA/Palmitate Krebs-Henseleit Buffer

Unlabelled or uniformly labelled '>C sodium palmitate was dissolved in hot water
(~80°C) and added to the 30% (w/v) BSA stock solution, and K-H buffer added to
give a final concentration of 3% (w/v) BSA. The resulting K-H buffer was filtered

through 5 um low protein binding filters prior to use.

2.5.4 Langendorff Isovolumic Heart Perfusion

Animals were weighed and anaesthetised with an intra-peritoneal injection of sodium
thiopentone (100mg/kg Bwt). Hearts were rapidly excised, rinsed in ice-cold K-H
buffer containing heparin (100 IU/ml) and cannulated via the aorta (Fig. 2.3) in a
modified isovolumic Langendorff mode (Fig. 2.3). (Ross, 1972, Ogino et al., 1996).
The left ventricular wall apex was pierced to prevent accumulation of fluid in the left

ventricle resulting from Thebesian circulation.
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2.5.5 Physiological Measurements

Function was monitored using a cling film balloon, inserted into the left ventricle through
the left atrium, and connected via a fluid-filled line to a SensoNor 840 pressure transducer
and a 2 channel MacLab/2e system (Figure 2.4) (Ogino et al., 1996). The volume in the
intra-ventricular balloon was adjusted using a 2.0 ml micrometer syringe to achieve an
initial LV diastolic pressure of 4-7 mmHg (Ogino et al., 1996). Left ventricular
developed pressure (LVDP) was calculated from the difference between systolic (SP) and
diastolic pressures (DP) (Fig. 2.5) for 20 min intervals and averaged for over the duration
of the experiment. +dP/dt,,, and —dP/dt,;,, indicators of cardiac contractile function,
were derived from LVDP and averaged over the duration of perfusion experiment. The
oxygen content of the perfusate was determined at 15 min intervals using a Radiometer
blood gas analyser ABL 77 and oxygen consumption (MVO,) determined as shown

below, normalised for heart weight (Neely et al., 1967).

pO; perfusate —pQO, effluent x O, solubility at 37°C x CFR

Oxygen consumption = 760 mmHg
(umoles Oy/min/g dry
heart wt) Dry Heart Weight (g)

pO; mesured in mmHg, O, solubility at 37°C, latm =0.199 umol/ml;
CFR, coronary flow rate (ml/min).

Rate pressure product (RPP), was determined as the product of the heart rate and LVDP.
The ratio RPP/MVO, was used as a measure of myocardial efficiency (Chatham et al.,

1999).
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2.6 Left Ventricular Tissue Dissection

Cardiac tissue was briefly perfused with K-H buffer to remove residual blood. Tissue
was dissected into different chambers, freeze-clamped with Wollenberger tongs and

stored in liquid nitrogen until further use.

2.7 Morphometric Measurements

Tibia length was measured using a pair of callipers. Frozen heart weight was recorded
and normalized to tibia length to assess the degree of cardiac hypertrophy (Yin et al.,
1982). Approximately 0.3g wet weight of tissue was powdered and dried at S0°C until
reaching constant weight to determine wet to dry heart weight ratio. Lung weights
were recorded and dried to a constant weight at 50°C to determine wet lung:dry lung

weight ratio.

2.8 Blood Analysis

Blood samples, taken from the thoracic cavity at the time of sacrifice (~4ml), were
centrifuged at 2700g at 4°C for 10 min. (Megafuge 1.0 Hereans Sepatech GmbH).
Serum samples were analysed for urea and electrolyte by the Clinical Biochemistry
Laboratory at the Hull Royal Infirmary. At the time of sacrifice, ~Iml of venous

blood sample was collected from the vena cava, centrifuged at 1400g and aliquoted.
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Insulin and proinsulin levels were assessed using ultrasensitive rat specific insulin
ELISA kit and rat proinsulin ELISA Kits respectively. Haematocrit was measured

using an ABL 77 Series blood gas analyser.

2.9 Protein Expression Analysis

Protein expression was analysed by sodium dodecyl sulphate plyacrylamide gel
electrophoresis (SDS PAGE) and western blotting for GLUT4 and GLUTI
(Santalucia et al., 1992, Allard et al., 2000), ANF (Latif et al., 1993) and CD36
(Luiken et al, 2002). SERCA2a, phopholamban (PLB) and a;Na'K'ATPase
expression methods were developed using guidelines from manufacturer technical

instructions.

2.9.1 Vertical Polyacrylamide Gel Preparation

BioRad Mini Protean® II was used for electrophoretic protein separation. The glass
plate sandwiches used for gel preparation were cleaned with ethanol and air dried.
The gel mould was assembled in the casting stand by aligning the glass plates with
each other and tightinening the assembly screws. The resolving polyacrylamide gel
was prepared and its composition (Table 2.5) determined by the investigated protein
(Table 2.7 and 2.8). Components were mixed as per order in a table 2.5 with TEMED

added last to prevent premature gel polymerisation.
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Component 7.5% Gel 10% Gel 12% Gel
Volume(ml) | Volume (ml) Volume (ml)
H,O 4.85 4.0 3.35
10% (w/v) SDS 0.1 0.1 0.1
1.5M Tris (pH 8.8) 1.5 2.5 2.5
Acrylamide/bis (30% w/v) 2.5 3.33 4.0
Ammonium persulfate(10% w/v) 0.05 0.05 0.05
TEMED 0.01 0.01 0.01

Table 2.5 Resolving Polyacrylamide Gel Composition

The gel mixture was poured using a glass Pasteur pipette between the glass plates
forming the gel matrix, leaving approx 2.5 cm from the top of the plates to the top of
the resolving gel. Saturated butanol was poured on top of the resolving gel in order to
eliminate air bubbles, and left to set for 30 min. A clear interface between gel and
butanol was an indicator of completed polymerisation. Butanol was subsequently
poured off and a 3% (v/v) polyacrylamide stacking gel prepared [ml: HO 7.4; 10%
(w/v) SDS 0.1; 1.5 M Tris pH 6.8 1.25; acrylamide/bis 30% (w/v) 1.3; ammonium
persulfate 10% (w/v) 0.05; TEMED 0.02]. Role of the stacking gel was to concentrate
the samples into narrow bands for separation in the resolving gel. The stacking gel
was added to the top of the resolving gel and a comb inserted immediately avoiding
air bubbles in resulting sample well areas. Gel was allowed to polymerise for 30 min.
Combs were removed from the polymerised gel and the glass plates mounted on the
electrode apparatus, placed in the electrophoresis tank and running buffer added (mM:

Tris 25 SDS 0.1% (v/v), glycine 192; pH 8.3).
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2.9.2 Sample Preparation and Protein Separation

Left ventricular tissue samples from uraemic and control animals were homogenized

with Ultra-Turrax T2 homogeniser with appropriate lysis buffers (Table 2.6).

Lysis Buffers
ANF, SERCA2a, PLB,
@,Na' K ATPase GLUT1,GLUT4, CD36
1% Sodlum Dodecyl 50mM Tris buffer pH74
Sulphate (SDS) 1mM PMSF
1mM ey .
phenylmethylsulphonyl Protease inhibitor cocktail
fluoride (PMSF)

Table 2.6 Tissue Lysis Buffers

Tissue homogenates were centrifuged at 10200g for 10 min at 4°C and the
supernatant removed for ANF, SERCA2a, PLB and o;Na'K"ATPase analyses and
the tissue pellet for GLUT1, GLUT4 and FAT/CD36 analyses. Protein concentration
was determined using a BioRad spectrophotometric assay, with a 1 mg/ml Bovine
Serum Albumin (BSA) solution as standard (Fig. 2.6) (Bradford, 1976). 2 ml of the
dye reagent (25% solution filtered using Whatman #1 filter paper) was added to 60 pl
of the diluted protein extract (1 in 20 dilution for supernatant; 1 in 50 dilution for

pellet), incubated at room temperature for 10 min and absorbance was measured at

595 nm.
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Membranes were exposed for 1h at room temperature to the appropriate secondary
antibodies complexed to goat-anti rabbit polyclonal horseradish peroxidase (HRP) and
were visualized using an enhanced chemilumuinescence technique (ECL) kit. Liver
tissue was used as a negative control for ANF, GLUT4, SERCA2a, and
phospholamban; adipose tissue as a positive control for CD36 protein expression, and
kidney as positive control for Na'K*ATPase expression. Atrial tissue and ventricular
tissue from SHR animals (experimental model of hypertrophy) were used as a positive
ANF expression control. In order to estimate the level of expression of the proteins,
the optical density of the resulting protein bands was determined semi-quantitavely

and compared.

85



UM %T0°0 +IPATRIN %] Sururejuod 1apnq ¢, Hd S YIM PAINJIp Spoquuy

SuI930.1J [eNpIAIPU] 0] STIEId( [030)014 SUINOLY UINSIN B ADVJ SAS LT IqEL

“dwoy woor ‘4 . DoTE US'T
0008:1 Qo eI 0Z-UBML %70°0 [orEtaut + PLOTO
g xXumu g 000S:1 . Dot %01
. ddH b LATO euopAod 1200 'L Hd sdd 1 [euopAjod
-0 3] 1e03-nue Layuo( TAAAVIN %S L
B e oo I e
. . 0
£x st JAH-08] PLOVTO [euojoouow y'L 1d sad o 0L | PO
SSNOIA Uy 11qqey 12-1JUB 3SNOA TAAIVIN %S Ui
"dwo} woo1 ‘Y| ‘ oC€ UT
0001 Qb Yl 0T-USMT %700 [OHBtHaU +
X I G H 000¢: w ; v ad sed Dob %01 LLATO
BUOTIAJOA 1RO
-] 1eod-nue Koo | LLTO TPUOPAIOA1P0H TAAAVIN %L 41
*dwd) woos 4 | "dwd) woo1 Y | "dwd) woor ‘yi
0002 °1 0001:1 0T-UPdM], %Z0°0 Dot
Exuns IMH INV 2 Hd s9d yzl %l ANV
11qqe1 fue-1eon D3] 1euo(dkod 1iqqey TIAAVIN %S'L
HSVA AQOGLINY AAOGLINV qALIng mmmﬁwﬁﬂo dovd | NIELONd
ANVIGINAN AUVANODIS AdVIARId ONDIDOT1d

NIZLOYd







2.9.4 Technical Developments

Methods for protein detection were optimized for blocking buffer composition,
incubation time, incubation temperature, number of membrane washes and antibody
dilution in order to overcome problems of substantial background staining and to
improve resolution. Polyclonal GLUT4 antibody was replaced by a monoclonal
antibody which improved resolution, but its detection required further optimisation.
Protein concentration, blocking buffer composition and incubation temperature were
initially based on the method of Allard et al. (2000). CD36 detection based on the
method of Luiken et al. (2002), and optimised in this study. Methods for SERCAZ2a,
PLB and o;Na'K'ATPase protein expression detection were based on the
manufacturers’ (SantaCruz, AbCam) instructions. Finalised protocols are outlined in

tables 2.7 and 2.8.
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2.10 Subcellular Membrane Fractionation

Subcellular membrane fractionation was achieved by differential sucrose gradient
centrifugation based on the method of Young er al. (1997). The method is
summarized schematically in figure 2.8.

Membrane fractions were harvested, diluted five fold in NaHCO; (10mM)/NaN3;
(5mM) solution and centrifuged at 190000g for 1h at 4°C. The resulting pellets were
re-suspended in sucrose (250mM)/Tris (50mM), pH 7.4, and frozen at -80°C for
subsequent use. Isolated plasma membrane fractions were characterized by detection
of 0;Na'K "ATPase as described in section 2.9. GLUT4 detection in the subcellular
membranes utilised the polyclonal antibody for membrane probing as protein levels

were low in the different fractions (section 2.9, Table 2.7).
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2.11 °C Magnetic Resonance Spectroscopy
2.11.1 Tissue Extraction

Frozen hearts were weighed and ground to a fine powder under liquid nitrogen and
extracted at 4°C with 6% perchloric acid (PCA) (v/w) in a ratio of 5:1 as described
previously (Seymour et al., 1990). The suspension was centrifuged at 1500g, 4°C for
10 min (Megafuge 1.0 Hereans Sepatech GmbH) and a known volume of supernatant
decanted and neutralised with 6M KOH to pH6.8 at 4°C. The mixture was
centrifuged and the supernatant lyophilised at -40°C in a freeze drier (Freeze Drier

Modulyo). Samples were stored at -80°C until further use.

2.11.2 Deuterated Phosphate Buffer and NMR Sample Preparation

Lyophilised tissue extracts were reconstituted in 0.95ml of 50mM deuterated
phosphate (KH,PO,) buffer pH 7.0 lyophillised and resuspended in D,0O. A small
amount of chelating resin (chelex) was added to samples to remove any
paramagnetic ions and filtered through a 0.22 um syringe filter into a S mm NMR

tube.

2.11.3 NMR Spectroscopy

High-resolution 'H decoupled (WALTZ 16 decoupling) >C NMR spectra were
acquired at 126 MHz using a vertical-bore, ultra-shielded Bruker wide bore magnet

(11.5 Tesla) interfaced with a Bruker spectrometer using a 5 mm broadband probe.
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Free induction decays (FID) were collected with 18 000 scans using a 90° pulse
(9.95 usec pulse duration) and 1sec interpulse delay. 13C spectra were analysed using

Bruker Topspin 1.3 software.

2.11.4 P C- Glutamate Labelling Pattern & the Analysis of B¢ Spectra

The analysis of 13C glutamate isotopomers reflects the oxidative metabolism of
exogenous 13C labelled substrates as glutamate is present in sufficient concentration
for detection by NMR and is in exchange with the TCA cycle intermediates (Malloy
et al., 1990a, Seymour, 2003a). If 1-3C glucose is metabolised by the heart, the Bc
label is transferred to the C3 position of pyruvate and subsequently to the C2 position
in acetyl-CoA (Fig. 2.9). In the first turn of TCA cycle, B¢, label is transferred
initially to the C4 of o-ketoglutarate (Fig. 2.10a) and subsequently the label is
randomly transferred into C2 and C3 of succinate and subsequent TCA cycle

intermediates.

In the second turn of TCA cycle, 13C label enters both as the 2-"C acetyl CoA and
the C2/C3 positions of oxaloacetate. Subsequently, the label appears in the C;, Cs
and C,4 atoms of glutamate (Fig 2.10). As neighbouring atoms are labelled, there is
“cross-talk” between °C- '>C giving rise to the splitting of the multiplets within

individual carbon resonances (7able 2.9).
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GluK‘:: ::lte ¢ Che?l;c;r:l)Shlft Number of Peaks Multiplet

C28 Singlet
C2D12 Doublet

€2 352 ? C2D23 | Doublet
C2Q Quartet
C3S Singlet

C3 27.6 5 C3D Doublet
C3T Triplet
C4S Singlet
C4D34 Doublet

4 34.2 ? C4D45 | Doublet
C4Q Quartet

Table 2.9 The Chemical Shifts of Glutamate

2.11.5 Isotopomer Analysis

tcaCALC™ software v.2.07 (www.utsouthwestern.edu/rogersnmr) was kindly

provided by Dr M.H. Jeffrey, Southwestern Medical Centre, Texas (Jeffrey, 1990,

Malloy et al., 1990a). It was used to determine tke relative contributions of

exogenous substrates (U-B¢C palmitate,l-13 C glucose and 3.1 lactate) to substrate

oxidation from analysis of the glutamate isotopomer patterns.
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This tcaCALC™ model is based on the following assumptions (Malloy et al.,
1990b):
e Carbon only enters the TCA cycle via acetyl CoA or the anaplerotic pathways
e The concentration or the fractional enrichment of TCA intermediates and the
exchanging pools is constant (i.e. metabolic steady state)
e All BC entering oxaloacetate has been randomized between C2 and C3
carbon positions
e Anaplerotic reaction flux equals disposal reaction flux
e There is minimal *CO;, entry
e Contribution of natural abundance ">C to TCA cycle is negligible

e All metabolic reactions are at steady state

The peak heights for each of the multiplets were measured using the Bruker software
peak picking route and expressed as a percentage of the sum of peak heights for each
corresponding carbon of glutamate to give fractional intensity value of the multiplet

(Fig. 2.11)
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The ratio of the integrated total area under the C3 and C4 resonances gave the ratio
of carbon atom fractional enrichment. Data was entered into tcaCALC programme
along with the estimated fractional enrichment of acetyl CoA from different e
labelled substrates (Fig. 2.12). tcaCALC generates relative fractional enrichments
(FAT) of acetyl CoA (Fig. 2.12)

Fc0- Fraction unlabelled at both C atoms

Fcl-Fraction labelled at carbonyl C atom in acetyl CoA

Fc2- fraction labelled at methyl C atom in acetyl CoA

Fc3-Fraction labelled at C atoms C1 and C2 in acetyl CoA

FcO+Fcl+Fc2+Fc3=1
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2.12 Ventricular Myocyte Isolation

Cardiomyocytes were isolated 6 weeks post surgery by collagenase digestion using

the method of Smolenski ef al.,(1992).

2.12.1 Preparation of Buffers

All buffers were prepared using Milli Q ultra pure water, filtered through 0.45 pm
filter and stored at 4°C (Table 2.10). 2,3-butanedione monoxime (BDM) was added
to prevent cell hypercontraction during the early phase of calcium restoration (Zhou

et al., 2000, Sambrano et al., 2002).

Buffer 1: Non-circulating buffer

(mM); pH 7.3 Buffer 2: Modified Krebs-Ringer-HEPES
NaCl 60 (mM); pH 7.3
KCl 16 NaCl 120
MgS0,.7H,0 3.2 KCl 2.6
KH,PO4 1.2 MgS0,.7H,0 1.2
HEPES 10 HEPES 10
Mannitol 80 CaCl ; 1
BDM 10 KH,PO4 1.2
Taurine 20 Glucose 11
Glucose 11 Pyruvate 2
Pyruvate 5

Table 2.10 Cardiomyocyte Isolation Buffer Composition
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2.12.2 Cell Isolation

Rats were anaesthetized as described in section 2.5.4 and hearts rapidly excised,
cannulated via the aorta and perfused with Buffer 1, gassed with 100% O, at 37°C,
for 10 min at a flow rate of 11.5 ml/min. The left atrium was perforated and a small
piece of tubing inserted into the mitral valve to prevent closure. The perfusion
medium was switched to a re-circulating system with 30 ml of Buffer 1 containing
0.1% (w/v) collagenase (394 U/mg) and 0.5% (w/v) BSA. CaCl, (IM stock) was
added in 5pl increments to give a final Ca®" concentration of ImM and hearts
perfused for a further 30-45 min. Ventricular tissue was dissected, gently agitated in
15 ml of Buffer 2, filtered through 25um nylon gauze and centrifuged at 15g for 10
min at room temperature. The pelleted cardiomyocytes were resuspended in Buffer 2,
gassed with 100% O, with additional components as indicated in the individual

experimental protocols.

2.12.3 Cardiomyocyte Morphology

Photomicroscopic analysis of cardiomyocyte dimensions (length and width) was
performed using a Leitz LaborLux® S light microscope, 40x objective magnification
lens connected to a Cool SNAP-PRO digital camera to Image Pro-Plus® v 5.1.2
software (Fig. 2.13). Cells were selected for measurements based on their appearance
—only rod shaped myocytes with intact sarcomere striations were analysed. 60 cells
per heart were measured in order to marginalise sampling error to less than 3%

(Gerdes et al., 1996).
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Acyl CS
FFA + CoA + ATP =" Acyl CoA _7——’ H 10,

-~

AMP + Pyrophosphate Enoyl CoA +4-AA
+TBHB

2 H,0 + HBr | + Peroxidase
v

Red Dye

FFA-free fatty acids; CoA- coenzyme A, Acyl CS- acyl-CoA synthase,
ACOD- acyl- CoA oxidase 4-AA-4-aminoantipyrine, HBr- hydrogen bromide, TBHB-
2,4,6-tribromo-3-hydroxy-benzoic acid.

50 pl serum or water (blank) was incubated with 1 ml reaction mixture A (containing
ACS, ATP, peroxidase, 4-AA and CoA) for 10 min at 25°C. Subsequently, 50pl N-
ethyl-maleinimide was added and absorbance (A;) read at 546 nm. 50 ul of reaction
mixture B (containing acyl CoA oxidase) was added and the mixture incubated for
15 min at 25°C and absorbance (A;) read at 546 nm. The difference in absorbance
(A,-A,) for both blank and sample was calculated. Absorbance difference of the

blank (AAyp) was substracted from that of the sample (AAs) to obtain AA. Serum FFA

concentration was calculated using equation below.

V
C ="gxdxv x44

V- final volume (1.15 ml); v-sample volume (0.05ml), d-light path (1cm),
¢-exctinction coefficient of the dye at 546 nm (19.3 L/mmol/m)
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2.13.4 Measurement of Pyruvate Dehydrogenase Activity

2.13.4.1 Tissue Extraction

Approximately 200mg powdered myocardial tissue was homogenised using an Ultra-
Turrax T2 homogeniser at maximum speed for 20 sec in 1 ml ice-cold extraction
buffer (1:5 tissue:buffer ratio)(mM: HEPES 25; KH,PO, 25; KF 25; Dichloroactetate

1; EDTA 3; ADP 1; Dithiothreitol 1; leupeptin 0.05; Triton X-100 1% v/v; pH 7.0).

The active fraction of PDH (PDH,) was extracted using buffer containing (mM)
HEPES 25, ADP 1, EDTA 1, dichloroacetate 3, KH,PO4 25, Dithiothreitol (DTT) 1,
leupeptin 0.05, KF 25 and 1%(v/v) Triton X-100 (pH 7.0) to inhibit PDH

phosphatase and PDH kinase as described previously (Seymour and Chatham, 1997).

Total PDH activity (PDH;) was extracted using buffer containing (mM): HEPES 75;
dichloroacetate 5; MgCl, 5; ADP 1; dithiothreitol (DTT) 1; leupeptin 0.05; and 1%
Triton X-100, pH 7.0. Samples were freeze-thawed 3 x 30 sec. and resulting mixture

was centrifuged at 15 600g at 4°C for 10 min.

2.13.4.2 PDH Activity Measurement

PDH activity was measured spectrophotometrically at 340 nm as described by

Seymour and Chatham 1997.
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0.95ml reaction mixture containing (mM: HEPES 50; MgCl, 1; EGTA 0.08; DTT 1;
NAD 1.67; Co-enzyme A 0.2; thiamine pyrophosphate 0.2; lactate 16.7; rotenone
4uM; lactate dehydrogenase 2U-added separately) without the sample was incubated
at 30°C for 5 minutes prior to the addition of tissue sample. 50-200 ul of tissue
extract (PDH,) or 25-50 pl of tissue extract (PDH;) were added and the rate of

NADH production followed over 2 min.

Total V(ml
44 7 ( otal assay V. (mi) . Extraction buffer V (ml)

PDH activity = X
£ NADAIJ LS‘ample V (ml) Tissue weight (mg)

1=

(umol/min/g wet heart weight)

A4 change in absorbance over 30 sec. e NADH=6.22 mMcm™

2.13.5 Citrate Synthase Activity

2.13.5.1 Tissue Extraction

Powdered cardiac tissue was homogenised using an Ultra ~Turrax T2 homogenizer
24 000 rpm for 20 sec in ice-cold extraction buffer (100mM imidazole, ImM EGTA,
10mM MgCl,, pH7.2). 10ul Triton X-100 was added to the tissue homogenate,
incubated for 1h, at 4°C and centrifuged (800g, 4°C) (Seymour and Chatham 1997).

The supernatant was used for the measurement of citrate synthase activity.
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2.13.5.2 Citrate Synthase Assay

Citrate synthase activity was measured using 50mM Tris, 0.05% v/v Triton X-100
buffer (pH 8.1) containing (mM) 5,5 dithio-bis-2 nitobenzoic acid (DTNB) 0.2;
acetyl CoA 0.1 and oxaloacetate 0.5. 1.98 ml of the assay stock was equilibrated at
30°C prior to 20 pl sample was added. The enzyme activity was measured at 412 nm

by following reaction of the released CoA with DTNB (Morgan-Hughes et al., 1977).

44 2
X
Citrate Synthase Activity( ymol/min/g)= 13.6 0.02
g tissue / ml

A4 change in absorbace over 30 sec; Milimolar absorbtivity DTNB=13.6 mM lem!
Volume in assay =2ml; Volume of extract = 0.02 m/

2.13.6 Tissue Triglyceride Assay

Myocardial TG content was extracted with chloroform methanol mixture based on
the method of (Bligh and Dyer, 1959). Powdered cardiac tissue (100mg/ml) was
homogenised by Ultra-Turrax T2 homogeniser at 24 000 rpm for 2 min in ice-cold
chloroform-methanol-water mixture (2:1:0.8) and centrifuged for 15 min (800g,
4°C). The upper aqueous layer was decanted and the lower chloroform layer dried

under 100% gaseous N; and re-suspended in 0.5 ml 2-propanol.
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TG content was assayed using Sigma TG kit (No. 336) based on the reaction:

Li tein Li + ATP
poorotein Linase :
+Gl 1k
TG——=——— Glycerol yoero” ase Glycerol-1-phosphate

w -ﬁb i
FFA ADp  DAP +NAD

+Glycerol-1-Phosphate
Dehydrogenase

NAD"
NADH

+Diaphorase
+INT

Formazan

TG-triglycerides; FFA-free fatty acids; DAP- dixydroxyacetone phosphate, INT-2-
(p-iodophenyl)-3-p-nitrophenyl-5-phenyl tetrazolum chloride

2.13.7 Glycogen Assay

Glycogen extraction was based on the method of Walaas and Walaas (1950). In brief,
myocardial glycogen was extracted by alkali digestion by dissolving approximately
0.1-0.4 g tissue in 0.5 ml 30% (w/v) potassium hydroxide and at 100°C for 30 min.
Subsequently, 0.2 ml of 2% (w/v) anhydrous sodium sulphate and sufficient 100%
(v/v) ethanol, to give a final concentration of 75%, were added. Samples were
centrifuged at 27 000g for 10 min at 4°C and the pellet was rinsed with 80% ethanol.
The resultant glycogen pellet was dried at 37°C for 30 min and digested in 0.1ml
0.5M amylo-0-1,4-0-1,6-glucosidase, 0.5 ml 1M sodium acetate buffer pH 5.0 and

1.4 ml water for 1 hour at 37°C.
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Glucose concentration of resulting solution was determined spectrophotometrically

as described in section 2.13.1

Glucose equivalents (umol) = Mean Absorbance (A4) of sample x Concentration of
standard

Absorbance of standard

Glucose equivalents (umol) X Total volume of extract (ml)
Volume of sample in the cuvette (ml)

Glycosyl Units/ =

g wet weight Weight of tissue used (g)

2.14 Statistical Analysis

All data are presented as mean + standard error mean (S.E.M). Unpaired two-tailed
Student t-test was used for comparison of means. Descriptive statistics (Pearson
correlation coefficient) was used to asses the relationship between the variables.
Statistical analysis was carried out using SPSS statistics software v.15.0. A value of

p<0.05 was considered significant.
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3. CHARACTERISATION OF THE
EXPERIMENTAL URAEMIA MODEL
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3.1 Introduction

Chronic kidney disease (CKD) is a syndrome of persistent renal dysfunction
(Marshall 1995). The spectrum of CKD aetiologies includes glomeluronephritis,
pyelonephritis, interstitial nephritis, diabetes mellitus, hypertension, polycystic
disease, nephrotoxic drugs and multisystem disease (Gaw, 2004). Experimental
models using a 5/6 sub-total nephrectomy result in the development of uraemia,
proteinuria, hypertension and progressive renal failure with significant renal sclerosis

in any remnant renal tissue (Marshall, 1995).

Left ventricular hypertrophy (LVH) development is a hallmark of uraemia and a
potent predictor of patient mortality (Amann et al., 2003b, Reddy et al., 2007). In
addition to LVH, transthoracic echo studies in CKD patients have shown a
prevalence of systolic and diastolic dysfunction, ventricular dilatation, increase in
QT dispersal and arrhythmias (Stewart et al., 2005). Hypertension per se has been
shown to reduce the number of cardiomyocytes in uraemia predisposing the heart to
failure (Amann et al., 2003b). At a cellular level, LVH in uraemia has been
characterized by significant alterations in cell morphology and increase in cell
volume (Fowler et al., 2007, Reddy et al., 2007). Anaemia in CKD is caused by a
reduction in erythropoietin secretion and may be a contributing factor to the chronic

volume overload (Lipsic et al., 2004).
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Hypertrophy caused by fluid overload is accompanied by alterations in ventricular
compliance which further contribute to systolic and diastolic dysfunction before
transition to overt congestive heart failure (De Stefano et al., 2006). However,
despite a number of studies, the relationship between individual confounding factors

and the development of uraemic cardiomyopathy is still subject to debate.

3.2 Aims and Objectives

The aim of this study was to examine the morphology and physiology of the
experimental uraemic model at different stages of the disease using in vivo and ex

vivo methods.

3.3 Methods

Protocols used in this chapter are outlined in sections 2.3; 2.7; 2.8, 2.12.3 and 2.13.

3.4 Results

Experimental uraemia was induced surgically with a low mortality rate (6%; uraemic
n=3; control n=1; total n=67). The weight gain between surgeries was 17% (initial
weight 236.5g+0.7) with a smaller increase in body weight in uraemic animals versus
controls (15.8+0.5 % increase versus 18.1+0.5% increase in body weight p<0.05
n=67). Significant uraemia was induced by removing approximately 1.65 g of kidney
tissue over a 2 stage procedure: left partial nephrectomy 0.37+0.01 g (n=67) and
right total nephrectomy 1.28+0.02 g (n=67). Despite pair feeding, there was evidence

of lower body weight in the 6 week uraemia (7able 3.1).
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3.4.3 Hypertrophy

Left ventricular hypertrophy was observed at an organ and a cellular level.
Hypertrophy indices (dry heart weight, dry heart weight: body weight and dry heart
weight: tibia length) were significantly increased in uraemic versus control animals
at 6 week uraemia (7Table 3.3). Hypertrophy was also observed at a cellular level

with a significant alteration in cardiomyocyte width (7able 3.4).
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3.4.7 Serum Metabolite Profile

There was minimal alteration in serum glucose, fatty acid and lactate concentrations

in uraemic versus control animals in 6 week uraemia (7able 3.6).

. CONTROL URAEMIC
Metabolite (n=6) (n=6)
Glucose (mM) 12.5+0.80 11.4+1.1
Free fatty acids (mM) 0.6+£0.01 0.7+£0.01
Lactate (mM) 3.6+0.3 4.3+0.4

Table 3.6 Serum Metabolite Concentrations
Data are presented as mean + S.E.M.
n=6 (glucose); n=8 (free fatty acids);
n=9 (lactate)
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3.5 Discussion

This study investigated the development of experimental uraemia on cardiac
morphology and physiology. The model is characterized by haemodynamic
abnormalities (hypertension and anaemia), cardiac hypertrophy, renal dysfunction

and hyperinsulinaemia.

3.5.1 Morphology

Animal body weights were comparable at 3 week and 9 week uraemia. However, at 6
weeks, uraemic animals had significantly lower body weights than controls. This is
in contrast to previous observations where no change in body weight in pair fed
animals was observed (Reddy et al., 2007). The severity of the uraemic surgical
procedure was greater in the present study, as greater amounts of left kidney tissue
were removed, which could have resulted in lower body weights. Discrepancy in
body weights of partially-nephrectomized animals and control animals inspite of pair
feeding has been documented previously (McMahon et al., 2002). Patients with CKD
have varying degree of lean body mass and weight loss has been associated with
inadequate dietary intake and proteinuria (Cianciaruso et al., 1995, Dwyer et al,,

1998).
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However, more recent studies have associated insulin resistance with muscle wasting
in uraemia (Lee et al., 2007). Insulin resistance diagnosed by HOMA in uraemic
patients causes muscle loss by a) suppression of the insulin/IGF-1 pathway b)
suppressing PI3K activity and potentially triggering caspase 3 activation,
fragmentation of muscle proteins and subsequent activation of the ubiquitin-
proteasome system (Lee et al., 2004, Lee et al., 2007, Rommel et al., 2001, Sacheck
et al., 2004). Impaired insulin signalling may play a central role in the lean body
mass loss in uraemia as insulin/insulin-like growth factor-1 (IGF-1) signalling
pathway modulate muscle mass, and IGF-1/PI3K/Akt pathway prevents the
upregulation of muscle atrophy genes encodining ubiquitin ligases (Glass, 2003, Du

and Mitch, 2005).

3.5.2 Hypertrophy and Haemodynamic Alterations

Hypertrophy was apparent in uraemic animals at 6 week and 9 week post-surgery
(Table 3.3, 3.4). These changes are in keeping with previous observations (Raine et
al., 1993, McMabhon et al., 2002, Reddy et al., 2007). Tibial length was used as the
normalisation variable for heart weight as it remains constant in animals of same age
(Yin et al., 1982). Measurement of cardiomyocyte dimensions confirmed presence of
cellular hypertrophy, eliminating effects of fibrosis and cell loss. Cell length and
width are considered analogues of the heart chamber diameter and wall thickness

respectively (Gerdes et al., 1996).
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Therefore, the cellular measurements here indicate an increase in ventricular wall
thickness and are consistent with previous observations (Fowler et al., 2007, Reddy
et al., 2007). The increase in wall thickness and cell width are characteristic of the
developing and compensatory pressure overload (Gerdes et al., 1996). This load
leads to addition of the new sarcomeres in parallel, resulting in a disproportionate
increase in the LV wall thickness and reduced chamber radius (concentric
hypertrophy) (London et al., 1999). Hypertension is evident from the earliest stages
of uraemia (Table 3.2) which may in turn contribute to the loss of cells in the
uraemic heart, hence causing greater workload on the remaining viable
cardiomyocytes (Amann et al., 2003b). The progression of concentric hypertrophy
and hypertension can lead to decreased diastolic compliance and places the
myocardium at a greater risk of ischemia, even in the absence of coronary artery

disease (Middleton et al., 2001).

Volume overload leads to lengthening of contractile units causing progression of
eccentric hypertrophy resulting in chamber dilation, increase in wall tension, systolic
stroke volume, oxygen requirements and myocyte burnout (Middleton et al., 2001).
However, this study has not shown lengthening of the uraemic cardiomyocytes,
characteristic of volume overload. CKD patients have a higher risk of heart failure
and hence greater risk of premature cardiovascular events (Baigent et al., 2000, Mark
et al., 2006). However, there is no evidence of heart failure in any stages of uraemia
examined in this study as there is a lack of oedematous lungs observed in animal

heart failure models (Table 3.1) (Afzal and Dhalla, 1992 ).
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The uraemic model is characterized by significant renal dysfunction from the
incipient stages of the experiment. Progression of the disease caused further
deterioration of renal function as indicated by further increases in creatinine
concentration (Fig. 3.2). Experimental uraemia was characterized initially by
anaemia. However, this recovered with the progression of disease, most probably as
a result of recovery of the remnant kidney and kidney hypertrophy (Reddy et al.
2007). Anaemia is an important confounding factor in the uraemic cardiomyopathy
and is one of the contributing causes of volume overload (Middleton et al., 2001).
Previous work has demonstrated a robust correlation between declines in
haemoglobin levels and LVH progression in patients with early stage of uraemia

(Levin et al., 1999).

Six and nine week uraemia is characterized by hyperinsulinaemia manifested by an
increase in serum insulin and proinsulin levels. The proinsulin: insulin ratio was not
altered in uraemia, thus eliminating a defect in proinsulin to insulin processing
observed in some animal models of hyperinsulinaemia (Leahy, 1993, Alarcon et al.,
1995). Hyperinsulinaemia is associated with underlying insulin resistance which is
present from the early stages of uraemia (Stefanovic et al., 2003, Becker et al., 2005).
There are no significant alterations in serum metabolites (glucose, FFA, lactate) at 6

weeks consistent with previous findings (Reddy et al., 2007).
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3.6 Summary

The experimental model of chronic kidney disease (uraemia) used in this study is
characterized by significant renal insufficiency from the onset. Early stages of
uraemia (3 weeks) are characterized by haemodynamic disturbances (hypertension
and anaemia) in the absence of cardiac hypertrophy. Progression of uraemia to 6 and
9 weeks post surgery further exacerbates the haemodynamic alterations observed and
results in the development of compensated concentric LV hypertrophy and

hyperinsulinaemia.
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4. CARDIAC FUNCTION & METABOLISM IN
URAEMIA
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4.1 Introduction

Left ventricular hypertrophy is the compensatory response to a chronic increase in
cardiac workload through reducing ventricular wall stress (Middleton et al., 2001).
Although initially beneficial, the long term outcome of cardiac hypertrophy will lead
to functional deterioration and heart failure (Seymour, 2003b). LVH is the definitive
hallmark of cardiovascular disease in uraemia and it accelerates the evolution of
uraemic cardiomyopathy(Amann et al., 1998b). Left ventricular dysfunction is
present in 85% of CKD patients-16% of patients have systolic dysfunction, 41%
concentric left ventricular hypertophy and 28% left ventricular dilatation (Parfrey et
al., 1996). Eccentric and concentric hypertrophy arise depending on the stress
imposed in uraemia (volume and pressure overload) (Middleton et al., 2001). Despite
the enormity of the problem, the cellular mechanisms underlying the LVH

development in uraemia are not fully elucidated.

Compensated LVH is characterised by structural, molecular and metabolic
adaptations, collectively referred to as “remodelling” (Chapter 1). One feature of
LVH is a switch in substrate preference from fatty acid oxidation to glycolysis, in
order to maintain sufficient cardiac output (Sambandam et al., 2002, Allard, 2004).
As energy production is coupled to substrate oxidation, alterations in the profile of
myocardial substrate selection may ultimately result in deleterious functional
consequences in the hypertrophied heart leading to heart failure (van Bilsen et al.,

2004, Stanley et al., 2005).
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Little is known about the profile of myocardial substrate utilization in uraemia.
Previous work has assessed myocardial metabolism under baseline conditions at an
early stage in experimental uraemia and found no evidence of altered substrate
oxidation or impaired cardiac function (Reddy et al., 2007). However, studies using
3'P NMR have revealed significant reductions in PCr/ATP ratio, implying altered
energetics of the uraemic heart (Raine et al., 1993). In addition to LVH, uraemia is
characterized by insulin resistance and is further discussed in Chapter 6. Previous
studies on experimental models of insulin resistance have demonstrated increased
myocardial utilization of fatty acids and decreased glucose oxidation, accompanied
by a reduction in cardiac efficiency (Belke et al., 2000, Chatham and Seymour, 2002,
Mazumuder et al., 2004). Thus, in uraemia, insulin resistance may further exacerbate
metabolic remodelling in the heart by limiting the uptake and metabolism of glucose

and predisposing uraemic heart to progress into energy starvation and failure.

4.2 Aims and Objectives

The aim of this study was to examine the effect of increased workload (increased
extracellular [Ca®"]) and insulin on in situ myocardial function and profile of

substrate oxidation in experimental uraemia using >C NMR spectroscopy.
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4.3. Materials and Methods

Materials used are listed in section 2.1. Perfusion studies were performed 6 week

post induction of uraemia. The methods used are outlined in section 2.5, 2.11, 2.13.

4.3.1 Heart Perfusions

Following 20 min equilibration with 1.25 mM Ca®*, the perfusion medium was
switched to KHB buffer of identical composition with increased Ca>* concentration
(2.5 mM) (Fig. 4.1). Hearts were perfused for a further 20 min and switched to buffer
containing [U-'>C] palmitate, and either [3-'>C] lactate and unlabelled glucose and
pyruvate or unlabelled lactate, pyruvate and [1-"3C] glucose for 45 min (Fig. 4.1).
Perfusions were carried out in the presence or absence of 1 mU/ml insulin. pO; and
coronary flow rate measurements were taken at 15 min intervals throughout the
perfusion protocol.

AD Instruments Chart 5.5° software was used for left ventricular pressure
measurements in situ and the Blood Pressure Module ® was used for data analysis.
Functional parameters [systolic and diastolic pressures, heart rate, dP/dty.
(contraction), dP/dty,, (relaxation)] were averaged for 3 cardiac cycles and analysed

over the final 45 min of perfusion (average 24 000 data points).
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4.4 Results

4.4.1 Cardiac Function

Table 4.1 and figure 4.2 show the mean cardiac function, MVO, and cardiac
efficiency in control and uraemic hearts. In the presence of insulin, uraemic hearts
were characterized by increased HR, RPP, and decreased LVDP, +dP/dt,,x and —
dP/dt i, vs. controls (Table 4.1). In the absence of insulin, all functional parameters
were lower in uraemic hearts vs. control (7able 4.1). Oxygen consumption was
markedly reduced in uraemic hearts perfused without insulin in comparison to
controls, and showing an apparent increase in cardiac efficiency versus controls

uraemic hearts perfused with insulin (Fig. 4.2A).
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However, the presence of insulin does affect the profile of substrate utilization in
uraemic hearts. There is a marked reliance on lactate (44.8+4.3 vs. 36.0£3.1%
p<0.05) with reduced palmitate oxidation (38.6+2.1% vs. 22.3+1.6 % p<0.05)
relative to perfusions in the absence of insulin. In control hearts perfused with insulin
there was less decrease in palmitate oxidation (41.3+1.9% vs. 28.8+3.1 p<0.05)

relative to control hearts in the absence of insulin.

4.4.3 Triglyceride and Glycogen Content Analysis

Cardiac tissue triglyceride content was unaltered in 6 week uraemia (Fig. 4.5 A),

however glycogen content was significantly elevated (Fig.4.5 B).
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4.5 Discussion

The aim of this study was to assess cardiac function and energy provision in
experimental uraemia under conditions of increased extracellular [Ca2+] (2.5mM) in
order to increase both contraction and metabolic demand. Hearts were perfused
either in the presence or in the absence of insulin (1mU/ml) to mimic basal metabolic
state. Ca’" can be rapidly taken up by mitochondria and activate key enzymes
involved in the production of NADH and FADH2, PDH, OGDH and ICDH
(Balaban, 2002). This in turn causes increased delivery of NADH to the respiratory
chain, and the maximum rate of oxidative phosphorylation, meeting the enhanced

demand for ATP synthesis (Territo et al., 2000, Balaban, 2002).

4.5.1 Cardiac Function and Metabolism in Uraemia

In the absence of insulin and increased workload, uraemic hearts displayed depressed
heart rate, LVDP, +dP/dtmax, -dP/dtmin, RPP and MVO, in comparison to control
hearts. These results are consistent with previous observations in the aortic-banded
model of cardiac hypertrophy (Allard et al., 2000) and to previous in situ cardiac

function measurements using the same model of uraemia (Raine et al., 1993).
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In the uraemic hearts, enhanced workload in the presence of insulin caused an
increase in the heart rate, and concomitantly in the rate pressure product versus
controls. This is consistent with the in vivo measurements of heart rate (Chapter 3)
and with clinical observations, where the elevated heart rate together with anaemia

are regarded as hallmarks of volume overload (London, 2003).

Cardiac efficiency in uraemic hearts was reduced in the presence of insulin, in
parallel with decreases in LVDP, +dP/dt,, and -dP/dt,,. These findings are
suggestive of altered ventricular performance at high workloads, consistent with
previous reports (Rhodes et al., 1993, Schlant et al., 1998). Reduced LVDP observed
in perfused uraemic hearts versus control is in contrast to in vivo hypertension (Table
3.3). However, it is difficult to draw direct comparison between developed pressure
in the ex vivo heart perfusion preparation and the in vivo observations as the perfused
heart is not exposed to the pressure and volume overload present in the uraemic

animal and it is not subjected to neurohormonal regulation.

Altered cardiac relaxation in particular, was suggested parallel to this study by an
increase in PLB phosphorylation observed in the LV of 6 week uraemic animals
(unpublished observations Pavlovic, 2007). An increase in PLB phosphorylation
stimulates SERCA2a function and is considered a compensatory response attempting
to maintain normal Ca* handling (Boateng et al., 1997). Previous studies have
revealed impaired myocyte relaxation and abnormal Ca®* handling due to altered

Na'/Ca*" pump activity (McMahon et al., 2006).
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Altered cardiac relaxation is the main cause of the diastolic dysfunction in uraemia
(Facchin et al., 1995), manifested by increased in vivo diastolic pressure in this study
(Chapter 3; Table 3.2). Clinical studies in CKD patients with LVH have shown that
diastolic dysfunction is an important mediator of heart failure and death from cardiac
causes (Verma et al., 2007). However, at the present stage of uraemia,
cardiomyocytes appear to maintain SR function, with unaltered SERCA2a
expression. In addition Na'K'ATPase ion pump expression is increased as a
compensatory response and could potentially be maintaining cellular ion gradients to
preserve normal contractile function (McMahon et al., 2006). Evidence supporting
compensated stage contractile function is the maintenance of cardiac efficiency
relative to control hearts. Increasing the severity of uraemia results in the failure of
the uraemic heart to respond to an increase in extracellular Ca>* by failing to increase
HR and cardiac output (Raine et al., 1993). Equally, additional increase in the
extracellular [Ca®"] (3.0-5.6mM) may further exacerbate the contractile dysfunction

(Raine et al., 1993).

Previous in vivo and in vitro studies on heart and isolated cardiomyocyte
preparations have shown that insulin improves contractile function (Freestone et al.,
1996, Allard et al., 2000). However, in uraemia, insulin rendered hearts less efficient
with increased oxygen consumption for a reduced amount of work in comparison to
the uraemic hearts in the absence of insulin (Fig. 4.2). Reduction in cardiac
efficiency could be a result of impaired contraction or alternatively, increased
oxygen cost for E-C coupling, elevated basal metabolic rate or changes in substrate

supply (Burkhoff et al., 1991, How et al., 2005).
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The metabolic substrate profile of the uraemic hearts suggests a shift of substrate
preference from fatty acids to carbohydrates. In the presence of insulin, there is no
alteration in the relative contribution of the individual substrates to oxidative
metabolism between uraemic and control animals. This is consistent with the
metabolic profile of the uraemic hearts perfused using 1.25 mM extracellular [Ca2+]

(Reddy et al. 2007).

Metabolic profile of the uraemic hearts in this study may suggest the development of
myocardial insulin resistance and reflect observations from the diabetic db/db mice
exhibiting decreased cardiac efficiency and increased myocardial oxygen
consumption (How et al., 2006). Metabolic profile observed in uraemic hearts could
be the direct effect of the developing myocardial insulin resistance further discussed
in Chapters 5 and 6. Presence of insulin resistance is suggested by unaltered glucose
contribution to the TCA cycle in response to an increase in the workload. Moreover,
unaltered PDH activity in 6 wk uraemia suggests that there is no enhanced flux of
pyruvate to acetyl CoA and hence no net increase in carbohydrate oxidative
metabolism compared to controls (Stanley et al., 2005). In the absence of insulin,
uraemic hearts display higher contribution from the unlabelled substrates (exogenous

glucose and pyruvate; endogenous glycogen and triglyceride) than control.
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Overall metabolic substrate profile of the uraemic heart also shows greater reliance
on exogenous carbohydrates as the major source of energy (Fig. 4.4) with decreased
fatty acid oxidation, consistent with remodelling profile in LVH, where decrease in
fatty acid oxidation is compensated by increase in carbohydrate utilization. These
findings are in keeping with the metabolic profile of the metabolically remodelled
hypertrophied heart re-expressing foetal metabolic phenotype (Taegtmeyer et al.,
2005). Furthermore, abundance of the relative labelled exogenous glucose, lactate
and palmitate utilization (100%) (Fig. 4.3) in uraemia in the presence of insulin,
suggests that the relative contribution from the unlabelled substrates is negligible

under these experimental conditions.

In the presence of insulin, lactate is the dominant energy substrate accompanied by
reduction in fatty acid use in the uraemic hearts versus control (Fig. 4.4). A greater
preference for lactate is characteristic of volume overload hypertrophy, in which
maximal lactate transport capacity and increase in MCT1 lactate transporter
expression was observed (Evans et al., 2003). In addition, insulin caused an increase
in the lactate contribution to the oxidative metabolism in uraemia, accompanied by a
decrease in palmitate contribution to the TCA cycle compared to uraemic hearts in
the absence of insulin (Fig. 4.5). The inhibitory effect of insulin on fatty acid
utilization in insulin resistant hearts has been previously documented (Mazumuder et
al., 2004, Hafstad et al., 2006). The possible mechanisms that may account for this
effect include a direct inhibition of AMP kinase by insulin; and indirect insulin effect
due to enhanced glucose uptake and utilization resulting in malonyl CoA inhibition
of CPT-1, hence reducing the entry of fatty acids into mitochondria for oxidation

(Carley and Severson, 2005, Hafstad et al., 2006).
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However, uraemic hearts demonstrate some degree of insulin responsiveness in terms
of inhibited fatty acid utilization and increased carbohydrate utilization. This
observation is in keeping with those of the metabolic insulin responsiveness in db/db
diabetic hearts (Carley and Severson, 2005, Hafstad et al., 2006). This outcome is
also consistent with the single proton emission computed tomography (SPECT)
study using an iodinated fatty acid analogue (iodine-123-B-methyl iodophenyl-
pentadecanoic acid '®I-BMIPP) to evaluate cardiac metabolism in CKD patients
(Nishimura et al., 2006). Thus, clinical study has shown a clear association between

severe renal impairment, insulin resistance and impaired fatty acid metabolism.

Uraemic cardiomyopathy may also cause reduction in the expression of the nuclear
receptor PPARa and its co-activator PGC-1, which have been identified as the
master switches for the myocardial metabolic remodelling (Barger and Kelly, 2000,
Kelly, 2002). Pressure-overload hypertrophy deactivates PPARa hence dysregulating
fatty acid metabolism and leading to downregulation of an adult metabolic phenotype
(Barger and Kelly, 2000). Nevertheless, the uraemic heart could be in a state of
metabolic adaptation rather than maladaptation as it appears to have retained the
metabolic flexibility (the ability to switch the substrate preference) (Taegtmeyer et
al., 2005). A lack of change in citrate synthase activity (Fig.4.7) suggests no change
in mitochondrial density and provides an additional evidence for the maintenance of

oxidative capacity and thus absence of metabolic deterioration.

147



Progression of the renal insufficiency (Chapter 3) however will lead to the
worsening of the insulin resistant state as shown in Chapter 6, and in synergy with
the reduced palmitate utilization, will potentially jeopardise myocardial energy
supply as a reduction in fatty acid oxidation and insulin resistance would impair
glucose metabolism leading to substrate and to energy depletion (Taegtmeyer et al.,
2005). This would contribute to the cardiac function deterioration and failure in

uraemia (Raine et al., 1993).

Analysis of the endogenous substrates has revealed an increase in the glycogen
content of the uraemic hearts. Chronic hyperinsulinaemia observed in the uraemic
model (Chapter 1) may result in increased glycogen deposition per se, by stimulating
glycogen synthase activity. In addition, study on muscle biopsies of non-diabetic
uraemic patients has shown that the insulin resistance in this patient population is
accompanied by elevated level of maximal glycogen synthase enzyme activity (Bak
et al., 1989). Despite triglyceride accumulation being highly correlated with the
insulin resistance in other experimental hypertrophy models (Atkinson et al., 2003),
there was no indication of increased triglyceride content in uraemic hearts.
Nonetheless, an increase in the glycogen deposition and unchanged triglyceride
content in the uraemic myocardium observed in this study is comparable with the

observations in skeletal muscles of chronic haemodialysis patients (Debska-Slizien et

al., 2000).
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Increased myocardial glycogen content observed in this study is also consistent with
the previous studies in which uraemia induced increased myocardial glycogen
content (Penpargkul and Scheuer, 1974) and similar results were obtained from
myocardial tissue from acutely uraemic, binephrectomized and urethra ligated rats
(Horl et al., 1980). An increase in glycogen deposition could be cardioprotective
ensuring adequate glucose supply for glycolysis therefore ensuring the adequate

energy supply for maintenance of normal cardiomyocyte homeostasis (Fraser et al.,

1998).

4.6 Summary

This study demonstrates that the uraemic heart is characterized by developing cardiac
dysfunction and metabolic adaptation. Insulin was shown to exacerbate cardiac
remodelling in uraemia. Nevertheless, the metabolic and functional adaptations could
play a key role in preserving cardiac function at this particular stage of uraemia. The
consequences of the myocardial remodelling on long-term survival of the

hypertrophied uraemic heart still require further investigation.
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5. MYOCARDIAL PROTEIN EXPRESSION IN
EXPERIMENTAL URAEMIA

150



5.1 Introduction

Cardiac hypertrophy causes an adaptive response at the molecular and cellular level.
In turn this can lead to altered contractile protein expression and re-expression of the
embryonic gene expression in the ventricle, including a stretch induced increased in
atrial natriuretic factor (ANF) (Morgan and Baker, 1991, Rockman et al., 1991,
Rockman et al., 1994). LVH causes alterations in myocardial energy provision, and
furthermore substrate transporter proteins (van Bilsen et al., 2004). Myocardial
insulin resistance (IR) and hyperinsulinaemia are clinically established confounding
factors in uraemic cardiomyopathy (chapter 6). Alterations in the expression of
metabolic transporters and signalling intermediates have been implicated as a
potential mechanism for insulin resistance development in skeletal and cardiac
muscle (Ferrannini et al., 1993). The development of IR is detrimental for the heart

with altered metabolome, as previously discussed in section 1.6.

5.1.2 Metabolic Transporters

5.1.2.1 Glucose Transporters

Glucose transporters assist glucose uptake into cells and are polytopic membrane
proteins forming an aqueous pore across the membrane (Bryant and James, 2002).
The GLUT family comprises 13 members identified to date. These proteins span the
membrane 12 times with amino- and carboxy-termini located in a cytosol (Fig. 5.1)

(Bryant and James, 2002).
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In the cardiomyocytes, GLUTI is comparmentalized to intracellular storage vesicles
in contrast to skeletal muscle where GLUT] is located primarily at the sarcolemma
(Becker et al., 2001). In response to metabolic stress, hypoxia and elevated
intracellular [Ca2+], there is an increase in myocardial GLUT1 expression,
stimulating glucose uptake (Shetty et al., 1993a, Hwang and Ismail-Beigi, 2001).
This adaptive response maintains a sufficient supply of ATP by increasing glycolytic
activity. GLUT1 expression and activity are increased up to 3-fold under these
conditions in a p38 MAPK signalling pathway mediated response (Shetty et al.,
1993a, Shetty et al., 1993b, Barros et al., 1997a, Barros et al., 1997b). Hypertrophic
induction of GLUT1 expression was also found to be partially sensitive to inhibition
of the phosphatidylinositol 3-kinase pathway and was strongly associated with the
Ras activation and pathways downstream (Montessuit and Thorburn, 1999). Recent
work has shown that GLUT1 and GLUT4 can also readily translocate to sarcolemma
in response to lactate, however not via the PI3K-mediated pathway (Medina et al.,

2002).

5.1.2.3 GLUT4

The primary target of insulin action in heart cells is glucose transporter 4 (GLUT4)
(James et al., 1989, Calderhead et al., 1990, Slot et al., 1991). GLUT4 resides in
intracellular storage vesicles and, upon insulin stimulation, translocates to the

sarcolemma where it can facilitate uptake of extracellular glucose (Slot et al., 1991,

Pessin et al., 1999).
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The induction of GLUT4 protein expression occurs on day 20-21 of foetal life with a
dissociation of mRNA and protein levels during developmental phase. This suggests
that modifications of GLUT4 protein occur at both the translational and

posttranslational level (Santalucia et al., 1992).

5.1.2.4 GLUTH4 Translocation

Two major signalling pathways have been described in insulin-stimulated GLUT4
translocation: the phosphatidylinositol 3-kinase (PI3K) and the proto-oncoprotein c-
Cbl. Insulin-stimulated GLUT4 translocation is triggered at the plasma membrane by
binding of the hormone to the insulin receptor (Fig. 5.2).

The insulin receptor (Ir), a heterotetramer comprised of two a and B subunits (Bryant
et al. 2002), is a tyrosine kinase linked receptor catalyzing the phosphorylation of
broad range of intracellular substrates. These include the insulin receptor substrate
(IRS) proteins, IRS-1 and IRS-2 (Holgado-Madruga et al., 1996, White, 1998).
Insulin binding causes autophosphorylation and activation of the IR tyrosine-kinase
domain (Fig. 5.2) and subsequent phosphorylation of IRS-1 and IRS-2. As Iy is
activated, it, recruits a distinct subset of signalling protvins and interacts specifically
with sequences surrounding the phosphotyrosine residue (Saltiel and Pessin, 2002).
The phosphorylation of tyrosine in the IRS family activates the p85 regulatory
subunit of the typelA phosphotidylinositol-3 kinase (PI3-K) (Saltiel and Pessin,
2002) which consequently catalyzes the formation of the polyphosphoinositide

phosphatidylinositol (3,4,5)-triphosphate (PIP3).
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PIP3 in turn interacts with phosphoinositide-dependant kinase 1(PDK1) (Fig. 5.2)
which initializes a cascade of phosphorylations leading to activation of the atypical
protein kinase C, isoform PKC( and Akt/PKB (Fig. 5.2) (Corvera and Czech, 1998,
Saltiel and Pessin, 2002, Farese et al., 2005, Welsh et al., 2005). PI3K activates Akt
by generating PIs (polyphosphoinositides) within the inner leaflet of plasma
membrane which in turn act as docking sites for Akt. This brings Akt in close
proximity to its upstream regulatory kinase PDK-1 (Fig. 5.2) (Bryant and James,

2002).

Upon dissociation of insulin, IR and its substrates undergo rapid dephosphorylation
implicating role of protein tyrosine phosphatases (PTPases) involvement in signal
termination. PTPase expression upregulation was observed in the insulin-resistant

state (Drake and Posner, 1998).
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Akt regulates over 35 substrates in the various metabolic processes. The most
relevant Akt substrate for GLUT4 translocation is the Rab-GTPase-activating protein
(GAP) Akt substrate of 160 kDa (AS160). A prominent feature of AS160 is the
presence of the GTPase activating domain for Rab, small G proteins (Rab2, Rabs8,
Rabl0, Rabll and/or Rabl4) each playing a critical role in vesicle formation,
movement and fusion of GLUT4 (Zerial and McBride, 2001, Sano et al., 2003,
Miinea et al., 2005). Supporting the role of AS160 in GLUT4 translocation is the
localization of Rab 10, Rab 11 and Rab 14 on GLUT4 containing vesicles (Larance
et al., 2005). Thus, recent immunoisolation of GLUT4 vesicles and mass spectometry
analysis have identified AS160 as a potential connection between PI3K signalling
pathway and the GLUT4 trafficking machinery. Further evidence comes from the the
silencing of the AS160 gene causing enhanced, insulin dependant increase in surface
levels of GLUT4 (Larance et al., 2005). Furthermore, Equez et al. (2005) using a
knockout of AS160 in adipocytes, demonstrated increased sarcolemmal GLUT4
content and glucose uptake relative to wild type. In conclusion, insulin increases
GLUT4 mobilization towards the sarcolemma in a process mediated by the PI3K-

Akt-AS160 and PI3K-PKC axes (Imamura et al. 2003, Dngani and Klip, 2005).

GLUT#4 positioning in the sarcolemma involves fusion between vesicular VAMP2

and SNARE target membrane proteins (SNAP23 and syntaxin 4) (Widberg et al.,

2003, Hodgkinson et al., 2005).

157



GLUT4 vesicle endocytosis occurs via clarithin-coated pits and caveolae, with the
internalized GLUT4 reaching endosomes in 2 min and the endosomal recycling
compartment (ERC) in 20 min (Dugani and Klip 2005). Insulin accelerates GLUT4
delivery and exit from the ERC mediated by Akt and PIKfyve (PKB FYVE domain-
containing PtdIns3P 5-kinase) (Berwick et al., 2004). Additionally, GLUT4
translocation can be regulated through a PI3K- independent pathway involving c-Cbl
associated protein (CAP), Cbl and GTPase TC10 (Fig. 5.2). Preventing
phosphorylation of Cbl completely inhibited the stimulation of GLUT4 translocation
by insulin (Chiang et al., 2001). Furthermore, downregulation of total and
phosphorylated Cbl was observed in insulin resistance in isolated cultured adult
cardiomyocytes (Rosenblatt-Velin et al., 2004). The latter study indicated suggested
that Cbl/CAP is essential for insulin-mediated GLUT4 translocation. The insulin—
activated TC10, rho-like GTPase, has a potential role in cytoskeletal re-arrangement
to facilitate exocytosis of GLUT4 to the sarcolemma (Omata et al., 2000). In
addition, TC10 could be crucial for regulation of GLUT4 docking and fusion with
the plasma membrane and work in combination with the PI3K mediated pathway,
with the TC10 activation upstream of this event (Fig. 5.2) (Chiang et al. 2001, Saltiel

and Pessin, 2002).
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5.1.3 Fatty Acid Transporters

Cellular uptake of fatty acids (FA) is governed by metabolic demands of the tissue
(van der Vusse et al., 2000). There are three distinct plasma membrane associated
proteins: the 62 kDa FA transport protein (FATP); and the 88 kDa FA translocase
(FAT) (the rat homologue of the human CD36) and the 43 kDa plasma membrane

FA binding protein (FABPm) (Luiken et al., 1997, Luiken et al., 2002).

The majority of FFA uptake in the heart occurs via CD36 transporter (Luiken et al.,
1999a, Luiken et al., 1999b). Insulin directly stimulates CD36 translocation in a
similar manner to the GLUT4, mediated by a PI3K dependant mechanism (Luiken et
al., 2002). However, there are at least two separate intracellular storage pools for
CD36, one responsive to insulin and another stimulated by contractile activity
mediated by activation of AMPK (Coort et al., 2007). The proportion of CD36 stored
in intracellular pools in the basal conditions is much smaller than the size of GLUT4

storage compartments (Coort et al. 2007).

Regulation of FA and glucose uptake in cardiomyocytes share a common mechanism
in terms of transporter translocation; induction by similar physiological stimuli and
signalling components (Coort et al., 2007). This study using dypyridamole to
translocate selectively CD36 to the sarcolemma has proposed that the CD36 and
GLUT4 are either stored in distinct intracellular compartments or stored in the same
compartment but their translocation induced by different signalling mechanisms
(Coort et al, 2007). Dipyridamole induced FAT/CD36 translocation to the

sarcolemma but had no effect on the subcellular distribution of GLUTA4.
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Furthermore, the study reported that the contraction-induced AMPK-mediated signal
branches off into separate mobilization of GLUT4 and of FAT/CD36, and that
dipyridamole activates a yet unidentified target in the FAT/CD36 mobilizing branch.
There may be a sorting mechanism in place to selectively excise either one of the
transporter containing transport vesicles from the common storage pool (Luiken et
al., 2004). However, further work is required to fully elucidate the underlining

mechanisms.

5.2 Aims and Objectives

The aim of this study was to:

a) Examine the alterations in expression of markers of hypertrophy- atrial natriuretic
factor (ANF), sarcoendoplasmic reticulum ATPase isoform 2a (SERCA2a) and its
regulatory protein phospholamban (PLB).

b) Investigate potential mechanisms underlying insulin resistance in uraemia by
investigating the myocardial expression of the key metabolic transporters GLUT1,
GLUT4 and FAT/CD36.

In addition, the expression of Na'K*ATPase isoform @, a marker of myocardial

membrane fractions, was examined over the course of uraemia development.

5.3 Methods

Materials and methods used for protein expression analysis are outlined in section
2.9 and 2.10. Optical density of the bands was determined semi-quantitatevly and

compared.
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GLUT]1 expression was moderately increased at 3 weeks (uraemic 0.079+0.01 vs.
control 0.055+0.01) and 9 weeks post surgery (uraemic 0.09+0.01 vs. control

0.07+0.01) (Fig. 5.4 A).

At 3 and 9 weeks, GLUT4 content remained unaltered versus control; however there
was a trend for decreased GLUT4 expression at 9 weeks versus control (0.6+0.01
v5.0.5£0.01; Fig. 5.4B) and versus 6 week uraemic tissue (0.54+0.01 vs. 0.70+0.01).
At 6 weeks, GLUT4 expression in uraemic hearts was significantly increased versus

control (0.7+£0.01 vs. 0.5+0.01; Fig. 5.4B).
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5.4.2 Subcellular Membrane Fractionation

Successful membrane fractionation is demonstrated by sarcolemma membrane
highly enriched 0,Na"K*ATPase protein expression (Fig. 5.8). Total membrane yield
was similar in both uraemic and control hearts at 6 weeks of uraemia (total

membrane 0.24+.0.01g vs. 0.27+0.019¢g n=7).

Under basal conditions, GLUT4 was primarily located in the intracellular membrane
compartments versus sarcolemma in both groups (Fig. 5.8) with approximately 70
fold higher levels in intracellular membranes than sarcolemma under basal
conditions (OD 0.64+0.03 vs. 0.0089+0.002). GLUT4 OD measurements in the total
membrane fraction were 30% higher in uraemic compared to control myocardium
and 20% higher in intracellular fractions (Fig. 5.8). GLUT4 content of sarcolemma

was reduced by 36% in 6 wk uraemia.
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5.5 Discussion

ANF Expression in uraemic LV tissue gives a clear indication of the development of
the left ventricular hypertrophy. ANF expression increases over the time course of
uraemia and provides evidence of the re-expression of foetal metabolic phenotype
(Rockman et al., 1994, Baxter, 2004). This is consistent with observations in other
experimental models of LV hypertrophy and uraemia (Zoccali et al., 2001,
Rosenblatt-Velin et al., 2004, Mak et al., 2004). The decline in haemodynamic
homeostasis in the uraemic animal, manifested as hypertension (Zable 3.2), will
cause an increase in chamber stretch and trigger immediate re-expression of ANF in
ventricles (Volpe et al., 1991). This may explain the increase of ANF at 9 weeks
uraemia. These observations suggest that the severity of LVH progresses with renal
function deterioration, and are in keeping with clinical observations (Levin and
Foley, 2000). Consistent with the re-expression of ANF are the morphological
indices of hypertrophy presented in Table 3.3 and the increase in cardiomyocyte

width in uraemia (Table 3.4).

Upregulation of ANF expression can also be interpreted as a protective mechanism
against ventricular overload. In vitro studies have shown that the increase in ANF
expression in LVH as it prevents development of decompensated cardiomyocyte

hypertrophy (Richards, 1996, Baxter, 2004).
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Disruption of the ANF gene expression caused significant cardiac hypertrophy in
mice even with modest hypertension. In addition, transgenic mice overexpressing
ANP had lower heart weights (Horio et al., 2000). Therefore the upregulation of
ANF expression in LVH in uraemia may be aiding the maintenance of compensated
hypertrophy, as no evidence of the heart failure is seen at any examined stage despite

progressive uraemia development.

5.5.1 Metabolic Protein Expression

Myocardial GLUT1 expression is not significantly affected by uraemia. This might
imply that the basal glucose uptake is not affected. Consistent with this
interpretation, Allard et al. (1994) showed in the hypertrophied heart in response to
high workload, there was an inability to enhance basal glucose uptake sufficiently to
increase glucose utilization. In addition, studies in rat hepatocytes have shown that
metabolic stress through hypoxia or inhibition of oxidative phosphorylation does not
alter total membrane content of GLUT]1, but increases the number of functionally
active GLUT]1 transporters. This would suggest that the mechanism of unmasking of
the previously inactive transport sites by increased energy demand (Liao et al.,

2002).

Modulation of GLUT4 is potentially a primary candidate in the development of

myocardial insulin resistance. This has been confirmed in studies using GLUT4

knockout mice (Zisman et al., 2000).
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A decrease in myocardial GLUT4 expression has been observed both in GLUT4 K/O
mice and in aged SHR animals, together with a reduced response to insulin
stimulation (Paternostro et al., 1995b, Paternostro et al., 1996, Garvey et al., 1998).
In the uraemic heart, GLUT4 expression at 6 week left ventricular tissue was
increased and this was further confirmed by the enhanced GLUT4 protein expression
in total membrane fraction. Subcellular fractionation of the left ventricle (Fig. 5.8)
however showed that there was little difference in GLUT4 distribution in uraemic
versus control hearts. This implies that there was no alteration in translocation of the
GLUT4 to the sarcolemma under basal conditions, in contrast to observations in a
transgenic model of GLUT4 overexpression (Brozinick et al., 1996). GLUT!1
expression is unaltered in both experimental groups which indicates normal insulin-
independent glucose uptake. Studies presented in Chapter 6 will further demonstrate
that GLUT4 can be readily translocated in uraemia. Thus insulin resistance in

uracmia does not appear to be a result of abnormal GLUT4 translocation.

A reduction in transporter activity may account for the impaired insulin-mediated
myocardial glucose uptake in uraemia, as is observed in soleus muscle (Alkhateeb et
al., 2007). The increase in myocardial GLUT4 expression in uraemia may suggest an
adaptive response to a possible limitation in GLUT4 transport capacity and is typical
of the reversion from the adult to the foetal metabolic phenotype, (Chapter 1; section
1.5). Increased myocardial GLUT4 expression in uraemia is more indicative of LVH
rather than insulin resistance (Paternostro et al., 1995b, Paternostro et al., 1996,

Garvey et al., 1998).
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There is clear evidence of hypertension in uraemia suggestive of pressure overload
and a consequence of activated programme of embryonic gene expression (Rockman
et al., 1994, Baxter, 2004). However, increased total GLUT4 expression does not
necessarily translate to functioning transporter activity. There appears to be link
between maximal capacity and saturation of GLUT4 translocation mechanism,
hence the extent of translocation may not occur in proportion to the increase in
expression (Wallberg-Henriksson and Zierath, 2001). Post-translational protein
modification may also modulate activity of GLUT4 rendering it less active (Chapter
1; section 1.6) including post-translational protein alteration such as increased O-
linked N-acetylglucosamine modification (Buse, 2006). Myocardial proteins in
uraemia are susceptible to post-translational protein modification as uraemia is
associated with in vivo urea-derived cyanate carbamoylation (Chapter1; section 1.6)
(Kraus and Kraus, 1991, Kraus and Kraus, 1998, Kraus and Kraus, 2001). In support
of this hypothesis are studies which have demonstrated that the incubation of normal
rat tissue with the serum of uraemic patients resulted in an in vifro insulin resistant
state and vice versa (Maloff et al., 1983, McCaleb et al., 1984a, McCaleb et al.,
1984b). Therefore, there are compounds present in the uraemic serum that may be a
cause of the insulin resistant state. This putative altered GLUT4 function by post-

translational modifications needs further study.

By 9 weeks of uraemia, GLUT4 myocardial content is decreased compared to
controls and 6 week uraemic tissue. This is in keeping with the onset of more severe
insulin resistance, observed from increased HOMA-IR, severe glucose intolerance

and hyperinsulinaemia in 9 week uraemia as shown in Chapter 6.
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Expression of GLUT4 versus GLUT! appears to be inversely related. The trend for
an increase in GLUT4 expression is accompanied by a decrease in GLUTI
expression and vice versa (Fig. 5.4). In the setting of LV and insulin resistance, the
capacity to increase GLUT1 expression could be cardioprotective. The increase in
GLUT1 expression was demonstrated as a compensatory mechanism in the
haemodynamically overloaded hearts (Liao et al., 2002). It had cardioprotective role
in preventing heart failure development and improving the survival rate of mice with
the chronic pressure overload (Liao et al., 2002). Therefore, inability to increase
GLUT!1 expression in a setting of metabolic remodelling will contribute to the

overall poor energy provision in the uraemic cardiomyopathy.

Possible indication of the altered glucose uptake and metabolism, despite increased
GLUT4 expression, is the elevation of CD36 expression in 3 week and 6 week
uraemia. An increase in CD36 expression at the sarcolemma is a hallmark of insulin
resistant state, as observed from obese Zucker rats (Coort et al., 2007). This study
goes on to demonstrate systemic insulin resistance in uraemia further discussed in
Chapter 6. Increased serum insulin has been shown to increase the rate of protein
synthesis and decreases the rate of protein degradation (Jefferson et al., 1977).
Hence, hyperinsulinaemic stimuli could further contribute to alterations in GLUT4
and CD36 expression. In addition, CD36 may also be subject to a post-translational
protein modification as described previously. Supporting this argument is the lack of
change both in the contribution of fatty acids to oxidative metabolism and

myocardial triglyceride content, despite an increase in CD36 expression (Chapter 4).
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5.5.2 Contractile Protein Expression

Results have demonstrated that the expression of SERCA2a and PLB were not
altered in any stage of uraemia examined (Fig. 5.6). Consistent with the developing
hypertrophy, there is a trend for a reduction in SERCA2a expression at 9 weeks
versus 3 and 6 week uraemic tissue (Fig. 5.6). This observation is in keeping with
work of de la Bastie et al. (1990) and Boateng et al. (1997, Boateng et al., 1998) who
have shown that in a compensated cardiac hypertrophy, as observed in this study, the
activity of CaATPase was reduced even though protein level was unchanged. The
lack of statistically significant difference may in part be due to low n numbers and

analysing greater number of samples may clarify this issue.

In the normal myocardium SERCA?2a to PLB stoichiometry is 1:1 (Currie and Smith,
1999). However, studies in the failing human myocardium and in animal models of
heart failure have shown altered PLB: SERCA2a ratio (Currie and Smith, 1999)
consistent with the development of dysfunction. The trend for altered PLB:
SERCA2a ratio in 3 week and 9 week uraemia (11% and 14% reduction) might
suggest the onset of developing contractile dysfunction in uraemia. In addition,
previous work from this laboratory has demonstrated significantly depressed Ca®
transport by SERCA2a in the uraemic heart despite high Ca®" serum levels,

suggesting Ca 2* handling is impaired in uraemic heart (Snaith et al., 1990).
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Development of insulin resistance, a hallmark of uraemia, has been linked to
cardiomyocyte dysfunction involving depressed SERCA2a activity and impaired
relaxation , however without alterations in protein expression of SERCA2a, NCX
and PLB (Wold et al., 2005). Ongoing studies on 6 week uraemic ventricular tissue
have shown increase in phospholamban (PLB) threonine '’ phosphorylation
(personal communication Dr D. Pavlovic and Prof M. Shattock, Raine’s Institute,

Kings College, London).

PLB threonine '’ is phosphorylated by a Ca **_calmodulin-dependent protein kinase
and is associated with stimulation of cardiac SR Ca®* uptake rates. Phosphorylation
is triggered at low [Ca®"], resulting in an overall increase in the affinity of SERCA
for calcium uptake (Simmerman et al., 1986, Koss and Kranias, 1996). Therefore
increase in phosphorylation of PLB stimulates SERCAZ2a function. In a setting of an
increase in PLB phosphorylation and reduced SERCA2a function, can be viewed as a
compensatory mechanism attempting to maintain normal cardiac Ca** handling.
Sucrose-fed-induced insulin resistance studies revealed that the subtle E-C coupling
dysfunction in insulin resistance may arise as a result of only certain number of
cardiomyocytes being affected by insulin resistance induced remodelling (Wold et
al., 2005). Thus the heart may have the capacity to compensate for mild functional
impairments in early stages of the insulin resistance development (Depre et al., 2000,
Wold et al., 2005). McMahon et al. (2006) have demonstrated that uraemic
cardiomyocytes differ from other heart failure experimental models, particularly as

SR function was found to be compensated in hypertrophy.
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This study demonstrated that, despite well established contractile dysfunction, SR
function is not impaired in uraemia as highlighted by identical relaxation times of
control and uraemic cells during inhibition of Na*/Ca **exchanger (McMahon et al.,
2002, McMahon et al., 2006). Study by Kennedy et al. (2003) in rats subject to
partial nephrectomy for 4 weeks has, in contrast to our work, shown decreased
SERCA2a RNA and protein expression, alongside reduced Na* K *ATPase activity
in addition to an increase in NCX-1 exchanger as compensatory mechanism. All the
changes underlined a potential diastolic dysfunction observed in uraemia. However
in contrast to findings here, Kennedy’s study indicated more severe hypertrophy with
77% significant increase in ANF expression in uraemic LV tissue versus control. In
the present study, at 3 weeks there was 40% increase in ANF expression without
statistical significance (Fig. 5.3). However, the extent of renal impairment was not

detected in their study, making comparison of data difficult.

a;Na'K "ATPase expression is significantly increased at 6 week uraemia versus
control. However, with the progression of uraemia there is a trend for a decline in its
expression. Analysis of the expression of phospholemman (FXYDI), a regulatory
protein for a;Na” K "ATPase in 6 week ventricular tissue has revealed significant
alterations in FXYD1 phosphorylation patterns (Personal communication, Dr
Pavlovi¢, the Raine Institute, St Thomas’s Hospital London). There was no change in
total FXYDI1 expression but serine phosphorylation was increased which is
indicative of increased PKA activity, and resulting in increased o,Na'K'ATPase

activity (Pavlovic et al., 2007).
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Furthermore, this study gave no evidence of the lack of a;Na'K*ATPase inhibition
but it has shown increased protein expression and by association increased activity.
Circulating inhibitors of a;Na’K'ATPase have been demonstrated in the uraemic
serum (Stokes et al., 1990). Increased o;Na’K"ATPAse expression and activity may
be adaptive responses overcoming the effect of circulating inhibitors, in the attempt
to maintain normal transmembrane ionic gradients or possibly linked to LVH. The
background of a;Na'K"ATPase expression in uraemia is inconsistent. Greiber et al.
(1994) have shown no difference in mRNA expression of a; and o isoforms in their
experimental model of chronic renal failure. Bonilla et al. (1991) reported decreases
in both mRNA levels and pump activity in skeletal muscle and Kennedy et al. (2003)
have demonstrated decreased mRNA expression in left ventricular tissue in 4 week
uraemia. At present, there is no consensus on the changes in expression. Difference
between our results and published data can be explained by a difference in the
surgical procedure, possibly affecting the severity of the disease or stage at which
uraemia is studied. The present data would suggest that a;Na K ATPase expression
is reduced with the progression of uraemia. Furthermore, o;Na'K ATPase protein
expression in the remnant kidney from uraemic animal is reduced in keeping with the
literature (data not shown). Further examination of the Ca®* SERCA2a uptake and
the expression of NCX-1 pump, as well as the assessment of the intracellular ion
concentrations and currents may provide better insight into alteration of the

contractile function at an early stage of experimental uraemia.
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Possible cause of the altered protein expression observed in this study could be
potentially caused by a) cardiomyocyte proliferation or fibroblast infiltration causing
a decrease of the amount of protein per cell causing the value overestimation versus
controls b) deposition of extracellular matrix (fibrosis), cardiomyocyte hypertrophy
or apoptosis resulting in an increase in amount of protein per cell, further augmenting
the difference in protein expression between two experimental models. Use of the
cardiomyocyte reference protein (i.e. actin) or isolating cardiomyocytes prior to
protein estimation might have addressed these concerns and produced more

quantitative data.

5.6 Summary

Uraemia is characterized by alterations in the expression of proteins responsible for
energy provision and utilisation. Uraemia is associated with the development of LVH
and alterations in expression of myocardial insulin-mediated metabolic transporters,
GLUT4 and CD36. Uraemia is also characterized by developing contractile
dysfunction, with altered a;Na'K'ATPase expression in addition to moderate
alterations in SERCA2a: PLB ratio. These observations are characteristic of LV
hypertrophy and consistent with the ex-vivo cardiac function alterations in uraemia

(Chapter 4).
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6. INSULIN RESISTANCE IN URAEMIA
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6.1. Introduction

Insulin resistance and hyperinsulinaemia are present at the incipient stages of renal
disease (Stefanovic et al., 2003, Kaysen, 2007). They precede development of
diabetes and it is itself an independent predictor of cardiovascular mortality in
uraemia (Shinohara et al., 2002, Chen et al., 2003, de Vinuesa et al., 2006).
Alterations in carbohydrate metabolism in CKD patients were first reported in the
early 20" century (Neubauer, 1910, Myers and Bailey, 1916, Frohlich, 2001).
Presently, insulin resistance in uraemia has been defined in terms of
hyperinsulinaemia, impaired glucose tolerance and hyperglycaemia (DeFronzo et al.,

1981, Caro and Lanza-Jacoby, 1983, Kauffman and Caro, 1983).

The cellular mechanisms underlying insulin resistance in uraemia remain unclear. In
the model of chronic uraemia in rats, binding of insulin to its receptor is unaltered in
skeletal muscle, liver and adipocytes (DeFronzo et al., 1978, Caro and Lanza-Jacoby,
1983, Maloff et al., 1983, Jacobs et al., 1989). Furthermore, insulin receptor tyrosine
kinase activity in adipocytes, muscle and liver appears unaltered (Cecchin et al.,
1988). The consensus is that insulin resistance in uraemia arises as a post-insulin

receptor defect, distal to the insulin receptor kinase.
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The progression of LVH can also lead to the development of insulin resistance via
impaired metabolic substrate transport (Weinberg, 1995, Paternostro et al., 1996,
Paternostro et al., 1999b). Furthermore, the development of insulin resistance and the
accompanying hyperinsulinaemia may potentially exacerbate cardiac hypertrophy by
stimulating insulin-like growth factor receptors (Bornfeldt et al., 1992, Galvan et al.,
2000). Insulin resistance can arise if there are alterations in any of the elements
involved in insulin action - namely, insulin signalling, glucose transporter
expression, or transporter translocation (Paternostro et al., 1995b, Garvey et al.,
1998, Cefalu, 2001). Studies in adipose tissue from chronically uraemic rats have
revealed a decrease in glucose transporter systems, insulin-stimulated glucose uptake
and metabolism (Maloff et al., 1983, Jacobs et al., 1989). However, these
observations cannot be extrapolated to the myocardium, and to date no study to date
has investigated in vivo insulin sensitivity and the cellular basis of myocardial insulin

resistance in uraemia.

6.2. Aims and Objectives

The aim of this study was to determine if the model of uraemia used exhibits
systemic insulin resistance, and subsequently the cellular basis of myocardial insulin

resistance using an integrated approach of in vivo and in vitro methods.
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6.3.Materials and Methods

Oral glucose tolerance test was performed 6 and 9 weeks post surgery as described in
section 2.4 (oral glucose tolerance test). Insulin resistance was assessed using the
homeostasis model assessment (HOMA-IR). HOMA-IR was calculated using the

following formula (Matthews et al., 1985):

HOMA-IR (mmol/L x uU/ml) = fasting glucose (mM) x fasting insulin (uU/ml)
22.5

Skeletal muscle (gastrocnemius) GLUT4 expression analysis was performed as

outlined in section 2.9.

6.3.1 GLUT4 Expression and Translocation in Isolated

Cardiomyocytes

Cardiomyocytes were isolated 6 weeks post surgery as described in section 2.12.
Isolated cells were incubated in 1 uM insulin Krebs-Ringer-Henseleit buffer (4%
BSA, pH 7.4), for 1 hour at 37°C and gassed with 100% O,. Cells were fixed with
4% paraformaldehyde in PBS (w/v) for 20 min and permeabilized with 1% Triton X-

100 in PBS (v/v) for 45 min.
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Confocal microscopy studies were initially based on methods described by Martin et
al.,, (2000, Yang et al., 2002) and conditions, namely antibody concentration,
fluorescent probe concentration and confocal microscope settings, were optimized
for the cardiomyocyte visualization. All subsequent antibody incubations and cell
rinses were performed in PBS containing 0.1% BSA (>96% fatty acid free). Cells
were probed with 2ug/ml mouse monoclonal GLUT4 antibody and visualized with 4
ng/ml secondary FITC-conjugated goat anti-mouse IgG antibody. Cardiomyocytes
probed with the FITC-conjugated antibody were transferred on to glass bottom,
microwell dishes with 0.17 mm thick coverslip. GLUT4 was visualized using a
confocal microscope Nikon Eclipse TE 8000-E and Radiance laser scanning 2100

system with inverted x60 water immersion lens and Zeiss Lasersharp 2000 software.

Photomultiplier settings were maintained for all image acquisitions. In order to
minimise photobleaching of the fluorescent probe, cells were randomly selected and
identified using low illumination light microscopy followed by confocal image
acquisition. Cells were excited at 543nm with green Helium-Neon (HeNe) laser light
(Laser 91.1%; Gain 90.9; Offset 1.4, Iris 2.0). GLUT4 fluorescence was visualised
using a 100% DET 2/3 dichroic mirror and HQ600/50 BLD emission filter.
Fluorescence images of 1024x1024 pixels (pixel size/depth 16 bit/channel) were
recorded, using a scan speed of 500 lines per second and Kalman collection filter
(n=3 scans). Fluorescence was quantified in LaserPix software. Regions were drawn
around individual cells and the fluorescence intensity recorded. Readings were
corrected for background fluorescence, defined as fluorescence measured external to

the cell, using the same area as for cell analysis.
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6.4.Results

6.4.1. Oral Glucose Tolerance Test

6 weeks post-induction of uraemia, animals exhibited physiological fasting glucose
concentration and hyperinsulinaemia. 90 min post glucose load, they were
significantly hyperglycaemic and hyperinsulinaemic in comparison to controls (Fig.
6.1A). The glucose challenge also produced a significant increase in serum insulin in
control animals at both 60 min and 90 min in comparison to the fasting levels. In
contrast, uraemic animals were hyperinsulinaemic in the fasting state and reached
peak concentration only at 120 min, without significant rise above the fasting insulin
levels (p<0.06 vs. fasting state Fig. 6.1B). The HOMA-IR was significantly elevated

in uraemic animals vs. controls (1.27 £ 0.3 vs. 0.58 £ 0.1 p<0.05; Fig. 6.2).
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By nine weeks, uraemia was characterized by fasting normoglycaemia and
hyperinsulinaemia. Uraemic animals exhibited hyperglycaemia at 30, 60, and 120
min post glucose ingestion and hyperinsulinaemia up to 120 min (30,60 and 90 min)
(p<0.05 vs. control serum glucose and serum insulin, Fig. 6.3).

HOMA-IR was significantly higher in 9 wk uraemic animals versus controls (7.2+4.0

vs. 1.87+0.7 p<0.05; Fig. 6.4) and increased versus 6 wk uraemia (72%).
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6.4.3. GLUT4 Expression and Translocation in Isolated Cardiomyocytes

GLUT4 expression in cardiomyocytes in response to insulin stimulation is shown in
figures 6.7 and 6.8. Incubation with insulin causes GLUT4 translocation to the
cardiomyocyte surface as observed from the prominent GLUT4-specific fluorescence
cell surface labelling (Fig. 6.7 A, B). In the absence of insulin, GLUT4 is located in
the intracellular compartments (Fig. 6.8 A, B).

Cardiomyocytes isolated from uraemic animals expressed significantly higher
GLUT4 in the presence and absence of insulin versus cells from control animals, as
observed from the quantification of fluorescence corresponding to labelled GLUT4

(p<0.03) (Fig. 6.9).
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6.5.Discussion

This study has demonstrated that following 6 and 9 week uraemia, there is insulin
resistance in situ. These data also indicate that the deterioration in renal function is
associated with progressive reduction in insulin sensitivity. Furthermore, it has
shown that the mechanism of myocardial insulin resistance at this stage of uraemia is

not due to decreased GLUT4 expression or impaired translocation.

6.5.1. Oral Glucose Tolerance

Uraemic animals are characterized by a marked hyperglycaemia 90 min following
glucose loading (Fig. 6.1). The reduction in insulin sensitivity in uraemic versus
control animals has been confirmed by impaired oral glucose tolerance tests and
homeostasis model assessment (Fig. 6.2) (Matsuda and DeFronzo, 1999). The
glucose intolerance and insulin resistance observed in uraemia are consistent with
previous observations in experimental models of hypertrophy (Horton et al., 1968,
Velliquette et al., 2002). Progression of uraemia shows a further insulin resistance
and glucose intolerance (Fig. 6.4). There is a positive correlation between serum
creatinine (a marker of renal function) and serum insulin and HOMA-IR (Fig. 6.5).
This correlation implies that the decline in renal function may be associated with a
progressive deterioration in insulin sensitivity and increasing hyperinsulinaemia.
These findings highlight the detrimental effect of renal dysfunction deterioration on

the development of insulin resistance.
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Clinical studies have shown that a deterioration in systemic insulin sensitivity and
renal dysfunction increases the risk from cardiovascular mortality (Ritz, 2003). It has
been suggested that the presence of hyperinsulinaemia may further exert adverse
effects on the vasculature as HOMA-IR is independently associated with carotid
plaque formation, increased carotid media thickness and subsequently cardiovascular
events (Shinohara et al., 2002, Hidvegi et al., 2003, Ishizaka et al., 2003, Yanase et
al., 2004). The positive correlation between HOMA-IR and death from cardiac
related causes in CKD patients was shown to be independent of age, C-reactive

protein, body mass index, hypertension and dyslipidaemia (Shinohara et al., 2002).

Whether kidney dysfunction is a prime cause of hyperinsulinaemia in insulin
resistance or vice versa is still the subject of controversy (Shen et al., 2005).
Nevertheless, clinical and experimental studies have clearly indicated that renal
failure leads to a reduction in systemic insulin removal because the kidneys play a
major role in the clearance and degradation of circulating insulin (Rubenstein et al.,
1975, Cianciaruso et al., 1987). Therefore the marked hyperinsulinaemia observed in
the uraemic group here may have resulted from the combination of impaired renal
function and LVH. Fliser ef al. (1998) in a clinical study at different stages of renal
fajlure found that insulin insensitivity and hyperinsulinaemia were present from the
early phase of renal dysfunction and in all CKD patients irrespective of the primary
aetiology of the renal failure. The evidence of insulin resistance in the present
experimental model of uraemia is consistent with these clinical observations (Becker
et al., 2005). Therefore, the model used in this study provides a good model

representative of clinical CKD.
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6.5.2. Cardiomyocyte GLUT4 expression

To investigate the potential mechanism underlying insulin resistance, myocardial
GLUTH4 expression was investigated. Total cellular GLUT4 content of the LV was
significantly increased, irrespective of the presence of insulin in the media (Fig. 6.7;
6.8). This was further confirmed by increased GLUT4 protein expression in left
ventricular tissue and total membrane fraction in uraemia (Chapter 5). Subcellular
fractionation of the left ventricle showed that, inspite of increases in total GLUT4
content, there was no significant difference in the distribution of GLUT4 in uraemic
versus control groups (Chapter 5). These data indicate that the GLUT4 translocation
was unaffected. In contrast, transgenic model of GLUT4 overexpression,
characterized by 14 fold increase in GLUT4 levels, is characterized by higher
plasma-membrane GLUT4 protein concentration in the basal state and diminished
GLUT4 translocation compared to controls (Brozinick et al., 1996). GLUT1
expression was unaltered supporting these findings indicating normal insulin-
independent glucose uptake (Chapter 5). Observations using confocal microscopy
have shown that GLUT4 can be readily translocated with no impairment in
transporter recruitment. This suggests that the insulin resistance in uraemia is not a
result of abnormal GLUT4 translocation. A reduction in transporter activity may
account for the greater impairment in myocardial insulin-mediated glucose uptake in
uraemia rather than dysfunctional GLUT 4 translocation, as is observed in soleus and

triceps surae muscles (Brozinick et al., 1996, Alkhateeb et al., 2007).
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The increase in GLUT4 expression is also a reflection of the re-expression of the
foetal metabolic phenotype, consistent with LVH. There is clear evidence of
hypertension in uraemia indicative of pressure overload and a consequence of
activated programme of embryonic gene expression (Rockman et al., 1994, Baxter,
2004).The increased myocardial GLUT4 expression observed in uraemia may be
indicative of LVH remodelling rather than insulin resistance (Paternostro et al.,
1995b, Paternostro et al., 1996, Garvey et al., 1998). As mentioned previously, LVH
is a hallmark of CKD and its severity progresses with renal function deterioration
(Levin et al., 1999). Thus the experimental model features described in his thesis, in
addition to the changes observed at the cellular protein level (elevated LV ANF
expression), highlight an increase in LV wall thickness characteristic of pressure

overload LVH development.

However, increased total GLUT4 protein expression observed in the ventricular
cardiomyocytes does not necessarily translate into functioning transporter activity as
discussed in chapter 5. Findings in this chapter have presented evidence for systemic
insulin resistance in uraemia as demonstrated by HOMA-IR and supported by the
reduction in skeletal muscle GLUT4 expression as previously shown in CKD
patients (Fig. 6.2; 6.4) (DeFronzo et al., 1981, DeFronzo et al, 1985).The
hyperinsulinaemia demonstrated in vitro (Chapter 3) and in vivo may result from a
reduction in insulin sensitivity in combination with reduced renal insulin clearance

and degradation (Kitabachi and Stentz, 1972, Rubenstein et al., 1975).
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Increased serum insulin has been shown to increase the rate of protein synthesis and
decreases the rate of protein degradation (Jefferson et al., 1977). Furthermore,
hyperinsulinaemic stimuli could further contribute to alterations in GLUT4

expression.

Initial attempt to visualize GLUT4 transport using confocal microscopy was
performed on viable cardiomyocytes. The aim was to assess in situ the dynamic
process of GLUT4 translocation in response to insulin stimulus. However the
outcome was labelling of GLUT4 of lysed cells with a complete absence of data
from the viable cardiomyocytes. Therefore, the method was optimized and cell
fixation and permeabilization introduced. Fixation buffer was utilised to cross link,
stabilize, and ‘fix’ the cell membrane, while the permeabilization buffer was used to
permeabilize the cell membrane in order for the antibody label to enter the cell
effectively (Coons, 1958). Permeabilizing cell membranes allowed the primary
antibody access to the target epitope on intracellular GLUT4 and in turn binding of
the secondary —FITC conjugated antibody. Specificity of the secondary FITC-
conjugated antibody was examined by incubating fixed and permeabilized cells in
the absence of the primary antibody. No signal was detected thus eliminating the

possibility of non-specific binding of the fluorescent label.
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6.6. Summary

This study has demonstrated the presence of systemic insulin resistance and glucose
intolerance despite an increase in myocardial GLUT4 expression and intact
translocation. The deterioration of renal dysfunction is associated with worsening of
the insulin resistant state and glucose intolerance.

These findings suggest that the possible cellular mechanism of myocardial insulin
resistance in uraemia is post-translational protein modification resulting in altered
transporter functionality. The possibility of altered GLUT4 function by post-

translational modifications needs further study.
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7. DISCUSSION
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Cardiovascular disease is a major cause of mortality in uraemic patients. Death from
cardiac causes is a more common endpoint of uraemia than progression to dialysis
(Shen et al., 2005). This study successfully generated experimental model of chronic
kidney disease (uraemia), characterized by significant renal insufficiency and altered
haemodynamic homeostasis from the onset. Progression of uraemia exacerbated the
pressure and volume overload observed early in pathology, in addition to the
development of compensated LV hypertrophy, hyperinsulinaemia and more profound
renal impairment. These characteristics are comparable to the in vive uraemic
patients clinical studies data (Shen et al., 2005, Lastra et al., 2006), (Mak and

DeFronzo, 1992, Amann et al., 2006).

The present study has demonstrated significant insulin resistance in experimental
uraemia, correlating positively with the progression of kidney dysfunction. This key
finding is highlighted by impaired glucose tolerance, reduced HOMA-IR,
hyperinsulinaemia and altered GLUT4 expression. It has revealed that the
mechanism of myocardial insulin resistance in uraemia does not arise from reduced
GLUT4 expression and impaired translocation, as described in other models of
hypertrophy and insulin resistance (Paternostro et al., 1999a). Despite an increase in
ventricular GLUT4 protein levels, traditionally associated with foetal metabolic
phenotype than insulin resistance, there is a lack of corresponding increased glucose
contribution to the TCA cycle. Furthermore, skeletal muscle GLUT4 content is
markedly reduced. Dissociation between skeletal muscle and myocardial GLUT4

content was previously observed in a transgenic mice overexpressing the human

GLUT4 (Belke et al., 2001).
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These findings are unparalleled as this is the first study to examine the cellular
mechanism of myocardial insulin resistance in uraemia. Altered carbohydrate
metabolism in terms of systemic disposal and release has been well documented in
uraemia (Horl et al., 1980, Mak and DeFronzo, 1992), in addition to recent clinical
study findings of reduced myocardial fatty acid utilization (Nishimura et al., 2006).
This would, in theory, render uraemic heart non-compliant with the central dogma of
myocardial metabolism postulated by Randel (1964), further isolating uraemic
cardiomyopathy as a specific pathology. Early stages of uraemia examined in this
study appear to be characterized by a degree of metabolic flexibility, without
evidence of poor energy provision or pathologic metabolite accumulation (i.e.
tryglicerides). In this study, uraemic myocardial metabolic profile suggest overall
shift in substrate preference from fatty acids to carbohydrates (mainly lactate),
accompanied by poor functional parameters. Hearts from uraemic animals are also
characterized by a blunted functional response to increased workload in agreement

with a poor cardiac contractility in db/db diabetic mice (Belke et al., 2004).

Lack of a definitive substrate switch in uraemic versus control hearts at this
particular stage of disease, does not however eliminate the presence of insulin
resistance. Uraemic heart displayed a clear functional deterioration in the presence of
physiological concentration of insulin under increased workload (mimicking

increased workload in vivo).
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Furthermore, chronic glucose intolerance, hypertension and hypertrophy are
traditionally associated with the myocardial insulin resistance and provide milieu of
chronically altered haemodynamic and metabolic homeostasis, making uraemic heart
susceptible to decompensated remodelling and failure. This notion is supported by
poor survival prognosis of uraemic patients (Parfrey and Foley, 1999). Uraemia is
also characterized by deleterious effects of uraemic retention solutes (toxins),
including urea and creatinine, potentially altering myocardial protein structure via
post-translational protein modifications (Chapter 1, section 1.6; Chapter 6).
Increased ventricular glucose and fatty acid transporter expression without
concomitant increase in either of the substrate contributions to the TCA cycle

support this possibility.

Fasting hyperinsulinaemia accompanied by insulin resistance, has been associated
with increased incidence of stroke and death from coronary artery disease and has
been traditionally associated with high mortality in uraemia (Yanase et al., 2004). As
this study has shown presence of insulin resistance at an early stage of uraemia,
accompanied by a cluster of cardiac risk factors (LVH, hypertension), early detection
in patients and treatment may reduce risk from cardiovascular death. Current
diagnostic practices do not usually include insulin resistance assessment (Shen et al.,
2005). However, eatly insulin resistance identification and methods to intervene after

the detection may improve survival of the uraemic patients.
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Thiazolidediones (TZD), PPARy agonists (rosiglitazone, ciglitazone, pioglitazone)
(Thiemermann, 2004) , are used for the type 2 diabetes treatment (Larsen et al.,
2003) and could be potential candidates for treatment of insulin resistance in
uraemia. They were shown to improve metabolism in db/db mice (Carley et al.,
2004). PPARy agonist administration could assist by targeting systemic rather than
myocardial insulin resistance, due to its small to absent expression of PPARY in the
heart and high expression in the liver, kidney, heart and muscles (Kelly, 2003,
Larsen et al., 2003), or alternatively target LVH reversal (Yamamoto et al., 2001).
Correction of systemic insulin resistance and LVH could have beneficial effect on

myocardial function and metabolism in uraemia.

7.1 Future Work

7.1.1 Experimental Uraemia

This study has shown that the progression of uraemia corresponds to an increase in
insulin resistance. Equally, degree of LVH and kidney dysfunction increase in
severity with prolonged uraemia. Therefore, the subsequent stage of this study would
be examining the changes in uraemic myocardium at 12 and 16 week uraemia.
Preliminary work on one pair of 16 week animals has shown good survival, despite
the severity of uraemic procedure, and marked changes in the size of the uraemic
cardiomyocytes (6% increase in cell length and 20% increase in cell width).

Alternatively, shorter duration of uraemia could be studied in conjunction with the

abdominal aortic constriction.
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This would provide an additional stress stimulus in uraemia, providing more severe
hypertension and LVH from the onset of experimental model in attempt to
exacerbate pathological remodelling. This additional step would attempt to eliminate

any innate, species specific (rodent) compensatory response to kidney dysfunction.

7.1.2 Cardiac Function and Metabolism

Cardiac function analysis could be performed in a paced heart with the pre-set heart
rate reflecting in vivo measurements (7able 3.2). Equally, external pacing would
enable more accurate means to increase cardiac workload by uniformly increasing
heart rate throughout the perfusion protocol. Increasing concentration of extracellular
calcium in the perfusate [3.0-5.6 mM (Raine et al., 1993)] could further increase

perfusion stress and provide better insight into myocardial dysfunction in uraemia.

3Ip NMR in situ glucose uptake measurement could be a valuable tool in the
assessment of insulin resistance and the functionality of the glucose transporters. It
would also allow examination of PCr/ATP raiio from ATP and PCr spectra,
reflecting heart energy reserve (Ten Hove and Neubauer, 2007). Previous studies in
uraemia have shown alterations in PCr/ATP ratio suggesting varying myocardial
energy supply (Del Canale et al., 1986, Raine et al., 1993, Weisensee et al., 1997).

It would also be useful to examine the basal glucose uptake in uraemic hearts, using

current perfusion protocol, in order to enable comparison between insulin stimulated

and basal metabolic state.
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Furthermore, current study design could be applied at later stages of uraemia (9, 12

and 16 wk) in order to monitor the metabolic remodelling accompanying insulin

resistance in uraemia.

7.1.3 Insulin Resistance

In order to monitor deterioration in insulin sensitivity in uraemia to the eventual
diabetic state, approach used in this project for investigation of insulin resistance
could be used at later stages of uraemia. Therefore glucose tolerance, HOMA-IR and
GLUT4 expression (cellular and ventricular) should be examined at the subsequent
stages of uraemia. This would provide further insight into cellular mechanism of
insulin resistance. Equally, examination of the protein glycosylation and metabolic
transporter RNA levels would help to expose any post-translational modification as a
potential insulin resistance mechanism. Furthermore, protein expression of insulin
pathway intermediates (Akt, PI3K, AS160) would eliminate signalling defect as a
potential cause of insulin resistance in uraemia (Rosenblatt-Velin et al., 2004).
Adiponectin is a recently discovered adipokine playing an important physiological
role in impaired glucose homeostasis and is secreted and released by adipose tissue
and exhibits potent anti-inflammatory and anti-atherosclerotic properties (Becker et
al. 2005). Recent study discovered that the patients with the terminal renal failure

had markedly lower adiponectin plasma concentration.
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Moreover, significantly lower adiponectin plasma levels were found in patients with
the prevalent and incident cardiovascular events. This finding therefore supports the
notion that the adiponectin is a vasoprotective factor and that in patients with mild to
moderate renal impairment hypoadiponectinemia is a CV risk factor (Becker et al.,
2005). Therefore, it would be useful to perform adiponectin serum ELISA to asses
the additional insulin resistance associated risk factors in uraemia as potential future

therapeutic target.

7.1.4 Study Limitations

Uraemic cardiomyopathy is a specific form of heart disease. This makes comparisons
between experimental uraemia and other models of hypertrophy challenging because
any findings in uraemia are characteristic of a particular stage of the disease process
in the presence of a number of confounding variables (e.g. anaemia, hypertension,
uraemic toxins). Therefore, results presented in this study are characteristic of a

specified (3, 6, 9 week) stage of uraemia.

Further progression of the disease development may cause additional alterations to
the cellular mechanism of myocardial insulin resistance, as renal function would
deteriorate further resulting in more severe uraemia. Induction of the experimental
model relied on a use of animals under jurisdiction of the UK Home Office
legislation (Animals Scientific Procedures Act 1986), and as such, number of

animals used in this study had to be kept to a minimum.
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This factor, in addition to the time an experimental model took to develop, have
affected the number of animals assigned per experiment. Therefore, some findings in
this study may be clarified further by increasing the number of experimental animals
used. Measurements of blood pressure and glucose tolerance were carried out in vivo
on restrained animals without anaesthetic. Restraint could have caused a sympathetic
response in animals, however if such an effect occurred, it would be consistent
between the two groups. Furthermore, use of anaesthetized animals may give
depressed, inaccurate readings due to the effect of the anaesthetic (Bunag, 1983,
Jamieson et al., 1997). Animals were strictly assigned to one in vivo experiment,
hence no repeated measurements were made at different stages of uraemia on the
same group of animals (i.e. at 6 wk; repeated at 9 wk). As different animal batches

were used, this may account for some variation within the data sets.

Contributions of endogenous substrates triglycerides and glycogen and exogenous
pyruvate to the oxidative metabolism were not determined. Endogenous substrate
pool required ">C enrichment in order for endogenous contribution to be determined.
Furthermore, °C labelled pyruvate would help determine its contribution to the TCA
cycle. Both of these aspects could be addressed by additional studies in the future.
The metabolic and functional findings cannot be directly extrapolated to the in vivo
setting. In vitro metabolic and functional studies using isovolumic retrograde
Langendorff perfusion do not produce adequate conditions including workload, heart
rate, neural, humoral stimulation and oxygen delivery (Lydell et al., 2002). The
energy demand in vivo is greater than that in the experimental settings used in this

study, which may alter the substrate utilization (Chatham et al., 1999).
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