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ABSTRACT

Heart failure is a devastating disease which despgnificant advances in therapy over the
past two decades still results in a poor prognddetabolic dysregulation is associated with
heart failure; however, it remains unclear whetiseproterenol exerts deleterious effects
through altered metabolic regulation. Whether nmratfo, a metabolic modulator, prevents
isoproterenol-induced heart failure is unknown. Tdm of this study was to determine
whether metformin prevents functional and metabdti@nges seen in the isoproterenol model
of heart failure. Male Sprague-Dawley rats were iadtered isoproterenol and metformin
for seven months. Thereafter, cardiac dimensiorgalbolic gene expression and myocardial
structural changes were assessed. Chronic adratiestr of isoproterenol induced left
ventricular dilatation and pump dysfunction andaoitondrial structural derangement. No
changes were seen in metabolic gene expressionewwowco-administration of metformin
prevented isoproterenol-induced heart failure aretaimed mitochondrial structural
arrangement. Therefore, cardiac dilatation and puypfunction induced by chronic

administration of isoproterenol can be preventedd»pdministering metformin.
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Chapter 1

Introduction



1.1. Determinants of Heart Failure

Heart failure is defined as the inability of thediac pump to meet the energy requirements
and haemodynamic demands of the body (Ventura-@iagpial., 2003; Gundewaet al.,
2009). Heart failure is no longer considered t@lstmple contractile haemodynamic disorder
or disease, but instead, the inclusion of cell@ad molecular components in maintaining
homeostasis have become more prominent (Packe?, Tathnet al., 2000). These cellular
and molecular changes will be described in moraidender the adaptations of heart failure.
The most common clinical characteristics of heaitufe include increase in heart size,
alteration of shape and deterioration of cardiaction (Cohnet al., 2000; Kemp & Conte,
2012). Consequently the characteristics are mdatfess of major pathogenic factors, which
include defects in bioenergetics, increased haemadic preload and after-load, altered
signaling pathways as well as neurohormonal dysaéign (Packer, 1992; Cohat al., 2000;
Goffart et al., 2004; Rosca & Hoppel, 2010). These factors @titcbute to development of
cardiac remodeling which can be seen with an is&réa heart size known as hypertrophy
and in heart failureCardiac hypertrophy is a compensatory responsedt@irs when the
heart is subjected to sustained increases in fumadtioad or stress thus allowing the heart to
maintain cardiac demand (Badeer, 1964; Rimbetua., 2009). It is accompanied by both
structural and metabolic remodeling. Structural gdeling is characterised by increased
diameter and length of the cardiac sarcomere fibas subsequent increase in heart mass

whereas metabolic remodeling is characterised switeh in metabolic substrate preference.



1.2. Heart Failure and the Presence of Cardiac Rendeling

The most important causes of heart failure originom coronary artery disease; acute
myocardial infarction and pressure overload (hygpesion) (Ventura-Clapieet al., 2003;
Gundewaret al., 2009, Wangt al., 2011). Gundewar and colleagues (2009) have teghor
that the presence of these diseases lead to Idsmaifon in cardiac myocytes, myocardial
fibrosis and left ventricular remodeling, thus misitely leading to the development of left
ventricular dysfunction. Left ventricular remodgjirs a deleterious process that compromises
the heart and is a major component involved indéxeelopment of heart failure (Teerlimk

al.,1994).

Characteristic of heart failure is an increase dft Ventricular mass, thinning of the left
ventricular wall, elevated left ventricular end<talic pressure and increased systemic
vascular resistance, thus affecting the heart'dityaltio function efficiently (Stanley &
Chandler, 2002; Fukuta & Little, 2007). Heart dsmaas a result of hypertension is
characterised early by the development of patholdgft ventricular hypertrophy (LVH).
Signs of ventricular enlargement and dysfunctioly tma present in pathological LVH (de las
Fuenteset al., 2002). Studies have shown that the presencecoéngric or concentric
hypertrophy in the heart will predict the form afdt failure present (Badeer, 1964; Fukuta &
Little, 2007), and by measuring the degree of reglfing the prognosis of heart failure can be

determined (Cohn et al., 2000).

The use of echocardiography is a standard techniged in animal models and clinically to
determine LVH and pump dysfunction (Grimenal., 1998; Gibbset al., 2004; Osadchigt

al., 2007; Stewartt al., 2008; Gundewaet al., 2009; Benest al., 2011; Cheret al., 2011;
3



Yin et al., 2011; Booysest al., 2012; Cittadinget al., 2012). Remodeling of the left ventricle
is evident in most studies investigating hypertsopimd the progression to heart failure in
animal models therefore it is of utmost importante understand the general

pathophysiological mechanisms which are activateitieé various models.

1.3. Animal Models used to induce Heart Failure

Cardiac remodeling is evident in most studies itmablve animal models of hypertrophy and
the progression to heart failure. Many studies hiavestigated heart failure in the animal
model through aortic banding or constriction andipg which induce pressure overload
(Norton et al., 2002; Garnieret al., 2003; Buggeret al., 2010; Dunnet al., 2011).
Alternatively, B-adrenergic stimulation and aorto-caval fistula abhinduce volume overload
have also been used (Nagaeoal., 1992; Murad & Tucci, 2000; Taimeaat al., 2001;
Osadchiiet al., 2006; Osadchiét al., 2007; Kraloveaet al., 2008; Melenovskt al., 2011).
Table 1.1 lists examples of studies that have tny&ted various models of hypertrophy and
heart failure. The table shows pressure-overloadume-overload and neurohormonal
activation animal models and highlights the keliigs observed in the listed studies. These
findings will be explained in more detail in thdeneant sections of the introduction. Although
the studies have been listed according to studwtiur, the most commonly observed
pathological defect is LVH and pump dysfunctionhwibhe exception of a few studies which
have reported biventricular hypertrophy. Biventiaihypertrophy is hypertrophy of both the

right and left ventricle.



Table 1.1 Summary of selected studies involving animal meaélhypertrophy and heart

failure and the pathologies observed.

Reference Species/Model Study Pathologies Observed
Strain Duration

Nagancetal., Wistar B-adrenergic 7 days Increase in heart rate, LVH, increase

1992 rats induced in plasma Angiotensin Il

Daveletal., Mice B-adrenergic 7 days LVH, Gene and protein expression of

2008 induced IL-18, IL-6 and increased oxidative
stress

Heatheret Wistar B-adrenergic 7 days LVH, dilation, fibrosis, pump

al., 2009 rats induced dysfunction, downregulation of fatty
acid metabolism, decrease in GLUT4
levels

Larkinetal., Mice Angiotensin Il 14 days Elevated blood pressure (acute),

2004 induced Myocardium hypertrophy, oxidative
stress response, downregulation of
energy pathways

Dunnet al., Mice Pressure 3&6 LVH, derangement of cardiac

2011 overload weeks ultrastructure, function and
metabolism

Liu etal., SD () Volume 1 week & 1 Biventricular myocyte hypertrophy,

1991 overload month right ventricular pressure increased

Osadchiiet SD B-adrenergic 3 months LVH, LV dilatation and pump

al., 2007 induced dysfunction, apoptosis,
downregulation of contractility

Melenovsky Wistar  Volume 3 months Biventricular myocyte hypertrophy,

etal., 2011 rats overload downregulated mitochondrial
metabolic pathways, altered fatty acid
metabolism

Bugger et al., SD Pressure 5 months Pump dysfunction, reduced ejection

2010 overload fraction, mitochondrial ultrastructure
derangement, reduced fatty acid &
glucose oxidation, respiratory
dysfunction

Gibbsetal., SHR & B-adrenergic 7 months Increase in LV cavity dimension,

2004 WKY induced pump dysfunction, increase in

rats myocardial collagen cross-link

Abbreviations: GLUT4 = Glucose transporter 4; LVH = left ventrar hypertrophy; LV = left

ventricular; LVESD = left ventricular end-systoldtiameter; LVEDD = left ventricular end-

diastolic diameter; SD = Sprague Dawley; SHR = smoeously hypertensive rats; WKY = Wistar

Kyoto rats.



In all models of heart failure the activationfeidrenergic receptor stimulation is present and
serves as a homeostatic response to cardiac sTitessympathetic nervous system plays an
important role in the adaptation of the heart tdougs stressors and through the activation of
B-adrenergic receptors increases in heart ratexatden speed and contractility result in an

adaptive response (Anderssaral., 2011; Bernsteimt al., 2011). An increase in adrenergic

activity causes tachycardia, cutaneous vasocotistriand reduced urinary output; these are
just a few factors involved in preserving circulgtdhomeostasis in severe heart failure

(Packer, 1988; Braunwald, 2001).

The renin-angiotensin-aldosterone system (RAAS)thadympathetic nervous system (SNS)
are activated in the event of a decrease in mya@adafahction, which is present in heart
failure, thus maintaining adequate efficiency o tieart (Tuunanen & Knuuti, 2011). Heart
failure is associated with metabolic changes thataused by hyperadrenergic effects, that is
an increase in circulating free fatty acids, impdiglucose metabolism, hyperglycaemia and
insulin resistance (Watsaal., 2006; Opie & Knuuti, 2009 he activation of RAAS can be
found in patients with heart failure and leads e formation of angiotensin Il (ANG 1)
which is a major cause of hypertension (Fraeca., 1990; Larkinet al., 2004). The increase
in ANG Il and hormones in heart failure lead toiation of SNS and these induce an
increase in blood pressure. However, if the adgtwabf f-adrenergic receptors is prolonged
the blood pressure will return to normal but mydcarcell damage will result (Larkiet al.,

2004).

A study which investigated metabolic characterggabf volume overload heart failure due to

aorto-caval fistula in rats for 3 months report@gebtricular myocyte hypertrophy, increased
6



circulating free fatty acids with decreased intraggrdial triglycerides, reduced response to
insulin and depletion of intraabdominal adipossues (Melenovskt al., 2011). In response
to aorto-caval fistula-induced volume overload, #utivation of the neurohumoral systems
RAAS and SNS ensues; as a result of sustained ateria mean arterial pressure and the
placement of the fistula (Abasgtial., 2011). However, as seen in Table 1.1 the paticdb
defects of the volume overload models are similarthat the studies both reported

biventricular hypertrophy compared to fh@drenergic and pressure overload models.

Table 1.2 is a summary of animal studies which havestigated the effects of acute and
chronic isoproterenol administration and the patbwial defects. Although there are a few
differences between the studies with regards te @éosl duration the common characteristic
found in both acute and chronic isoproterenol adstration is the presence of cardiac
hypertrophy. Also the studies which investigatertbolc administration all showed LVH with
cardiac dilatation and pump dysfunction (Grinetral., 1998; Gibbst al. 2004; Osadchiét
al., 2007; Booysert al., 2012), indicating that acute and chronic isogmeniol models are
reliable models to reproduce hypertrophy and carditatation and pump dysfunction. Left
ventricular remodeling differs between the volunwertbad model when compared to both
the pressure overload model and adrenergic mod#lodgh SNS activation is a common
characteristic amongst all models the outcomes hlifferent end points with regards to

metabolism, gene expression and mitochondrial fan@nd ultrastructure architecture.



Table 1.2Summary of animal studies investigating eithett@au chronic isoproterenol
administration and the observed pathologies.

Reference Species/ Administered Study Pathological Defect
Strain Dose & Route Duration
Leeneret al., Wistar 4.2mg/kg/day, 2 & 7 days Reduced BP, increased HR, cardiac
2001 rats s.C hypertrophy, increase plasma rennin
activity
Nagano et al., Wistar 4.2mg/kg/day 7 days Increase in heart rate, LVErgase
1992 rats in plasma Angiotensin Il
Zarrinpashnelet  Mice 50mg/kg/day, 7 days LVH, AMPK activity remained
al., 2008 i.p unchanged
Davelet al., 2008 Mice 0.3mg/kg/day, 7 days LVH, Gene and protein expression
S.C of IL-1B, IL-6 and increased
oxidative stress
Mikusovaet al.,  Wistar 5mg/kg/day, 7 days Cardiac hypertrophy, architectural
2009 rats s.C changes in cardiomyocyte
ultrastructure
Heatheret al ., Wistar 0.5 mg/kg/day, 7 days LVH, dilation, fibrosis, pump
2009 rats s.C dysfunction, downregulation of fatty
acid metabolism, decrease in
GLUT4 levels
Chaetal., 2010 Mice 15mg/kg/day, 1 week Cardiac hypertrophy, no change in
s.C AMPK activity
Grimmet al., SD (%) 150mg/kg/day, 2 &16 LV dilatation and hypertrophy. 2
1998 s.C weeks weeks: elevation in plasma renin
activity, aldosterone and ACE
Osadchiiet al., SD 0.1mg/kg/day, 3 months LVH, LV dilatation and pump
2007 i.p dysfunction, apoptosis,
downregulation of contractility
Booyseret al., SD 0.01mg/kg/day, 6 months  LVH, cardiac dilatation, pump
2012 i.p dysfunction, contractile disturbances
Gibbset al., 2004 SHR & 0.02mg/kg/day, 7 months Increase in LV cavity dimension,
WKY rats i.p pump dysfunction, increase in

myocardial collagen cross-link

Abbreviations: AMPK = adenosine Gnonophosphate protein kinase; GLUT4 = glucosesprarter
4; LVH = left ventricular hypertrophy; SD = SpragDawley rats; SHR = spontaneously hypertensive
rats; WKY = Wistar Kyoto rats



Cardiac remodeling is an important variable as riesent in all models of heart failure and
has now become an important target for therapelutig development (Cohat al., 2000). As
there are various models of heart failure, nottladirapies available are effective (Packer,
1992). Previously, the treatment of heart failuraswailored to correct haemodynamic
derangement. In heart failure, failure of the mydazan to contract and relax is accompanied
by neurohumoral activity (Opie & Knuuti, 2009). Thbkerapeutic drugs, angiotensin-
converting enzyme (ACE) inhibitors and beta-bloskdrave been the most successful drug
therapies for treating heart failure (Rosca & Hdp@10; Opie & Knuuti, 2009). The
development of the neurohormonal model of hearduraiassists in understanding the
physiological abnormalities that remain even asgmptom relief though the administration
of beta-blockers (Packer, 1995). Beta-blockaderedmes free fatty acid uptake in the
myocardium and therefore increases work efficieincleart failure (Opie & Knuuti, 2009).
However, it is unknown whether administration oftamlic drug therapy, such as the
administration of metformin, would also assisteducing morbidity and mortality in patients

with heart failure.

1.4 Cardiac Energy Metabolism in the Normal and Hypertrophied Heart

The heart requires a continuous supply of ATP floeeethe adult cardiomyocytes in the
normal functioning heart have a high density ofatfitondria which provide an increased
amount of energy to meet the high energy demartdeoheart (Goffaret al., 2004; Iglewski

et al., 2010). Mitochondria contain two layers, the outyer which serves as a barrier for



protein greater than 5000 Daltons in size andriherilayer which is impermeable membrane
contains multiproteins that are involved in theceien transport chain (Iglewskt al., 2001).

In the normal functioning adult heart, fatty acidsee the main source of energy and
approximately 60-70% of the ATP is derived from guhondrial fatty acid oxidative
phosphorylation (Ashrafiast al., 2007). While fatty acid oxidation yields more R Tfatty
acid generation requires more ATP and higher oxygamsumption and therefore further
increases metabolic demand in the energy-demaridipgrtrophied heart. However, when
cardiac hypertrophy occurs, in the compensatorgestaf heart failure, energy utilisation is
switched therefore glucose is the preferred metabahergy substrate and glycolysis is
increased(Leong et al., 2002; Julliget al., 2008). Glucose metabolism is selected as a
compensatory energy source as opposed to fatty addhtion that occurs in the normal
functioning adult hearfPrevious studies have shown that the metabolichviitat occurs in
the compensatory stage of heart failure reflecewviach from the adult to fetal metabolic
energy usage, which favours glycolysis (Tueeral., 2010; Lionettiet al., 2011).If heart
disease is prolonged, cardiac hypertrophy progsefsse a metabolically adaptive state to an
uncompensated heart failure state. In end stage fadlare, energy metabolism is severely
compromised as fatty acid oxidation is depresselthis results in an increase in circulating
free fatty acids which ultimately inhibit the upea&nd oxidation of glucose (Opie, 2004; Opie
& Knuuti, 2009, Lionettiet al., 2011). The increase in circulating fatty acidssaid to be
associatedwith proteins which uncouple mitochondrial respoat thus affecting the
efficiency of cardiac contraction in the alreadylifi@g heart (Opie, 2004). The increased

circulation of free fatty acids inhibit the uptaked oxidation of glucose thus if pronlonged
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can result in hyperglycemia (Opie, 2004; Opie & Knu2009). It is known that in heart

failure, energy metabolism is severely compromiaged with the accumulation of free fatty
acids this would constitute to metabolic dysregafatvhich can result in insulin resistance as
well as abnormalities occurring in mitochondriahétion which increase reactive oxygen

species (ROS) (Opie & Knuuti, 2009).

1.4.1 AMP-activated Protein Kinase Regulation in Cardiac Metabolism

Central to the substrate switching is activatioma@énosine 5’-monophosphate protein kinase
(AMPK) (Allard et al., 1994 & Kahnret al., 2005). AMPK is often referred to as a metabolic
fuel gauge and is involved in cellular glucose rhetsm (Hardie & Carling, 1997; Violledt

al., 2007). When the heart is exposed to mechanicahetabolic stressors that increase
cellular energy demand, AMPK is activated (HardieCarling, 1997; Dyck & Lopaschuk,
2006; Kolaet al., 2006; Aradet al 2007; Violletet al., 2007; Hock & Kralli, 2009). AMPK is
activated by pathological stress such as glucogpeivdion, oxidative stress and hypoxia
(Kahn et al., 2005). In cardiac hypertrophy, a reduction inPA&nd a rise in adenosine
monophosphate protein (AMP) is detected thus aotigagAMPK which in turn inhibits ATP-
consuming pathways and activates pathways whichastATP-production with less oxygen
consumption (Hardie, 2003; Chaet al., 2004, Kahnet al., 2005, Allardet al., 2007,
Zarrinpashnelet al., 2008). When metabolic demand is increased, thigation of AMPK
plays an important role in gauging cardiac enenmgy ia doing so increases glucose and fatty
acid metabolism accordingly (Dyck & Lopaschuk, 2D06tudies have shown that the

AMPKu; isoform is involved in metabolic responses of hleart to ischemia and is therefore
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cardioprotective (Zarrinpashnehal., 2006; Liet al., 2007). Although cardiac hypertrophy is
employed to maintain metabolic demand through thevation of AMPK, prolonged
functional load imposes metabolic stress thergfoeelisposing the heart to a further increase
in functional and structural remodeling which isimbktely detrimental (Badeer, 1964; Chan
et al., 2004). Previous investigators have attributethsdeleterious effects to various cellular
metabolic changes. These characteristics are saltk tproportional to the progression of

hypertrophy.

Here, excessive generation of ROS and subsequerapomptotic events may ultimately
compromise both mitochondrial and cardiac struttama functional integrity and lead to the
progression of heart failure (Schreitgeral., 1973; Sawyer & Colucci, 2000; Tsutsui, 2006).
Excessive accumulation of ROS in the mitochondsialéleterious to the function of the
biological tissue (ldet al., 1999; Tsutsui edl., 2006). The effects of ROS will be discussed

in more detail in a later section of the introdanti

1.4.2 Transcriptional Regulation of Mitochondrial Biogenesisin Cardiac Hypertrophy

Mitochondrial biogenesis is a process that resuolthe growth and division of pre-existing
mitochondria organelles and is controlled by thel@ar cell or mitochondrial DNA genome
(Ventura-Clapieret al., 2008; Iglewskiet al., 2010). Biogenesis of the mitochondria is
triggered via environmental stresses such as eegraxidative stress, cell division and
renewal and differentiation (Ventural-Clapigral., 2008). Several transcription factors and
other metabolic genes have been implicated in #weldpment of mitochondrial biogenesis

(Figure 1.1).
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Figure 1.1 Schematic diagram representing the pathway wheellld to the activation of

mitochondrial biogenesis. ‘+' = activation; PGG-E peroxisome proliferator-activated

receptor gamma co-activatoa;INRF-1 = nuclear respiratory factor 1; Tfam = rahondrial

transcription factor A.
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The activation of mitochondrial biogenesis casdadeduced by the activation of peroxisome
proliferator-activated receptor gamma co-activater(PGC-ki), which then increases the
cardiac mitochondrial oxidative capacity by indurinuclear respiratory factors 1 (NRF-1)
and 2 (NRF-2) (Russedt al., 2005; Huss & Kelly 2005; Ventura-Clapieral., 2008). PGC-
lo co-activates the nuclear transcription factorsvad as nuclear-encoded mitochondrial
transcription factor A (Tfam) which is responsibier transcription and replication of
mitochondrial DNA (Ventura-Clapieet al., 2008). Therefore cardiac specific deletion of
Tfam will result in decreased levels of mitochoatdrDNA, cardiac hypertrophy and
ultimately progressive heart failure (Ventura-Clapt al., 2008). The expression of Tfam is

coordinated by NRF-1 and NRF-2 (Rimbaaticl., 2009).

These factors allow for transcriptional co-ordinatibetween mitochondrial and nuclear
activation during mitochondrial biogenesis (VentkCapier et al., 2008). Mitochondrial
biogenesis is activated as a long term responseever, it is not always activated when the
energy demands increase (Hock & Kralli, 2009). Pt&Cs considered to be the master
synchroniser of mitochondrial biogenesis and oncivated increases the transcriptional
activity of the nuclear respiratory factors whichturn promote the activity of mitochondrial
transcription factor A, which then acts on the &lmt transport chain complex (Rosca &
Hoppel, 2010). Studies have shown that activatipAMPK, under conditions of exercise,
leads to the activation of PGGrthus co-activating mitochondrial respiration thghuthe
activation of NRF-1 as well as the activation c&ffifto promote an increase in mitochondrial
number (Kelly & Scarpulla, 2004; Nishi al., 2004; Kimet al., 2008). Not only does the
activation of PGC-a induce the activation of NRF-1 and Tfam but itcat®-activates fatty
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acid and glucose transport into the cell (PatteAr&ny, 2011). The energy signal, AMPK,
has been shown to prevent left ventricular hypphyoby increasing bioenergetic capacity of
the heart via upregulation of PGG-And NRF-1 (Rimbauct al., 2009). Bergeron and
colleagues (2001) investigated the effect of clo@mergy stress on the activation of AMPK
and whether this would lead to the activation of ANR and ultimately activate the
mitochondrial biogenesis pathway. After nine weels energy stress through f-
guanadinopropionic acid diet, AMPK played a roleskeletal muscle adaptation via the
regulation of mitochondrial biogenesis and the egpion of respiratory proteins through the
activation of NRF-1 (Bergeromt al., 2001). Whether such metabolic changes may avert
cardiac metabolic stress and its deleterious effeiet activation of AMPK is currently not

fully understood.

Using transmission electron microscopy to assist identifying the mitochondria
ultrastructure architecture, the modifications tbah be seen in hypertrophy or heart failure

are usually associated with decreases in mitoclanrmber (Rosca & Hoppel, 2010).

1.5 Cardiac Energy Metabolism in Heart Failure

The role of the mitochondria in the heart is towwaghat it can perform optimally to meet the
energy requirements of the body. The tissue withenheart muscle is highly oxidative and
more than 90% of the energy supplied is derivedhfraitochondrial respiration (Ventura-
Clapieret al., 2003). In cardiac hypertrophy, energy metabolssitches from fatty acid

oxidation to glycolysis. Table 1.1 shows metabdalltanges that have been observed as
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pathological defects in the various animal modé&lse findings from studies which have
investigated pressure overload induced hypertrayeyery similar to the cardiac structural
and functional changes seen in the adrenergic m¢(sk# Table 1.1). However, with
prolonged cardiac stress, glycolysis continues &ne remodeling process leads to
uncompensated energy metabolism which ultimatelgiddo loss of metabolic flexibility thus

resulting in overall damage to the efficiency of tieart (Taegtmeyet al., 2004).

A study investigating heart failure in the pressowverload model reported a close association
of this model with deleterious LV remodeling (Nortet al., 2002). Another study
investigating the changes in AMPK and metabolicpsaton to pressure overload reported
that AMPK is involved in the switch from fatty asido glucose in cardiac hypertrophy
(Allard et al., 2007). The pressure overload model induces agehan the cellular energy
state which activates AMPK when ATP levels decreasd this drives glycolysis in
hypertrophy (Allardet al., 2007). Functional defects such as decreasedacacdntractility
and contraction as well as resistance to fatigaecharacteristic alterations of energy, in both

skeletal and cardiac muscle (Garreeal., 2003).

In conditions leading to cardiac hypertrophy, imses in plasma levels of catecholamines
have been observed and this is said to be assaiatie various gene expression changes
(Taimoret al. 2001). A study by Robinson and colleagues (20ivstigated the effect @
adrenergic stimulation on mitochondrial biogenesidl found that there was no increase in
MRNA for PGC-1, Tfam and NRF-1 when skeletal muscle was asseskwudever, whether

the same alteration occurs in the failing myocardisi unknown.
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1.6 The Formation of Reactive Oxygen Species in Hedailure.

In the failing heart, reactive oxygen species (R@8)ce functional and structural damage of
the myocardium and thus play an important rolehagathophysiology (Hill & Signal, 1996;
Ide et al., 1999; Sawyer & Colucci, 2000; lakal., 2001; Tsutsuet al., 2008). Not only are
the mitochondria the major site for the productanROS but they are also susceptible to
ROS-mediated deleterious effects that damage ptéipids and DNA (Idest al., 2001,
Murray et al., 2007 & Iglewskiet al., 2010). The exact site of ROS production in the
mitochondria occurs mainly at complex | and comgléin the electron transport chain (Ide
et al.,, 1999; Kimet al., 2008). One of the causes of functional declinethe failing
myocardium is prolonged oxidative stress whichsi@aesult of mitochondrial DNA damage,

further ROS generation and cellular injury (Mureayl., 2007).

Reductions in the mitochondrial DNA copy numbemgrabout a decrease in mitochondrial
RNA and protein thus leading to mitochondrial dysftion (Ideet al., 2001). The outcomes
of a study done by Ide and colleagues (2001) sugtes chronic increases in ROS
production bring about mitochondrial damage anduhaion thus leading to changes within
cellular events thus resulting in myocardial remiode and failure. Depression of
mitochondrial respiratory capacity and whole heaitlative capacity is characteristic of the
failing heart (Buggeket al., 2010). Therefore, mitochondrial derangement dcaturs in the
failing heart could be attributed to ROS formatitimereby inducing changes in the

ultrastructure.

In heart failure, the activation of plasma renirivaty and angiotensin-converting enzyme

(ACE) contributes to the formation of angiotendiwhich leads to an increase in oxidative
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stress (Tsutsuet al., 2006). In heart failure the mitochondrial DNAeadamaged and
therefore myocardial remodeling results (Tsutswal., 2006). A study investigating pressure
overload induced heart failure via pacing in dogorted the presence of ROS and a decrease

in complex | activity in the electron transport chédeet al., 1999).

The acute effects of tifzadrenergic agonist, isoproterenol, on mitochodR@S production
in mitochondrial cardiomyocytes reported that atréase in Ca-independent signaling and
ROS production is associated with contractile agaptsponses in this model (Anderssbn
al., 2011). The hyper-adrenergic effect of isopratet@dministration in conjunction with the
activation of B-adrenergic receptors in heart failure leads tadiear tissue damage and
dysfunction as a result of prolonged increase & phoduction of ROS (Anderssa al.,
2011). Administration of isoproterenol for severysliinduces gene and protein expression of
vascular proinflammatory cytokines Il3Jnd IL-6 as well as altered vascular reactivitg an
oxidative stress (Davet al., 2008). Not only does isoproterenol administratativate SNS
and induce LVH, dysregulation of myocardial growthlatation and pump dysfunction,
apoptosis, necrosis and reduced collagen linkirrgutsh chronic adrenergic stimulation
(Teerlinket al., 1994; Grimmet al., 1998; Taimoet al., 2001; Osadchit al., 2006; Osadchii
et al., 2007; Booyseret al., 2012) but inflammatory cytokines are also adédain the

isoproterenol model (Davet al., 2008).
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1.7 The Effect of Metformin on Heart Failure.

Metformin is an orally administered drug that isrgnonly prescribed to patients with type 2
diabetes mellitus (Gundewatral., 2009). Metformin lowers blood glucose (Gundewetal .,
2009) and has been proven to reduce insulin resistéChaet al., 2010; Cittadiniet al.,
2011). The presence of insulin resistance is a comamaracteristic in the development of
chronic heart failure (Cittadinet al., 2011; Tuunanen & Knuuti, 2011). Table 1.3 is a
summary of the studies which have looked at thecedf of metformin administration on

various models of hypertrophy and heart failure.

Studies have shown that metformin is a suitablecehof therapy to improve cardiac function
in certain models of heart failure. The administra of metformin in conjunction with
pressure-overload, adrenergic and doxorubicin-iadwardiotoxic animal models all showed
beneficial cardioprotective properties (Gundewgal., 2009; Chaet al., 2010; Yinet al.,
2011; Wanget al., 2011; Cittadinkt al., 2012 & Ashourt al., 2012). In contrast metformin
administration in conjunction with volume-overloddduced heart failure showed no
beneficial effects (Benest al., 2011). However, further investigation is necegst
determine how metformin exerts cardioprotectivepprties in chronic adrenergic-induced

dilatation and pump dysfunction.
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Table 1.2 Summary of studies involving animal models of héaiture and the effect of

metformin administration.

Reference Species/ Model Metformin Study Effect of metformin
Strain Dose & route Duration
Chaet al., Mice Adrenergic 150mg/kg/day 1 week Partially intgthypertrophy,
2010 no activation of AMPK
phosphorylation
Ashouret Wistar  Doxorubicin- 500mg/kg/day, 11 days Increased ATP levels,
al., 2012 rats induced p.o reduced reactive oxygen
cardiotoxicity species, cardiomyocyte
ultrastructure appeared almost
normal, prevented cardiac
hypertrophy
Gundewart Mice Pressure 125ug/kg/day, 4 weeks Improves LV structure and
al., 2009 overload dailv i function and reduces LVH,
aily i.p . . .
improves mitochondrial
respiration and ATP
synthesis, promotes
phosphorylation of AMPK
and increases expression of
PGC-Lu.
Wangetal., Wistar Pressure 100mg/kg/day, 4 weeks Reduced LVEDD and
2011 rats overload intragastric LVESD, increased AMPK,
gavage attenuated fibrosis and
improved insulin resistance
Yinetal., SDrats Pressure 250mg/kg/day, 12 weeks Reduced myocardial infarct
2011 overload oral size, improved LV geometry,
improved glucose and cellular
energy metabolism
Benesetal., Wistar Volume 300mg/kg/day, 21 weeks  No effect on AMPK
2011 rats overload oral activation, ATP content,
mitochondrial function or
arrangement. No
improvement in cardiac
performance
Cittadini et SHHF Pressure 100mg/kg/day, 12 months Reduced LV remodeling,
al., 2012 overload oral reduced myocardial lipid

accumulation. Restored
myocardial contraction

Abbreviations: AMPK

proliferator-activated receptor gamma co-activater LVH =

adenosine '5monophosphate protein kinase; PGL-% peroxisome

left ventricular hypertrophy; SD =

Sprague Dawley rats; SHR = spontaneously hypextemats; WKY = Wistar Kyoto rats
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The administration of metformin is known to inditlgcactivate AMPK thus increasing
myocardial glucose uptake and reduce insulin r@st&t (Zhowet al., 2001; Opie & Knuulti,
2009; Cheet al., 2010; Cittadiniet al., 2011). A study investigating the long term eféecf
AMPK activation reported that chronic activation 8MPK via the administration of
metformin attenuates hypertrophic growth througé thhibition of protein synthesis and
signaling pathways. Therefore metformin can be usexiccessfully target AMPK activation
and thus inhibit cardiac hypertrophy and heartufail (Li et al., 2007). In a study by
Gundewar and colleagues (2009), the administratfometformin for 4 weeks promoted an
increase in AMPl&, and PGC-& in cardiac hypertrophy thus improving mitochontria
respiration and preventing mitochondrial dysfunectiand displaying cardioprotection. An
increase in PGCel activity can inhibit the production of ROS, whidre the trapped
byproducts of mitochondrial respiration, by indugiancoupling proteins thus reducing the

mitochondrial membrane potential (Patten & Arar§1 D).

Cittadini and colleagues (2011) demonstrated tretformin reduces left ventricular dilation

and wall stress thereby slowing down the developroéteft ventricular remodeling. Their

results also showed that not only did metformin nowe the systolic and diastolic cardiac
function but the myocardial efficiency was restorem normal. Another study which

investigated the administration of metformin in raabetic rats, with post-myocardial infarct
pressure overload, identified protective effectanatformin on cardiac remodeling (Y&t

al., 2011).

The results of both these studies prove to be itapbfor clinical implications regarding the

use of metformin as a cardioprotective drug. In tst, long-term administration of
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metformin to Wistar rats with aortocaval fistula lmme-overload-induced hypertrophy
showed no change in myocardial gene expressionletbtis indicating that the presence of
fatty acid oxidation is not dependent on genomichmaaisms and in this model metformin
has no effect (Bened al., 2011). According to Melenovsky and colleague81@®, drug

therapies administered to improve cardiac metatmobyg improving insulin resistance might

not be effective in the aorto-caval fistula mode¢ do the hypoinsulinaemia present.

A study investigating isoproterenol-induced cardigpertrophy reported partial inhibition of
metformin and a decrease in oxidative stress @hh, 2010). Again in the volume overload
model, chronic administration of metformin had rftee on the activation of myocardial
AMPK, ATP content, mitochondrial function or morpgbgy and overall metformin
administration did not improve cardiac performa(i8eneset al., 2011). Therefore, the exact
effects of metformin seem to be determined by e bf animal model present and whether
model-specific mechanisms promote the efficiencynetformin is still unknown. To date,
the exact mechanisms through which metformin maynteyract neurohormonal changes
which induce heart failure are unknown. Furthermonehether metformin exerts its

cardioprotective effects via the activation of AMRKneurohormonal models is unknown.

1.7 Study Objectives

Therefore the main questions that need to be imgagstd are the following: 1) Does

metformin exert cardioprotective effects via theéiation of AMPK in the neurohormonal
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model of heart failure? 2) Are these beneficiabetif medicated by changes in mitochondrial

transcript gene expression and mitochondrial uluwagure in the failing myocardium?

In order to address these questions, | will usevelnanimal model of heart failure to identify
a therapeutic strategy that could possibly proteetheart against functional and metabolic
changes through the alteration of mitochondriatdcaipt gene expression and mitochondrial
ultrastructure arrangement in this model. In dasog isoproterenol will be administered for
seven months to induce chronic adrenergic-indueediac dilatation and pump dysfunction.
Our laboratory has repeatedly shown that chronimimgtration of isoproterenol induces
cardiac dilatation and pump dysfunction (Osadehial., 2007; Booyseret al., 2012). In
conjunction with this model, metformin will be admstered chronically as a therapeutic
strategy to assess whether mitochondrial transaygate expression and mitochondrial
ultrasctructure arrangement will be inhibited ahdréfore promote the restoration of cardiac

function in the isoproterenol model of cardiac @iteon and pump dysfunction (Figure 1.2).
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Figure 1.2 Schematic representation of hypothesis a) Theteffeisoproterenol which
results in cardiac dilatation and dysfunction. ‘%’ activate. b) The effect of co-
administration of metformin on cardiac dilatatiomdadysfunction. ‘-’ = inhibit.
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Chapter 2

Materials and Methods

25



2.1 Materials

The following materials and reagents were usedh \hie supplier indicated in brackets:
Transcriptor First Strand cDNA Synthesis kit (RocBeagnostics GmbH, Penzberg,
Germany), Accutrend® GCT Plus Meter (Roche DiagnestmbH, Mannheim, Germany),
Accutrend® Triglyceride Test strips (Roche DiagimstGmbH, Mannheim, Germany),
LightCycler® FastStart DNA MasterPLUS SYBR Greert @Roche Diagnostics GmbH,
Mannheim, Germany), Aquasonic 100 Ultrasound Trassion Gel (Parker Laboratories,
New Jersey, USA), Ascensia ELITE Blood Glucose B8ps (Bayer Corp., Indiana, USA),
Ascensia ELITE Glucose meter (Bayer Corp., IndiardSA), ketamine (Bayer
Pharmaceutical, Johannesburg, RSA), xylazine (BBywrmaceutical, Johannesburg, RSA),
GAPDH primers (Ingaba Biotechnical Industries, &riet RSA), NRF-1 primers (Ingaba
Biotechnical Industries, Pretoria, RSA), PG&-firimers (Ingaba Biotechnical Industries,
Pretoria, RSA), Tfam primers (Roche Diagnostics,nddarg, RSA), Isoproterenol
hydrochloride (Sigma-Aldrich, Missouri, USA), metifoin (Sigma-Aldrich, Missouri, USA),
liquid nitrogen (Afrox, Germiston, RSA), NucleoS@IRNA Il kit (MACHEREY-NAGEL,
Germany), QIAShredder kit (QIAGEN, Hilden, GermanR®NA Later® solution (Applied
Biosystems/Ambion, California, USA), RNaseZap® vapfAmbion Inc., Texas, USA),

Sabax sodium chloride 0.9% saline (Adock Ingrandrsind, RSA).
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2.2 Methods
2.2.1 Ethics Approval

All procedures were approved by the Animal EthicseBning Committee of the University

of the Witwatersrand (Ethics Clearance Number: 282/04) (See Appendix B).

2.2.2 Animal Model and Drug Administration

A total of 48 male Sprague-Dawley rats weighing-380g were obtained from the Central
Animal Service (CAS) unit of the University of théitwatersrand. The animals were housed
individually in cages and kept at the CAS unit itemperature controlled room with a 06:00 -
18:00 light regime. The rats were allowed accegssttehow and watead libitum. A total of
eight fatalities were recorded in the duration lé study, as in some cases isoproterenol
induced cardiac arrest after injection. Fatalibesurred in the isoproterenol group and the
isoproterenol+metformin group. The final analysis this study was completed using the

remaining forty rats.

Initially, the forty-eight male rats were randonalgsigned to four groups, each with a sample
size of 12. The groups were as follows: vehicle t@dn(CONT), metformin (MET),
isoproterenol (ISO) and isoproterenol and metforG8O+MET). The CONT group received
a daily subcutaneous injection of 0.1mlkgay* of 0.9% saline. The MET group received
300mg.kg".day* of metformin, dissolved in drinking water and adisiered orally, and a

daily subcutaneous injection of 0.1mlkday" of 0.9% saline. The ISO group received a
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daily subcutaneous injection of isoproterenol atdese of 0.02mg.k§day’ and the
ISO+MET group received both isoproterenol and metfo as per the above mentioned

doses and route as shown in Fig 2.1.

Saline injections were administered 5 days priothi initial isoproterenol injections. This
was done to habituate the rats to animal handling drug administration. The initial
isoproterenol dose was set at 0.01mgd.dgy" for a week to prevent early cardiac arrest:
thereafter the dosage was raised to 0.02ngday” for seven months. The 0.02mgkday”
dose of isoproterenol has previously been usediifaboratory to elicit the development of
heart failure upon chronic isoproterenol adminigtra(Woodiwisset al., 2001 anddsadchii

et al., 2006). The 300mg.kgday" dose of metformin had been previously establishezlir
laboratory to investigate cardioprotective progertiwhen co-administered with the
isoproterenol model (unpublished data). Water bsttivere weighed to ensure that the
individually-caged animals were taking up appragriamounts of metformin. All treatments

were administered daily for seven months.
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2.2.3 Measurement of Body Mass

All animals were weighed once weekly to monitor ypodass changes. An average monthly
body mass value, for each of the groups, was redoad plotted on a graph to assess the
trends in the body mass following seven monthgedtiment. The initial body mass and the
final body mass values were used to calculate #reegmtage body mass gain using the

formula below:

% body mass gain = (final body mass — initial bathss)
X 100

Initial body mass

2.2.4 Measurement of Glucose and Triglyceride PlassmConcentrations

After seven months of treatment, the animals waséetl overnight for 16 hours. The animals
were placed in constrainers and a sterile needseusad to perforate the tail vein. A drop of
blood was collected on an Ascensia ELITE blood-gbectest strip, which was then placed in
an Ascensia ELITE glucose meter to determine fgdtlood glucose plasma concentration.
To determine triglyceride plasma concentration, rapdof blood was collected on a

triglyceride test strip and placed in Accutrend €alse-Cholesterol-Triglyceride Plus meter.

2.2.5 Echocardiography

Immediately after the determination of fasting gise and triglyceride plasma concentrations,
the rats were anaesthetised using an intraperitongation of ketamine (75mg.Ky and
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xylazine (15mg.kg). Once the rats were under anaesthesia they weigghed to record final
body mass. To determine left ventricular chambaction and left ventricular dimensions
vivo, two-dimensional targeted M-mode echocardiograpiag performed using a 7.0MHz
transducer and an ACUSON CYPRESS portable echagaepph machine (Siemens Medical
Division, USA), as previously described (Woodiwigsal., 2001, Nortonet al., 2002).
Briefly, after shaving the rat’'s chest, the rat vwdaced in the prone position in a holding
container with the chest visible through an opendew on the base of the container. The
high-resolution ultrasonic probe together with Aspraic ultrasound gel was inserted through
the open window at the base of the container aadepl on the rat chest wall to obtain

echocardiographic images.

A two dimensional image of the short axis of thi lentricle at the level of the papillary
muscle was obtained. The image was considered tof legh quality if the endocardial
surface of both the anterior wall and the posteniall were clearly visible throughout systole
and diastole (Figure 2.2). Cardiac dimensions wecerded in centimetres and three or more
measurements were obtained for each left ventriadilmension. Left ventricular internal
dimensions and posterior wall thickness were mesisat the end of systole and at the end of
diastole according to the American Society for Eardiography’s leading edge method
(Sahnet al., 1978) (Figure 2.2). Left ventricular endocardiaktional shortening (k&) and
midwall fractional shortening (&) were the indices used to determine chamber and
myocardial function, respectively (Nortat al., 2002). The equations below were used to

calculate the F§qand FSig.
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I:&nd

Where
LVEDD

LVESD

FSnid

Where

LVED PWT

LVES PWT

LVEDD - LVESD
X 100

LVEDD

Left ventricular end diastolic internal dieter

Left ventricular end systolic internal diatar

(LVEDD + LVED PWT) - (LVESD + LVES PWT)

X 100
(LVEDD + LVED PWT)

Left ventricular end diastolic posteriwall thickness

Left ventricular end systolic posteneall thickness
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Figure 2.2 Sample recording illustrating left ventricular dinsions using two-dimensional
targeted M-mode echocardiography. A = LV end diastaternal diameter (LVEDD), B =
LV end systolic diameter (LVESD), C = LV end didgtanternal diameter posterior wall

thickness (LVEDD PWT), D = LV end systolic posterioternal diameter wall thickness

(LVESD PWT).
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2.2.6 Collection of Tissue Samples

Immediately after echocardiography, the rats wetministered more anaesthetic and the
hearts were harvested from the animals and weighkd. left and right ventricles were
separated and weighed. The left ventricular tisgag either used immediately or stored for
subsequent analysis. For gene expression anahsigett ventricular tissue was stored in
RNA Later® solution at -20°C. For every 1.8g oftleentricular tissue, 1.8ml of RNA
Later® solution was used. For mitochondrial analyaismall rectangular longitudinal section
was cut from the left ventricular tissue and stoied 2.5% glutaraldehyde and 2%
paraformaldehyde in 1 X phosphate buffered salit@7ihM NaCl, 2.7mM KCI, 10mM
NaHPQO,, 1.8mM KHPO,) (pH 7.3) (see Appendix A) for Transmission Elentr
Microscopy analysis. Tibia from the left leg wasfished, using a scalpel, and the length
measured with a string and ruler. Tibial length wlagermined to assess bone growth of the
rats. According to Yin and colleagues (1982), theasurement of tibial length reflects a
better reference of body size as it can represgative lean body size throughout the life of
the rat and it is said to be physiologically linkedthe metabolic demands exerted on the

heart by the body.

2.2.7 Measurement of Gene Expression
2.2.7.1 Total mRNA isolation

All work surfaces were kept sterile by using RNag@& wipes and UV light disinfection,

thereby reducing contamination. The stored leftnvemar tissue in RNA Later solution was
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thawed and placed on ice. From each sample tub@ul36f RNA Later solution was
aliquoted into fresh microcentrifuge tubes to eastive tissue did not dry out. Using a
balance, 50mg of left ventricular tissue from eaaimal specimen was weighed and placed
in a labeled microcentrifuge tube with the 300ulARNater solution. Using sterile forceps,
the 50mg of left ventricular tissue was then transid into an autoclaved porcelain mortar
and liquid nitrogen was used to flash-freeze thetri@ular tissue. A sterile porcelain pestle
was then used to homogenise the ventricular tisBue homogenised tissue or rather powder
was transferred into a labeled microcentrifuge tubatal mMRNA isolation was performed
using a NucleoSpin® RNA Il kit. All reagents/buféein the kit were reconstituted according
to the manufacturer’s instructions. For tissuedy845ul of RAL buffer was added to the
labeled microcentrifuge tubes containing the homagpal left ventricular tissue. The tubes
were vortexed at maximum setting for five minut€he contents of each tube were then
pipetted into QIAShredder™ column disruptors whiedre used to further homogenise the
tissue lysate in order to reduce viscosity. The Sifedder™ column disruptors were
centrifuged for five minutes at 20 (11,218 x g) and the supernatant added to Nupie@5
Filter columns to further remove insoluble debrisni the lysate. The filter columns were
centrifuged for five minutes at 20°C (11,218 x @p ensure RNA binding, 350ul 70%
ethanol was added to the supernatant and mixedugyge pipetting. The supernatant of each
sample was added into NucleoSpin® RNA Il filter wohs. The filter columns were
centrifuged for one minute at 20°C (11,218 x g)e Bapernatant was then discarded and the
filter columns were transferred into 2ml collectituibes. The membrane was dried by adding

350ul of membrane desalting buffer to the filteluoans and centrifuged for one minute at
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20°C (11,218 x g). By removing the salt from the meania;, the rDNase was able to be
absorbed more effectively. To digest DNA, a DNasaction mixture was prepared in a
sterile 1.5ml microfuge tube by mixing 10ul of restituted rDNase with 90ul reaction
buffer for rDNase for each sample. From the reactnixture, 95ul was added directly to the
silica membrane in the filter column and incubas#®5°C for 15-30 minutes. The silica
membrane of the filter column was washed and ditethactivate the rDNase by adding
200ul RA2 buffer and centrifuging for one minute2&°C (11,218 x g). Thereafter, 600ul
RA3 buffer was added and centrifuged for two misué 20°C (11,218 x g). Lastly, 250pul
RAS3 buffer was added to the filter columns and Girged for two minutes at 20°C (11,218
X g). The filter columns were then placed into 1l.Bunclease-free collection tubes and 60ul
RNase-free water was added to elute the RNA. Thestwere centrifuged for one minute at
20°C (11,218 x g) and 10ul of the eluted RNA wagualted into microcentrifuge tubes and

stored at -70°C for subsequent analysis.

2.2.7.2 Complementary DNA (cDNA) synthesis

Aliquoted mRNA samples were thawed and placed endDNA was synthesised using% 1
Strand cDNA Reverse Transcription kit accordingh® manufacturer’s instruction. A master
mix consisting of 2ul polymerase chain reaction Rp@rade water and 1ul anchored-oligo
(dT) 18 primer was made up for each sample. Thepkmmwere then incubated in a
ThermoHybaid Px2 PCR Thermocycler (Applied Biosgse USA) at 65°C for ten minutes.
Th4is temperature initiated the annealing and estéenof the cDNA. Another master mix

consisting of 4ul transcriptor reverse transcriptd®T) reaction buffer, 0.5ul protector RNase
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inhibitor, 2ul deoxynucleotide mix and 0.5ul tramgtor reverse transcriptase was made up
for each sample. From this master mix, 7ul was dddeeach sample tube and inversely
pipetted to mix the contents. The samples were thase centrifuged and incubated for 30
minutes at 55°C. At this temperature the DNA camith to anneal and extend. The
temperature was then increased to 85°C for fiveutes to denature and inactivate cDNA
synthesis. The same pool of cDNA was used for Ho¢htarget and control reactions. Once

complete, the cDNA samples were stored at -20°Gdbsequent analysis.

2.2.7.3 Quantitative Real-Time Polymerase Chain Retion (RT-PCR)

The stored cDNA samples were thawed and placedanAi single primer set was used for
each RT-PCR experimental run, which was performedsamples from the control and
treatment groups. This was done due to the limtgadber of glass capillary slots on the RT-
PCR loading carousel. The following forward anderse primers were used: adenosine 5
monophosphate-activated protein kinase alpha 2 (RAd4F peroxisome proliferator
activated receptor gamma co-activator 1 alpha (R@Chuclear respiratory factor (NRF-1),
mitochondrial transcription factor A (Tfam) and géralydehyde-3-phospate dehydrogenase
(GAPDH) (Table 2.1). GAPDH was used as a housekgepene as it is ubiquitously
expressed in the tissue. The transcriptional targ&sC-4, NRF-1, Tfam and AMPK2 were
amplified using a LightCycler 1.5 real time-PCR mmae (Roche diagnostics, Mannheim,
Germany) according to manufacturer’s instructidrige correct reaction programs for the real
time-PCR templates were optimised previously durmg Honours degree (Peterson,

unpublished) (see Table 2.2).
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Table 2.1 Primers used for real-time PCR amplificabn

Gene Sens Sequenc
AMPK 0.2 Farwarc 5-CAGGGACTGCTACTCCACAGAGA-3
Reverse 3-CCTTGAGCCTCAGCATCTGAA-5
PGC-1la Forwarc 5-ATCACCCGAGAGTTCCTAAA-3
Reverse 3-CCGATCTCCACAGCAAATTAT-5
NRF-1 Forwarc 5 -CATTAGATGAATATACGACACGAGT-3’
Reverse 3 -CTCCAGGTCTTCCAGGAT-5
Tfam Forwarc 5-CATACCCTCGCCTGTCA-3
Reverse 3 -ATCAGTTCTGAAACTTTTGCAT-5
GAPDH Forwarc 5-ATGCCATCACTGCCACCC-3
Reverse

3-GCCTGCTTCACCACCTTCTT-5

AMPKo2 = adenosine 5' monophosphate-activated proteiski alpha 2; PGC-

la: peroxisome proliferator activated receptor gamooaactivator l-alpha =

NRF-1 = nuclear respiratory factor-1; Tfam = mitooHdrial transcription factor

A; GAPDH = glyceraldehyde-3-phosphate dehydrogenase
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Table 2.2 Optimised primer LightCycler® experimentd cycling conditions

Template Activation PCR Melt Cool
program program program program
AMPKa2 1 cycle: 35 cycles: 1 cycle: ramp 1 cycle:
95°C for 10 mins| 95°C for 5 sec | temperature - | 40°C for 30 seg
51°C for 15 sec | 65°C for 30 sec
72°C for 10 sec | (20°C/sec)
GAPDH 1 cycle: 40 cycles: 1 cycle: ramp 1 cycle:
95°C for 10 mins| 95°C for 5 sec | temperature - | 40°C for 30 seg
56°C for 15 sec | 65°C for 30 sec
72°C for 10 sec | (20°C/sec)
NRF-1, Tfam 1 cycle: 40 cycles: 1 cycle: ramp 1 cycle:
95°C for 10 mins| 95°C for 5 sec | temperature - | 40°C for 30 seg
52°C for 15 sec | 65°C for 30 sec
72°C for 10 sec | (20°C/sec)
PGC-1 1 cycle: 40 cycles: 1 cycle: ramp 1 cycle:
95°C for 10 mins| 95°C for 5 sec | temperature - | 40°C for 30 seg
55°C for 15 sec | 65°C for 30 sec
72°C for 10 sec | (20°C/sec)

AMPKa2 = adenosine 5' monophosphate-activated protaaskialpha 2; PGCeE

peroxisome proliferator activated receptor gammadiovator 1-alpha; NRF-1 = nuclear

respiratory factor-1; Tfam = mitochondrial trangtion factor A; GAPDH =

glyceraldehyde-3-phosphate dehydrogenase.
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The melt programs specified in Table 2.2 are th@r@pmate ramp rate temperatures as
opposed to the actual melting point temperaturekwvls a fixed temperaturll real-time
PCR runs were performed in duplicate, and eactiiozamixture was prepared using the
LightCycler FastStart DNA Masté?’® SYBR Green | kit (Roche) in a total volume of 20yl
12pl PCR-grade water, 1pl of each primer, forward @evers (primer final concentration
100pmol/ul), 4ul Master mix and 2pl cDNA templdtgure 2.3 represents an example of a
sigmoidal amplification curve obtained from GAPDFhe increase in fluorescence
amplification indicates the presence of DNA. If #amples had no DNA there would be no
curve. After each run a similar amplification cuw# be generated. Because SYBR Green
I dye is a non-specific fluorescent intercalatifigding dye it binds to double-stranded DNA
in a sequence-independent way. Therefore to emsurespecific PCR products are rule out
and only the specific products have been amplieechelting curve analysis was performed
after amplification (see Figure 2.4). Figure 2.4isexample of the melting curve generated
for GAPDH and shows a single melting curve whictejgresentative of a single species of
DNA molecule. Using, the LightCycler® Software viers4.1 (Roche Diagnostics,
Mannheim, Germany), analysis of the target trapt(PGC-&, NRF-1, Tfam and
AMPKa2) were relatively quantified. As the samples werrein duplicate, the target and
housekeeping/reference genes were amplified frenséime sample. Therefore, by
determining the ratio between the amounts of taggae and housekeeping gene (GAPDH),
for all the samples, gene expression levels coelddiculated (as explained in the software

user manual).
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Figure 2.3 Amplification curve generated for GAPDH using rdale PCR. The plotted
curve shows the increasing fluorescence for allgamples ran in duplicate for the target

gene. GAPDH = glyceraldehyde-3-phospate dehydragena
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Figure 2.4 Melting curve generated for GAPDH using real-tiP€@R. Single peak confirms
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glyceraldehyde-3-phosphate hydrogenase.
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2.2.8 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used assess the mitochondrial and
myofibrillar structural changes following treatmenith isoproterenol and metformin. The
1uM gold ribbon sections and the electron microgsagtudied were prepared in the
Microscopy and Microanalysis Unit, School of Anafoat Sciences, Faculty of Health

Sciences, University of the Witwatersrand, Johabues

2.2.8.1 Left ventricular tissue fixation

Thin rectangular sections taken from the left Vientar tissue of the Sprague-Dawley hearts;
were fixed in 2.5% gluteraldehyde and 2% parafodalglyde in 1X PBS (pH 7.3) for 1 hour.
The specimens were then cut into small 3 x 1 mmaecand left to fix for a further 2 hours.
Thereafter, the specimens were rinsed with PBS 7{8) twice for 30 minutes and were
stored in the fridge at°€. The PBS was then discarded and 398 pul 1% osnetnoxide
dissolved in PBS was pipetted into each specimaiavid left to stand for 1 hour to preserve
the specimen. The osmium tetroxide was then disdagahd the specimens were rinsed with

PBS for 1 hour and were then stored in PBS ovetnigh

2.2.8.2 Dehydration and embedding of samples

Samples were dehydrated by sequentially immershggmi at 15 minute intervals, in

increasing ethanol concentrations (50%, 70%, 8% &nd 100%). While dehydration with
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80% ethanol took place, the resin mix (Araldite o812, DDSA) (see Appendix A for

recipe) was made up and left to gently mix on aicaty rotating mixer.

After the dehydration process, the 100% ethanol masved and enough 100% propylene
oxide was added to completely immerse and infdtthe samples, for 20 minutes. The 100%
propylene oxide was discarded and more 100% propytxide was added for additional 20
minute incubation. Thereafter, the propylene oxides discarded and 2ml 50% propylene
oxide/50% resin was added to each sample and deftohe hour. The 50% propylene

oxide/50% resin was then discarded and resin nei& (scipe in Appendix A) was added and

left overnight.

On the day of embedding, 0.7g DMP30 hardening acatr was added to 269 of resin (see
Appendix A) and mixed on the rotating mixer for ameur. Thereafter, the overnight resin
was discarded and the samples were individuallggalanto a resin block mould. Using a
syringe, the resin with hardening accelerator waéded to each labeled specimen block to
embed overnight at room temperature. This was doeasure maximum infiltration of resin
into the specimens. 24 hours later, the resin nsowlere freed of air bubbles and baked in the
oven at 66C for 48 hours. Once baking was completed, tharelsicks were removed from

moulds and were ready for sectioning.

2.2.8.3 Sectioning of embedded resin blocks

Glass knives were made using a Knife Maker TypelA8QKB (Stockholm, Bromma,

Sweden). Candle wax and electrical tape were usadake up boats that were filled with
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water and used to collect the 1uM gold ribbons.WAtnamicrotome Ultracut (Riechert-Jung,
Austria) was used to cut sample-embedded resinkblacto ultrathin sections with a
silver/gold interference colour these are refeteds 1uM gold ribbons. Xylene vapour was

used to smooth out the ribbons before they weleaeld on the viewing grids.

2.2.8.4 Staining of grids

Beforehand, 0.05-0.1g of uranyl acetate was dissbim 100% methanol. To obtain a 1%
lead citrate solution, 0.25¢g lead citrate was dissbin 25ml distilled water and 1ml 4%
sodium hydroxide (NaOH). Both the uranyl acetatd krad citrate were centrifuged for 10
minutes at 3000 rpm. Three 50ml beakers contaib@% methanol were then prepared.
Parafilm was used to cover a glass petri-dish dliel fpaper was readily available. After
centrifugation, the uranyl acetate mixture was cegeavith foil due to light sensitivity. A few
drops of the uranyl acetate mixture were placedhenparafilm-covered petri-dish. Another
petri-dish was used to cover the drops and prewdalation of any uranyl acetate fumes. The
number of drops was dependent on the number of.g@dds were allowed to stain for three
minutes. Thereafter each grid was rinsed in theetfi0% ethanol beakers, by dipping each
grid ten times in each beaker, and allowed to drylD minutes on filter paper. New parafilm
was placed on the glass petri-dish. Once the gvele dry, a few drops of 1% lead citrate
were placed on the petri-dish and the grids weesnastained for three minutes. Thereafter,
the grids were rinsed by dipping each grid ten sinmeone beaker of 0.1M NaOH and ten
times in three beakers of distilled water. The grcere left to dry on filter paper before being

ready to view.
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2.2.8.5 Viewing gridswith TEM

The grids were viewed and four-to-six micrographey gample were taken at 5000x
magnification on 80keV using JEOL JEM-100S Transiois Electron Microscope (JEOL,

Japan). These were used in quantification to agsésshondrial structural changes. Using
AutoCAD 2007 software, the total area occupiedigyritochondria was determined relative

to the total area of the micrograph thus termeatined mitochondrial area.

2.3 Statistical Analysis

All statistical analysis was performed using GraghFPrism version 5.0 for Windows
(GraphPad Software, San Diego, California, USA) Vhlues are expressed as mean £ SEM.
A statistical comparison of variables between aadatand treatment groups were performed
using a one-way analysis of variance (ANOVA) withTakey post hoc test, comparing

differences between all the groups. A p-value <@v8%e considered significant.
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Chapter 3

Results
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3.1 Chronic administration of isoproterenol and metormin reduced final body mass and

the body mass gain.

Table 3.1 and Figure 3.1 shows the effect of cluroisioproterenol and metformin
administration on final body mass, the percentaggybmass gain, tibial length and heart
mass. No statistical significance was seen inniit@al body mass of the animals (Table 3.1).
However, seven months of daily isoproterenol andfomain administration significantly
decreased the final body mass in the ISO+MET grelen compared to the CONT (CONT,
680.75£17.84 vs. ISO+MET, 601.88+18.13; p=0.013%) ¢he MET (MET, 689.75+19.00
vs. ISO+MET, 601.88+18.13; p=0.0132) groups (Tahle Figure 3.1). Also, a significant
reduction in the percentage body mass gain wasnaisevithin the ISO+MET group when
compared to the CONT (CONT, 131.91+0.03 vs. ISO+MHEI5.07+6.27; p=0.0083) and the
MET (MET, 136.05+6.45 vs. ISO+MET, 105.07+6.27; p3@B3) groups (Table 3.1; Figure

3.1).

Following seven months of chronic isoproterenol ametformin administration, no statistical
differences were seen in the tibial length, heaassn left ventricular mass, heart mass-to-
tibial length ratio (HM/TL) and the left ventriculanass-to-tibial length ratio (LVM/TL)
(Table 3.1; Figure 3.1). However, when body mass agjusted for tibial length, as an index
of bone growth, there was a significant reductiorthe ISO+MET group when compared to
the CONT group (CONT, 141.80+£3.46 vs. ISO+MET, 8323.62; p=0.0044) (Table 3.1;

Figure 3.1)
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The chronic co-administrative drug effect of isdprenol and metformin decreased the final
body mass and the percentage body mass gain. Adjustr tibial length is an index of
growth as opposed to adjusting for body mass witicin index of body mass gain. Heart
mass and left ventricular mass were adjusted tal tilbngth to assess the presence of cardiac
hypertrophy. However, isoproterenol and metformimanistration did not alter heart mass
and left ventricular mass even when adjusted foaltiength thus there was no presence of
cardiac hypertrophy. Although body mass-to-tibighdth ratio was decreased in the
ISO+MET group, the co-administrative effect of isajerenol and metformin was as a result
of a decrease in body mass and not due to thet effdone growth thus the administration of

isoproterenol and metformin reduced body mass.
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Table 3.1 Chronic administration of isoproterenol and metior decreased the body mass

gain but did not alter the heart mass in rats.

CONT ISO MET ISO+MET
(n=12) (n=8) (n=12) (n=8)

Body mass initial (g) 293.67+2.39 296.88+3.14 2823845  293.632.98

Body mass final (g) 680.75+17.84644.88+19.93 689.75+19.00  601.88+1813
% Body mass gain 131.91+6.17 117.26+6.38136.05+6.45  105.07+6.27*
Tibial length (cm) 4.80+0.03  4.90+0.06 4.90:0.05  9040.08

HM (g) 1.45:0.05  1.48+0.04 1.38+0.04 1.34+0.04
LVM (g) 1.10+0.03  1.15+0.04 1.08+0.03 1.05+0.03
BM/TL (g/cm) 141.80+3.46 131.61#3.79  140.76+3.88 2B3+3.62%
HM/TL (g/cm) 30.21+0.93  30.23+0.84  28.1620.81 22BH6
LVM/TL (g/cm) 22.92+0.59  23.47+0.71  22.04%0.64 23+0.67

Measurements were obtained following seven monthdsaproterenol and metformin
administration. HM = heart mass, LVM = left ventdiar mass, BM/TL = body mass final
adjusted to tibial length. CONT = control group,0IS= isoproterenol group, MET =
metformin group, ISO+MET = isoproterenol+metforngnoup. Values are represented as
means+SEM and were analysed using one-way ANOVA Witkeypost hoc test. *p<0.05
versus CONT? p<0.05 versus MET.
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Figure 3.1 Chronic administration of isoproterenoland metformin decrease the body
mass gain as a result of drug interactionCONT = control, ISO = isoproterenol, MET =
metformin, ISO+MET = isoproterenol+metformin.. \abk are represented as meanszSEM
and were analysed using one-way ANOVA with Tukest hoc test.*p < 0.05 versus CONT,

¥p < 0.05 versus MET.
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3.2 Chronic co-administration of metformin reducedfasting plasma glucose.

Prior to termination, the animals were fasted omgrinfor 16 hours and fasting plasma
glucose and triglyceride levels were measured @a&bR). After seven months of daily
administration with isoproterenol and metformirgrégnwas a statistically significant decrease
in fasting plasma glucose in the ISO+MET group wloempared to the CONT group
(CONT, 4.15+0.19 vs. ISO+MET, 3.45+0.21; p=0.01569ing the one-way ANOVA with a
Tukey post hoc test (Table 3.2). However, on closspection using a one-way ANOVA
with a Dunnett post hoc test to compare the intgiga groups to the CONT group, a
significant decrease was seen in both the MET (COMTI5+0.19 vs. MET, 3.64+0.08;
p=0.0150) and ISO+MET (CONT, 4.15+0.19 vs. ISO+MEBT45+0.21; p=0.0150) groups
when compared to the CONT group. Seven months ihah isoproterenol and metformin
administration produced no statistical significaircériglyceride levels. The administration of
metformin alone showed no effect on fasting plaginaose. However, when metformin was
administered in conjunction with isoproterenol tifag plasma glucose was decreased and no

changes were seen in triglyceride levels.
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Table 3.z Chronic administration of isoproterenol decredseting plasma glucose when co-

administered with metformin

CONT ISO MET ISO+MET
(n=12) (n=8) (n=12) (n=8)
Fasting blood glucose 4.15+0.19 3.86+0.08 3.64+0.08 3.45+0.2F
(mmoll/l)
Triglycerides (mmol/l)  1.58+0.10 1.47+0.07 1.78+0.12 1.66+£0.09

Measurements were taken after seven months ofntesdit CONT = control, ISO =
isoproterenol, MET = metformin, ISO+MET = isopragol+metformin. Values are
represented as means+zSEM and were analysed ustagan ANOVA with Tukeypost hoc

test.* p<0.05 versus CONT.
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3.3 Metformin prevents isoproterenol-induced left ‘entricular dilatation and

dysfunction.

Figure 3.3.1 shows the indices that were useddesascardiac dimension and left ventricular
myocardial function. Following seven months of treant with isoproterenol and metformin,
the ISO group showed a significant increase in L\?E®hen compared the CONT (CONT,
7.92+0.19 vs. ISO, 8.76+0.21; p=0.0013), MET (MEM55+0.15 vs. ISO, 8.76+0.21;
p=0.0013) and ISO+MET (ISO+MET, 7.63+0.29 vs. 18X,6+0.21; p=0.0013) groups. For
the LVESD, there was a similar significant increas¢he ISO group when compared to the
CONT (CONT, 4.43+0.16 vs. I1SO, 5.49+0.16; p<0.00(MET (MET, 4.09+0.15 vs. 1SO,
5.49+0.16; p<0.0001) and ISO+MET (ISO+MET, 4.0480\%. ISO, 5.49+0.16; p<0.0001)
groups. There were no significant differences tbimLVED PWT amongst all the groups.
The ISO group showed significant reduction in LVE®/T when compared to the CONT
group (CONT, 3.10£0.05 vs. I1SO, 2.82+0.12; p=0.Q17herefore, in the 1ISO group there
was evidence of reduced LVEDD which resulted in poomised contractility and cardiac
dilatation. However, co-administration of metfornpnevents the left ventricular dilatation

and dysfunction.

Using the above indices and established formulaaldulated the endocardial fractional
shortening (F§¢ and the mid-wall fractional shortening (f§ to assess left ventricular
chamber function and myocardial function, respetyiFig 3.3.2). In the ISO group there
was a significant reduction in the 8when compared to the CONT (CONT, 44.21+1.19 vs.
ISO, 37.40+0.80; p=0.0001), MET (MET, 45.88+1.54 180, 37.40+0.80; p=0.0001) and

ISO+MET (ISO+MET, 47.28+£1.33 vs. ISO, 37.40+£0.880@0001) groups. There was also a
54



significant reduction in the kg in the ISO group when compared to the ISO+MET grou
(ISO+MET, 28.94+1.01 vs. I1SO, 23.45+0.97; p=0.0339)erefore isoproterenol induced left
ventricular dysfunction and the administration oétfarmin improved midwall fractional
shortening and improved left ventricular dilatatiand dysfunction when co-administered
with isoproterenol. Ejection fraction in the ISOogp was significantly reduced when
compared to the CONT (CONT, 44.2+1.19 vs. 1SO, G¥0480; p=0.0001), MET (MET,
45.88+1.54 vs. 1SO, 37.40+0.80; p=0.0001) and ISE¥MISO+MET, 47.28+1.33 vs. ISO,
37.40+0.80; p=0.0001) groups. The administration isdproterenol for seven months
impaired the ability of the heart to eject bloodnr the ventricles and due to the lowered

ejection fraction, showed evidence of heart failure
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Figure 3.3.1 Chronic administration of isoproterend induces left ventricular dilatation

and dysfunction. Echocardiographic measurements were taken, fallgwieven months of

treatment with isoproterenol and metformin, andduse assess the cardiac dimension.

LVEDD = left ventricular end-diastolic diameter, E®8D = left ventricular end-systolic

diameter, LVED PWT = left ventricular end-diastgliosterior wall thickness, LVES PWT =

left ventricular end-systolic posterior wall thidss. CONT = control, ISO = isoproterenaol,

MET = metformin, ISO+MET = isoproterenol+metformin. Values are represented as

means+SEM and were analysed using one-way ANOVA Witkeypost hoc test.*p < 0.05

versus CONT?p < 0.05 versus METp < 0.05 versus ISO+MET.

56



60- 40~ #
c_CB g ‘
o ~ T~
2 g < 304 —
c < 404 =<
e 2 g2
8 ol
_ A o] j
g S 201 z2
ow T 0 101
° =
w
L L} L G L L L
CONT 1ISO MET  ISO+MET CONT ISO MET  ISO+MET

n= 12 8 12 n= 12 8 12

#
60+ ‘
* $

X r —| ’7 i ——_
§ 401
3]
s
=
O 204
©
2,
w

C L) L) L)

CONT 1ISO MET ISO+MET
n= 12 8 12 8

Figure 3.3.2 Chronic metformin co-administration prevents isoproterenol-induced left
ventricular dilatation and pump dysfunction. Echocardiographic measurements were
taken, following seven months of treatment withpisderenol and metformin, and used to
assess the cardiac function. CONT = control, METmetformin, 1ISO = isoproterenal,
ISO+MET = isoproterenol+metformin. Values are ssmnted as meanszSEM and were
analysed using one-way ANOVA with Tukpgst hoc test.*p < 0.05 versus CON'?p <0.05

versus MET?p < 0.05 versus ISO+MET.
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3.4 Chronic administration of isoproterenol alters mitochondrial and myofibril

ultrastructure in the myocardium.

To determine whether mitochondrial derangement iwedy relative mitochondrial area was
calculated from the micrographs taken with thegnaission electron microscope (see figure
3.4.1 and 3.4.2). Observations made using therelechicrographs showed that the CONT
left ventricular cardiomyocytes had uniform intbrfilar spaces with linear mitochondrial
arrangement and Z-band formation (Fig 3.4.1A). Wher the ISO left ventricular
cardiomyocytes had curved arrangement of the ibtdlar spaces in which the
mitochondrial arrangement was irregular and thea@ebstructure was visually thinner (Fig
3.4.1B). Also, the mitochondrial size and shapeiharckased and become rounder in the ISO
sections (Fig 3.4.1B). The MET left ventricular da@amyocytes showed linear mitochondrial
arrangement of the interfibrillar spaces however rtitochondria were swollen (Fig 3.4.1C).
The ISO+MET left ventricular cardiomyocytes showeah irregular mitochondrial
arrangement. The mitochondria looked porous andstimuptured with what looked liked
cristae structures (Fig 3.4.1D). By visualisatioe were able to observe the differences
between the left ventricular ultrastructure of #agious groups. However, quantified analysis
of the relative mitochondrial area confirmed tharomic administration of isoproterenol
significantly reduced the relative mitochondriae@arwhen compared to the CONT group

(CONT, 37.66+2.19 vs. 1SO, 28.0622.85; p=0.05).
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Fig 3.4.1 Chronic administration of isoproterenol &ers mitochondrial and myofibril
arrangement. Representative electron micrographs of longitudsedtions (x5000) of left
ventricular tissue. A) Control; B) Isoproterenol, Ketformin, D) Isoproterenol+Metformin.
The arrow on A and C indicate linear arrangemenhefinterfibrillar space. The arrows on B

and D indicate dearrangment of the mitochondridoéninterfibrillar space.
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Figure 3.4.2 Chronic administration of isoproterend alters mitochondrial area and

arrangement in the myocardium. Micrographs obtained from transmission electron

microscopy were used to assess relative mitochandriea (urf) which determined the

presence of mitochondrial ultrastructure derangem@®NT = control, MET = metformin,

ISO = isoproterenol, ISO+MET = isoproterenol+metior. Values are represented as

meanstSEM and were analysed using one-way ANOVA Witkeypost hoc test.*p < 0.05

versus CONT.
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3.5 Impact of chronic isoproterenol and metformin a@ministration on metabolic

transcriptional gene regulation.

Figure 3.5 shows the effect of chronic isoprotetema metformin administration on genes
regulating myocardial metabolism. Chronic isopret@ and metformin administration
produced no statistically significant effect onnariptional gene regulation (Figure 3.5).
Therefore, after seven months of treatment witlpristerenol and metformin the activity of

the genes which regulate myocardial metabolism megdaunchanged.
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Figure 3.5 Impact of chronic isoproterenol and methrmin administration on metabolic
transcriptional gene regulation. Real-time PCR was used to assess transcript gene
expression following seven months of treatment wgthproterenol and metformin. CONT =
control, MET = metformin, ISO = isoproterenol, ISRET = isoproterenol+metformin.
Values are represented as meanstSEM and were edalgsng one-way ANOVA with

Tukeypost hoc test.
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Chapter 4

Discussion and Conclusion
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4.1 The Main Findings of the Study.

We have shown that seven months of chronic adrenetgnulation with isoproterenol
induces left ventricular dilatation and pump dysfion, as well as cardiac mitochondrial
architectural derangement in male Sprague-Dawley. r@urprisingly, following chronic
adrenergic stimulation with isoproterenol, we dat nbserve any changes in total heart and
left ventricular masses. Chronic administrationismproterenol did not have a significant
effect on body mass, bone growth, fasting plasnmdflucose and triglyceride levels.
Chronic isoproterenol administration induced mitmathrial and myofibril architecture
derangement. However, no significant changes weog/s in gene expression of metabolic
and mitochondrial transcripts such as AMBKPGC-L;, NRF-1 and Tfam. Chronic co-
administration of the metabolic modulator, metfarndecreased the final body mass, body
mass gain and fasting plasma blood glucose le@nic metformin administration did not
alter metabolic and mitochondrial transcripts iropioterenol-induced left ventricular
dilatation and pump dysfunctiorlowever, chronic co-administration of metforminyeated
chronic adrenergic-induced left ventricular diladatand pump dysfunction and retained

cardiac mitochondrial architectural arrangement.

4.2 The Effect of Pharmacological Interventions on BodyMass and Metabolic Profiles.

In this study a beta-adrenergic agonist, isopratreand a metabolic modulator, metformin,
were chronically administered to male Sprague-Dawdgs. After seven months of treatment,
the administration of isoproterenol and metformona did not change the final body mass of

the animals in these groups. However, the co-aditnation of metformin with isoproterenol
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reduced final body mass. The body mass gain remiainehanged in the groups that were
administered isoproterenol and metformin alone; dwer, the co-administration of
metformin with isoproterenol reduced body mass .gairrecent study which investigated
reverse chamber remodeling following adrenergiatgedl advanced cardiac dilatation and
pump dysfunction in Sprague-Dawley rats (Booyss#nal., 2012), reported that the
administration of isoproterenol for six months diok alter the body weight in this model of
heart failure. Another study investigating progress/entricular remodeling in response to
diffuse isoproterenol-induced myocardial necrosisrats at two, six and 16 weeks also
showed no changes in body weight (Teerlalal., 1994). The evidence presented by both
these studies is in agreement with our study it tthe administration of isoproterenol alone
does not affect growth. Our study is the first toestigate chronic administration of
metformin in conjunction with chronic adrenergicticed left ventricular dilatation and
pump dysfunction. However, a study has shown thatchronic (four months) administration
of metformin to non-diabetic insulin resistant alioheart failure patients results in weight
loss (Wonget al., 2012). Therefore, we can only speculate thatréioleiction in body mass
and body mass gain brought about by chronic co+aidimation of metformin in this model is

due to the weight loss effects of metformin, howduéure studies need to be done.

In the present study fasting blood glucose andytriggide levels were measured in chronic
adrenergic-induced left ventricular dilatation gngmp dysfunction. Although there was no
change in fasting blood glucose and triglycerideele chronic co-administration of

metformin reduced the fasting blood glucose andndidhave any impact on the triglyceride

levels. The development of cardiac hypertrophy thetcompanies isoproterenol
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administration is reported to reduce fatty aciddaxion and reduce GLUT4 uptake thus
reducing glycolysis (Heatheet al., 2009; Buggeret al., 2010). The administration of
metformin is known to activate AMPK which then protms glycolysis(Gundewaret al.,
2009; Turdiet al., 2010; Cittadinit al., 2011; Messaoudit al., 2011; Xieet al., 2011;Yinet
al., 2011; Wanget al., 2011). Although literature provides evidencet th@etformin has
glucose lowering properties, in cases such as thal&undewaet al., 2009). The present
study did not show any significant decrease inirfigsblood glucose when metformin was
administered alone. We speculate that the decrgadasting blood glucose seen when
metformin was co-administered with isoproterenotiiee to a synergistic effect of the two
drugs on glucose uptake hence lowering the cincigaglucose levels however future

investigation needs to be conducted.

4.3lsoproterenol-Induced LV Dilatation and Pump Dysfunction.

Increased activity of the sympathetic nervous systeinvolved in cardiac hypertrophy and
the development of heart failure (Triposkiadisl., 2009; Parati & Esler, 2012). Data from a
previous study has shown that an increase in pldsugds of catecholamines is associated
with the development of myocardial hypertrophy (har et al., 2001). Catecholamines are
known to directly increase the activity of the swtigetic nervous system through the
activation of beta-adrenoreceptors, which have Hewed to the development of cardiac
hypertrophy and heart failure (Taimet al., 2001). Acute hyperadrenergic stimulation
induces compensatory responses that assist inamainyg the homeostasis of the myocardium

whereas the long-term effects of hyperadrenergicusation has deleterious effects that lead
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to the progression of heart failure (Watson & Mag@p6; Triposkiadist al., 2009). Seven
day administration of isoproterenol at 4.2 mg/kg/dectivates the sympathetic nervous
system in rats and as a result heart rate, plasmgiatansin Il concentration and LV weight
are increased (Nagareb al., 1992). A study investigating two and seven dsaproterenol
administration have reported an increase in hede, reduced diastolic blood pressure, an
increase in both right and left ventricular weigatsl total collagen as well as an association
with persistent activation of circulatory renin-a&mtgnsin system (Leenest al., 2001). The
administration of low dose isoproterenol for threenths in rats led to the development of
left ventricular pump failure which was associateith left ventricular dilatation with the
presence of apoptosis and absence of intrinsic amgad systolic failure and necrosis
(Osadchii et al., 2007). Necrosis was evident in a study whichegtigated two week
isoproterenol administration (Teerlink al., 1994). All these studies have shown that
isoproterenol administration activates the sympatheervous system, and is involved in left
ventricular structural remodeling resulting in pudhysfunction and ultimately progressing to

heart failure.

Studies that have investigated adrenergic-indue@ediac hypertrophy or cardiac dilatation
and pump dysfunction using isoproterenol have @jisted heart weight or left ventricular
weight to body weight as an index of ventriculanoeleling (Grimmet al., 1998; Osadchigt
al., 2006; Osadchiet al., 2007; Osadchiet al., 2007; Kraloveet al., 2008; Galindaet al.,
2009; Mikusovaet al., 2009; Yin et al., 2011; Booysesh al., 2012). Studies investigating

pressure-overload-induced left ventricular hypgino(LVH) have also adjusted heart weight
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and left ventricular weight to body weight as ader of ventricular remodeling (Allaret al.,

1994; Dunret al., 2011).

In contrast, a study which investigated proteongmaedeling of mitochondrial oxidative
pathways in pressure overload-induced cardiac trgpdry in Sprague-Dawley rats for 20
weeks, adjusted heart weight to tibial length agmdex of cardiac hypertrophy (Buggetral .,
2010). Yin and colleagues (1982) have suggestadhbause of heart weight to body weight
ratios may be misleading indices to assess theedagr presence of hypertrophy because if
the intervention in a study alters the body weithfein an increase in heart weight to body
weight ratio would be as a result of a decreasdéady weight brought about by the
intervention and therefore would not be as accusaateadjusting for tibia length, which
reflects the relative lean body size throughoue.li€Consequently, a study investigating
transcriptional profiling in isoproterenol-inducezhrdiomyopathy in rats over 10 days
demonstrated the heart weight adjusted to tibiagtle was similar to the results found when
heart weight was adjusted to body weight (Galieida., 2009). In the present study the heart
weight and left ventricular (LV) weight was adjustior tibial length and both these indices

showed no change in the size of the heart whichdvoe indicative of cardiac remodeling.

Most studies investigating cardiac hypertrophy aedrt failure have demonstrated cardiac
remodeling as a result of changes in muscle massansd shape of the heart which ultimately
affects the overall function of the heart (Grinetral., 1998; Leenest al., 2001; Leongt al.,
2002; Kralovaet al., 2008; Mikusoveet al., 2009; Dunret al., 2011). A study investigating
the effects of isoproterenol-induced cardiac hypehy in Wistar rats reported an increase in

LV weight, LV weight/body weight ratio and increasm LV dimension (Mikusovat al.,
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2009). A study which involved 3-6 weeks of pressawrerload-induced hypertrophy, in mice,
reported a decline in body weight and increaseeirthweight (Dunret al., 2011). Another
study involving pressure overload-induced hypetisopin Sprague-Dawley rats also
confirmed increases in heart weight after eightkgd&eonget al., 2002). These studies were
all acute procedures and the increases in weigtnisuded to heart enlargement and LVH. In
acute studies looking at isoproterenol-induced ieartypertrophy, body weight was reduced
and heart weight was increased (Kral&val., 2008; Leenemt al., 2001 & Grimmet al.,
1998). A study by Allard and colleagues (1994)0régd no change in final body weight and
an increase in heart weight in Wistar-Kyoto ratghwpressure-overload induced cardiac
hypertrophy. From these studies it can be condutiat there is no association between

body weight and heart weight within the various eledegardless of the length of the study.

The impact of chronic isoproterenol administration neurotensin-induced myocardial
effects in rats was investigated for one month simaved no change in body weight but an
increase in heart weight to body weight ratio a#i a® an increase in left ventricular weight
to body weight ratio, therefore indicating the erese of cardiac hypertrophy (Osadchial .,
2007). Booysen and colleagues (2012) have alsorsimmachange in final body weight and
an increase in heart weight, left ventricular aigthtrventricular weights, when adjusted for
body weight, after six months of isoproterenol auistration. These studies are from our
laboratory and both demonstrate that body weighesdmot change with chronic
administration of isoproterenol and by adjustingaheweight to body weight; cardiac
hypertrophy can be assessed in the isoproterendéimof cardiac dilatation and pump

dysfunction. Although adjusting heart weight ort leéntricular weight to body weight is a
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common method for assessing left ventricular hypphy; this study showed no changes in
heart weight and left ventricular weight acrossgatiups therefore we cannot conclude that
adjusting for tibial length would be an inaccurateasure for left ventricular hypertrophy in

this model.

Not only does acute and chrofficadrenergic stimulation induce left ventricular bypophy
but various cardiac alterations which include myecgiegeneration, dilatation, apoptosis,
necrosis, fibrosis and collagen changes are akssept (Teerlinket al., 1994; Grimmet al.,
1998; Shizukudat al., 1998; Woodiwisst al., 2001; Osadchiét al., 2007; Galindcet al.,
2009). A study investigating transcriptional priof in isoproterenol-induced
cardiomyopathy compared to exercise-induced cardigpertrophy demonstrated that
following 10 days of isoproterenol administratiamiacrease in myocyte size, cardiomyocyte
number and fibrosis contributed to the maladaptiverease in heart size present in
pathological hypertrophy (Galindet al., 2009). Chronic activation of the sympathetic
nervous system via stimulation @fadrenergic receptors contributes to dysregulatbn
myocardial growth under pathological conditionsstipromoting myocardial apoptotic cell
death and necrotic tissue scarring (Teerkhkl., 1994; Taimoet al., 2001; Osadchit al.,

2007).

Cardiac enlargement was evident following the adstriation of 150 mg/kg of isoproterenol
in the development of cardiac hypertrophy and higioal examination revealed lesions
throughout the left and right ventricles with neaaracarring (Grimmet al., 1998). A study
done by Woodiwiss and colleagues (2001), has regdhat seven months of isoproterenol

administration and 20 weeks of pressure-overloagetisophy in Sprague-Dawley rats,
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reduces myocardial cross-linked collagen relatiwenbn-cross linked collagen and this
contributes to matrix disorganisation and LV diteta. These studies all show that with the
administration of isoproterenol, whether acute broanic, there are many contributing
mechanisms that can be linked to LV remodeling,hsas cellular apoptosis, necrosis,
collagen cross-linking and myocyte degeneratiothenheart. Also, it has been reported that
the generation of reactive oxygen species can taie effects on the myocardium of the
heart and result in dysfunctional mitochondria viaheontribute to impaired cardiac structure
and function that play a role in the developmenhedrt failure (Hill & Singal, 1996; Sawyer
& Colucci, 2000; Ideet al., 2001; Tsutsuiet al., 2006; Kim et al., 2008). A study
investigating pressure-overload-induced hypertrophyice for four weeks demonstrated an
increase in ROS production which was associatech wititochondrial damage and
dysfunction and was characterised by an increasdipid peroxidation, a decrease in
mitochondrial RNA transcripts and low electron spart complex enzyme activity (laéeal.,
2001). Most of the studies mentioned all link immpdi cardiac structure and function to

dysfunctional mitochondria and left ventricular i@heling.

In the present study, we did not investigate thpaich of apoptosis, necrosis and cardiac
contractility on left ventricular remodeling in thisoproterenol-model of heart failure.
However, future investigation of the mechanismsuligh which these variables act would be
helpful in understanding how myocardial change® tplace in the isoproterenol-model of
heart failure.  Nevertheless, using echocardiograpive assessed whether chronic
administration of isoproterenol for seven monthsuldoresult in changes in cardiac

dimension thus contributing to reduced functiontied heart. The present study shows that
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although there was no change in the heart sizeviollg seven months of treatment with low
dose isoproterenol, there was an increase in LVEDD LVESD and a decrease ingkS

resulting in cardiac dilatation and pump dysfunetioln our laboratory we have previously
shown that daily administration of low dose isoprenol for six months induces myocardial
apoptosis, cardiac dilatation (as indexed by iswdaLVEDD), pump dysfunction (as

indexed by decreased LV &g and decreased cardiac contractility (Booystead., 2012).

Although the models of heart failure induced innaali models vary, we were able to confirm
that isoproterenol administration for seven mon#wilts in chronic adrenergic-induced left
ventricular dilatation and pump dysfunction andstlg in agreement with previous studies
(Osadchiiet al., 2006; Osadchiet al., 2007; Booyseret al., 2012). Studies investigating
pressure overload-induced heart failure and voluwerload-induced heart failure in rats
following 20-21 weeks all confirmed an increasd WVEDD and LVESD and a reduction in
FSend (Nortoret al., 2002; Benest al., 2011; Buggeet al., 2012). Although the models of
heart failure presented by these studies were motsame, similarities exist in cardiac
functional changes regardless of the origin offthart failure. To further investigate how the
chronic adrenergic-induced heart failure modeledgdffrom various other animal models such
as volume and pressure overload-induced heart réailmitochondrial and myofibril
architecture was examined to see if the extent ashabe brought about by the failing
myocardium differs between models and if the ewigefound contributes to the changes in

the left ventricular function.
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4.4 Chronic Administration of Isoproterenol Disturbs Mitochondrial and Myofibril

Architectural Arrangement.

In our study, the quantitative analysis of the Mdntricular tissue confirmed that chronic
adrenergic stimulation, via the administration sdproterenol, decreased the area inhabited
by the mitochondria. Visual observation of the &l@t micrographs for the control group
demonstrated prominent Z-bands with linear arrareggrand uniform shaped mitochondria.
However, the group of animals administered isoperstel, demonstrated Z-band derangement
and smaller, irregular shaped mitochondria withaglp linear and curved arrangement. In a
seven day isoproterenol adrenergic-induced hygamrestudy, electron microscopy showed
changes in mitochondrial size and shape with shghofibril splitting, irregular z discs and
contracted sarcomeres, which ultimately led to ahitsmdrial architectural disorganisation

(Mikusovaet al., 2009).

In contrast, a study investigating pressure overioduced hypertrophy over a period of 20
weeks demonstrated cristae derangement and redust&k density in the failing heart, also
stereological quantification demonstrated reducémainondrial volume density (Bugget

al., 2010). Another pressure overload-induced hypphy study carried out for six weeks
demonstrated that in the presence of left venaicliypertrophy abnormalities of the
myocardium and derangement of myofibrils and Z-lsaexdst (Dunret al., 2011). According

to Dhalla and colleagues (1996), characteristicpressure overload-induced hypertrophy
include: a decline in myocardial function, thinnio§the left ventricular wall and changes
within the ultrastruture of the mitochondria. Ahese studies confirm that with pressure
overload-induced hypertrophy derangement of thechindria and myofibrils are present
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and may lead to the dysfunction which is preserthis model. On the other hand, a study
investigating volume-overload induced hypertrophy rats demonstrated no structural

abnormalities in the myofibrils and the mitochoadiBenest al., 2011).

Even though, the evidence to support cardiac diketaand pump dysfunction in chronic
adrenergic-, pressure overload- and volume overfioddced models are similar, the
mechanisms involved in the development of thesetional changes are not the same. This
can be confirmed by the lack of change in mitochiahcaind myofibril architecture in the
volume overload-induced model compared to the pressverload and isoproterenol models.
Excessive generation of reactive oxygen speciegtismental to the functional integrity of
the myocardium (Idet al., 1999). Perhaps the presence of reactive oxypecies generation

in this model of heart failure would result in degament in the mitochondrial and myofibril
architecture. The mechanisms involved in the olegkfunctional changes seem to be specific
to the individual animal models of heart failurevestigated and whether the presence of
reactive oxygen species in the models cause changdse mitochondrial and myofibril
ultrastructure are unknown. Therefore in futuredss reactive oxygen species levels should
be monitored and overall cardiac function and ttteia metabolic transcriptional role of the

mitochondria should be assessed to assist in diff@ting between the models.

4.5Metformin Prevents Isoproterenol-Induced LV Dilatation and Pump Dysfunction.

The present study is the first to provide cleaderce that the administration of metformin
provides cardioprotection by preventing LV dilatatiand dysfunction in chronic adrenergic

isoproterenol-induced heart failure by reducing IDIE and LVESD and increasing &g
74



However, a study which investigated the acute &ffe€ metformin on isoproterenol-induced
cardiac hypertrophy over a one week period wasfitisé of its kind to report that co-
administration of metformin reduces heart weigld it ventricular posterior wall thickness
and therefore partially inhibits isoproterenol-iedd cardiac hypertrophy (Cleaal., 2010).
Unlike the present study where the effects of cierametformin administration were observed
in chronic adrenergic-induced heart failure, pregiostudies have focused on the
cardioprotective effects of metformin on the acatienergic model and volume-overload-
induced cardiac hypertrophy (Gundevetial., 2009; Benest al., 2012). With one study to
date, that observed the effects of metformin irdigar dilatation and pump dysfunction over

12 months in a pressure-overload model of hedur&a(Cittadiniet al., 2011).

Clinically, metformin is prescribed as an anti-ditib drug and the cardioprotective properties
are attributed to its ability to lower blood glueo&irpichnikovet al., 2002; Messaoud al.,
2011). A pre-clinical study involving chronic metfoin administration, for 12 months, to
spontaneously hypertensive rats shows evidencentbbrmin prevents LV remodeling by
reducing LV dilatation and wall stress and improwstolic and diastolic function by
restoring myocardial contractile reserves and mrghahefficiency (Cittadiniet al., 2011).
The study by Cittadini and colleagues (2011) wasfittst of its kind to investigate the effects
of metformin in an animal model of pressure ovetloaduced heart failure over a 12 month
period. Another study (Yiet al., 2012) observing chronic administration of metior for 12
weeks, in a non-diabetic rat model of post myoedidiarction, demonstrated that metformin
exerts cardioprotective effects on LV remodeling @ reduction in necrosis and apoptosis

which results in a decrease in the myocardial saseyell as a reduced LV dilatation and
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dysfunction as a result of reduced left intraventiar septum diastolic and systolic diameters.
Furthermore another study investigating the effeictmetformin administration, for four
weeks, in an animal model of pressure-overloadyrted a reduction in LVEDD and LVESD
which is evidence of reduced dilatation in the hdsvang et al., 2011). Another study
investigating the effects of four week administatiof metformin in pressure-overload-
induced hypertrophy reported a 47% overall surwagd in mice as well as a 28% significant
improvement in LVEDD and LVESD therefore improvicgrdiac remodeling and function
during (Gundewast al., 2009). These studies all demonstrate that inetsodf pressure
overload-induced hypertrophy, metformin has cardpotective properties against LV

remodeling

In contrast, a study which investigated the eftdatnetformin administered for 21 weeks on
cardiac function in a volume-overload model of hyymphy, in rats, reported that metformin
did not improve systolic or diastolic pressures dad metformin improve LVEDD and
LVESD (Beneset al., 2011). Therefore, studies which have focusedthen effects of
metformin on pressure-overload-induced hypertro@md cardiac dilatation and pump
dysfunction are in agreement that metformin exeesliac protective effects against LV
remodeling (Cittadinet al., 2011; Wang et al., 2011; Yatal., 2011) compared to the lack of
cardioprotective effects of metformin in the volumesrload model of hypertrophy (Benets

al., 2011).

The acute adrenergic stimulation model of cardigmehtrophy used a 150 mg/kg/day dose of
metformin (Cha et al., 2010) and studies investigapressure-overload induced hypertrophy

or heart failure and the effects of metformin udedes of 125 pg/kg/day, 100 mg/kg/day and
76



250 mg/kg/day of metformin (Gundewetral., 2009; Cittadingt al., 2011; Wangt al., 2011,
Yin et al., 2011). All these studies showed that regardbédbe dose used, LV remodeling
can be prevented in acute adrenergic stimulati@ehpaessure-overload-induced hypertrophy
and heart failure. Whereas a study investigating éfffects of 300 mg/kg/day dose of
metformin on volume-overload-induced heart faillezks cardioprotection against LV
remodeling (Benest al., 2011). In contrast, we have shown that whenGar8g/kg/day dose
of metformin is administered, LV dilatation and puehysfunction are prevented in a chronic
adrenergic isoproterenol-induced model of heaturfai Therefore, the effects of metformin
are dependent on the type of heart failure modekgnt and regardless of the dose of
metformin administered, whether in pressure-overl@a chronic adrenergic stimulation
models, cardioprotection is exerted against LVtdtlan and pump dysfunction. This raises
the question as to whether chronic administratibmetformin will induce metabolic and
mitochondrial architectural changes in the chraadcenergic model of heart failure and if

these changes are model dependent.

4.6 Metformin Retains Mitochondrial and Myofibril Archi tecture Arrangement.

Until recently little was known about the effectsneetformin on mitochondrial ultrastructure
in animal models of heart failure, using electrransmission microscopy. The present study
is the first to observe the effects of chronic metfin administration on mitochondrial and
myofibrillar architecture in chronic adrenergic-utwdd cardiac dilatation and pump
dysfunction. Statistically, no changes were seenth@ mitochondrial and myofibrillar

architecture when metformin was chronically adnmerisd in conjunction with the
77



isoproterenol-induced model of heart failure. Hoerevthrough visual observation,

mitochondrial arrangement remained linear but thikochondria appeared porous and
ruptured with cristae evident. With chronic admirason of metformin alone, visual

observations showed mitochondria which were rouadelr fuller in shape, whilst possessing
a linear arrangement. Statistically, there waswidemce to support overall mitochondrial and
myofibril ultrastructure change in metformin trech@nimals. A study investigating the effects
of chronic metformin administration in rats with lume-overload-induced hypertrophy
reported no statistical differences in mitochondunirastructure morphology, however, visual
observation of the electron micrograph represertirgygroup showed a variety of round and

irregular shaped mitochondria (Beretsl., 2011).

A study which investigated the positive effectsntdtformin on cardiomyopathy induced by
anthracycline antibiotic, doxorubicin, demonstratedt mitochondrial ultrastrutural changes
are dependent on the dose of metformin administéfethour et al., 2012). The study
demonstrated that a 50mg/kg dose of metformin adteied in doxorubicin-induced
cardiomyopathy brought about a loss of myofibriishwevidence of mitochondrial size and
shape variation, whereas the administration of 5§)Rgrdose of metformin showed normal
mitochondrial size and shape and normal cristaangement. Briefly, doxorubicin is
administered to patients with breast cancer, cbibdhsolid tumours, soft tissue sarcomas and
aggressive lymphomas (Mino#t al., 2004). However, clinically the administration this
anti-cancer drug causes cardiotoxicity which ultieha leads to chronic cardiomyopathies
and congestive heart failure (Minodtial., 2004). According to the study done by Ashour and
colleagues (2012), metformin administration in cogtion with doxorubicin-induced
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cardiomyopathy demonstrated antioxidant activitynaécated by the reduction in glutathione
levels. A study has also found that metformin imsibmitochondrial respiration in

hepatocytes via the indirect effect targeted onréspiratory chain complex I; however, the
exact mechanism was speculated to act via a comggmaling pathway that interacts

between the drug and a membrane receptor (EENir., 2000).

If metformin does possess both antioxidant properéis well as the ability to inhibit cellular
respiration at the level of the respiratory chaimmplex I, then perhaps the lack of
mitochondrial and myofibril architecture changeghe present study could be characteristic
of these cardioprotective findings. However, td tes hypothesis, future studies would have
to be carried out to investigate the impact of oratin on cellular respiration and oxidative
stress in chronic-adrenergic-induced left ventaculilatation and pump dysfunction. Perhaps
the regulation of metabolic transcription genes |doassist in understanding why the
mitochondrial and myofibril architecture remainshanged when metformin is administered

in conjunction with this model.

4.7 Metabolic transcriptional gene regulation remains imchanged.

Data from the present study shows that metabdaitstiriptional gene regulation is not altered
when chronic adrenergic stimulation with isoproteleinduces cardiac dilatation and pump
dysfunction, as well as mitochondrial and myofiludirastructure derangement. Animal and
human studies have shown that a decrease in myakdadty acid oxidation is an

independent predictor of pathological hypertroplde (las Fuentesst al., 2003). In
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pathological hypertrophy, energy metabolized byhkart is sourced from glycolysis rather
than from fatty acid oxidation and if glycolysispsolonged, such as the case in heart failure,
this leads to mitochondrial dysregulation (Leosigal., 2002; Taegtmeyer, 2004). A study
demonstrated that in a rat model of pressure-oadrto/pertrophy there were lower rates of
fatty acid oxidation and higher rates of glycolysadter an eight week period, therefore
glucose oxidation was more energy efficient thatyfacid oxidation (Allardet al., 1994).
Van Bilsen and colleagues (2009) have highlightest the lack of oxygen or defects in
mitochondrial substrate oxidation are responsibleiiadequate ATP generation. All these
studies show that cardiac stress remodels metabadisd leads to mitochondrial ATP
deficiency and therefore mitochondrial dysfunctibmthe pressure-overload model of LVH,
glycolysis was markedly decreased at the six weaK<mafter heart failure was established,
and the increase in glycolysis in the LVH stage wharacterised as adaptive metabolic
remodeling (Dunret al., 2011). Another study demonstrated that duringpdgensated heart
failure, a change in substrate utilisation takex@lin which fatty acid uptake is reduced and
glucose utilisation increases (Reccld@aal., 1998). In contrast, a study has shown that
myocardial fatty acid oxidation is not altered irodserate severity ischemic induced-heart
failure in dogs (Chandleat al., 2004). Although speculation exists as to whegtgcolysis
continues throughout heart failure, the exact meignas involved in metabolic remodeling in

heart failure remain unknown.

Activation of the sympathetic nervous system ang phesence of contractile dysfunction
have been reported to be involved in the alteratbbnmetabolism during heart failure

(Ashrafianet al., 2007). Although glycolysis is present in patgtal hypertrophy, which is
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present in the development of heart failure, défees in metabolic remodeling exist in the
various animal models. Studies have shown evidéacsupport that gene expression is
associated with metabolic and structural remodelingrefore; transcriptional regulation
should be assessed during the transition of hyg#rir to heart failure (Taimaat al., 2001,
Kato et al., 2010). Perhaps metabolic alteration through syhgdic nervous system
activation also plays a role in regulating transmonal genes. However, future studies
investigating the impact of sympathetic nervoustesys stimulation on the markers of
metabolic regulation and the expression of trapsional genes and protein would need to be

done in this model.

AMPK is a key regulator of energy metabolism andigs have investigated the activity of
AMPK in various models of cardiac hypertrophy (Adleet al., 2007; Zarrinpashneé al.,
2008). In pressure-overload hypertrophy elevatédigcof AMPK indicates involvement in
the alteration of glucose metabolism (Allaadal., 2007). A study demonstrated that seven
days of isoproterenol treatment induces hypertrogany there is no evidence to support an
increase in AMPK activity. Therefore it has beeggested that the activation of AMPK seen
during the hypertrophic response is more of an gametabolic response (Zarrinpashmeeh
al., 2008). Although our study was in agreement Wl of Zarrinpashneh and colleagues
(2008), and there was no evidence to support arase in AMPK, expression in chronic
adrenergic-induced cardiac dilatation and pump whsion, perhaps AMPI activity and
expression was increased at a much earlier timet.pStudies have also shown that the
activation of AMPKky, in the heart is important to attenuate the devekg of cardiac

hypertrophy (Zarrinpashnetdt al., 2006; Liet al., 2007). The activity of AMPK seems to be
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model dependent and AMRK expression is not seen in both acute and chrairenargic
models of hypertrophy and heart failure. Therefinis does not rule out the occurrence of

metabolic adaptation in this model as future ssideed to be carried out.

AMPK is the metabolic modulator that regulates A&¥els in the myocardium by increasing
either glucose or fatty acid metabolism to meetciiés energy demand (Dyck & Lopaschuk,
2006). A study investigating the Dahl salt-sensitmodel of heart failure for 6 weeks,
reported a decrease in fatty acid uptake, an isergaglucose uptake, an increase in reactive
oxygen species production and a decrease in expmesd genes regulating fatty acid
oxidation such as PGCxland NRF-1 (Katat al., 2010). In pressure-overload-induced heart
failure, a reduction in PGCelsignaling has been reported to negatively imgeetactivity of
the electron transport chain (Buggeral., 2010). PGC-1 is the mediator that regulates the
mitochondrial biogenesis cascade thereby increasiitgchondrial oxidative capacity, thus
regulating cardiac fuel selection and ATP-produatagacity (Huss & Kelly, 2005). PGGrl
also induces mRNA for NRF-1 which is a regulatoftdm (Wuet al., 1999). Another study
has confirmed that Tfam regulates mitochondrial DEdpy number and is essential for
mitochondrial biogenesis (Larssenal., 1998). In summary, PGGxIlco-activates the genes
involved in mitochondrial biogenesis and in doimgirsduces the activity of NRF-1 which in
turn has a dual role in activating mitochondriadpieation and Tfam which regulates the

production of new mitochondria.

A study has shown that in the failing heart anease in the generation of reactive oxygen
species occurs and mitochondrial damage and dysfancan be characterised by a decrease

in mtDNA and reduced activity in electron transpadrain complex | (Idet al., 1999 & Ideet
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al., 2001). An increase in mitochondrial oxidativeess leading to a reduction in the quantity
of mitochondria has been reported to reduce mitodhal biogenesis during heart failure
(Renet al., 2010). Not only does the regulation of mitocthaal and transcriptional genes
play a role in metabolic remodeling but gene exgoesis impacted by the presence of
reactive oxygen species therefore the overall gishand function of the mitochondria are at
risk. The present study showed no changes in trigtisnal gene expression levels for
AMPKay, PGC-Ii, NRF-1 and Tfam after seven monthspedidrenergic receptor activation
with isoproterenol. A study investigating ac@tadrenergic stimulation in young adult males
reported no changes in mitochondrial protein syithand in mMRNA gene expression for
PGC-Xi, Tfam and NRF-1 which are involved in mitochontlhagenesis in skeletal muscle
(Robinsonet al., 2010). Their study (Robinsoet al., 2010) demonstrated no changes in
MRNA expression of PGCe]l Tfam and NRF-1 in human men when administered
isoproterenol for one hour. However, when using timethod it was emphasised that the
protein content and activity of the transcripti@ctbrs is unknown and therefore serves as a

limitation (Robinsoret al., 2011; Wong & Medrano, 2005).

In contrast, the present study investigated mitadnal cDNA gene expression of AMRK
PGC-Xi, NRF-1 and Tfam following seven months of chroisicproterenol administration
and found no changes in gene regulation that coudiicate mitochondrial biogenesis.
Although we did not detect changes in gene expasghe method which was used is
reproducible and widely used (Wong & Medrano, 200®wever we cannot rule out the
possibility that metabolic gene regulation may hdeen altered at some point in the
experiment. Future studies could assist in undedgtg what happens to the transcription
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factors as well as help identify the deleteriouskaes that are indicative of reactive oxygen

species in the chronic isoproterenol model of @ardilatation and pump dysfunction.

A study using a pharmacological AMPK activator, AlR demonstrated that increasing
AMPKa; attenuates pressure overload-induced hypertroftey Aweeks in Sprague Dawley
rats (Liet al., 2007). In the present study, chronic adminigirabf metformin alone did not
alter the expression of AMRE, PGC-Li, NRF-1 or Tfam. However, the administration of
metformin is known to activate AMPK and studies énaonfirmed cardioprotective effects
(Gundewaret al., 2009; Turdiet al., 2010; Cittadiniet al., 2011; Messaoudt al., 2011; Xie

etal., 2011;Yinet al., 2011; Wangt al., 2011).

The administration of metformin for 4 weeks pronsoéa increase in AMPdg and PGC-i

in hypertrophy thus improving mitochondrial resfia and preventing mitochondrial
dysfunction thus displaying cardioprotection (Gundeet al., 2009). A study investigating
the effects of metformin on cardiac function andvsw@l in volume-overload induced
hypertrophy reported that long term administradmetformin in this model, had no effect
on AMPK activation and did not improve cardiac ftioo (Bene<t al., 2011). In a rat model
of chronic heart failure, it has been reported timatformin prevents the progression of
chronic heart failure with an increase in AMPK pplosrylation (Wanget al., 2011).
Although the present study showed no expressionggsafor AMPKi,, PGC-1i, NRF-1 and
Tfam, when metformin was administered alone or dvaistered with isoproterenol, in a
future study protein expression should be investijdo assess the phosphorylation of the

genes.
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Previous studies have shown that the effects ofommein are dependent on the type of model
investigated (Gundewaat al., 2009; Benest al., 2011; Yinet al., 2011; Wanget al., 2011;
Cittadiniet al., 2012).A study investigating the effects of long-term roetfiin administration
on the cardiac function and survival in a volumetead model of heart failure reported no
changes in myocardial AMPK, ATP content, mitochaaldiunction or morphology as well as
no change in cardiac performance (Beetest., 2011). Another study investigating the effects
of metformin on isoproterenol-induced cardiac hyqoghy also reported no changes in
AMPK activity (Cha et al., 2010). In the present study chronic co-admiaigin of
metformin with isoproterenol improved cardiac fuaotand prevented cardiac dilatation and
pump dysfunction as well as maintained mitochonama myofibril architecture however
metabolic and transcriptional gene expression vedsaltiered and perhaps in this model of
heart failure mitochondrial biogenesis does notuocghis study does confirm that chronic
administration of the metabolic modulator, metfarmn chronic adrenergic stimulation does
prevent left ventricular dilatation and pump dysftion induced by isoproterenol

administration.

4.8 Limitations and Future Studies.

When observing the metabolic gene transcript reigmain the present study, we see large
variations between the groups. These variation&lgoossibly be corrected by increasing the
sample size of each group whilst remaining withiimaal boundaries of using as few animals
as is reasonable possible. The duration of tredtmeministered to the animals was seven

months; therefore it is possible that changes megexpression could have occurred earlier in
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the time course. Although the animals were fastddurs prior to measuring fasting blood
glucose and triglycerides all the animals couldbeterminated all at once as the lab only has
one qualified echocardiographer and the heartsdé&eé harvested fresh for gene expression
and transmission electron microscopy. Moreover, diose of anesthetic was calculated
according to the average body mass of the anin@i®ver some animals took longer to be
anaesthetised thus the dose of anaesthetic amtdithtton that the animals were anaesthetised

for could have also contributed to the variatiomietabolic gene transcript expression.

To assist in determining the efficiency of the raitondria, mitochondrial functional studies
were required. We used two kits namely, mitochaldisolation kit and cytochrome c
oxidase kit, to assist us in observing the mitochiah function. Although we followed the

manufacturer’s manual, we were unable to obtairodible data using these kits.

With regards to mitochondrial and myofibril arclaitiere architecture, more experience was
needed when preparing the glass knives and cutéeop block sections as scoring was
evident in some of the micrographs and these imdgebs to be eliminated from the

mitochondrial counting procedure.

With these limitations in mind, we propose fututedses be done in which the investigation
of metabolic changes and hemodynamic changes sheuttbne separately thus eliminating
any damage to the tissue that would be broughttdiyohemodynamic measurements as well
as the effect of anaesthetic. With regards to rhibadrial function and reactive oxygen

species, both the mitochondrial isolation kit ahé tytochrome c oxidase kit should be
optimised further otherwise alternate biochemisaldtion protocols should be considered.

Moreover, an acute study lookingiatvivo andex vivo adrenergic models should be carried
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out in order to identify and understand the charthas occur in metabolic gene transcript

expression when metformin and isoproterenol aradroinistered.

4.9 Conclusion

In this study we confirmed that low dose admintsbra of isoproterenol for seven months
results in cardiac dilatation and pump dysfuncti@ur findings suggest that the co-
administration of metformin prevents cardiac dii@@a and pump dysfunction that is seen in
the isoproterenol model of heart failure. Chrondmanistration of isoproterenol altered
mitochondrial and myofibril ultrastructure, howeyeco-administration of metformin

prevented these changes. The data presented stubigare novel in showing that metformin
provides cardiac protection in chronic adrenergmdel of heart failure and although this
study has not been able to identify the precisbvpays involved in functional and metabolic
remodeling, it serves as a platform for future stigation. Many animal models of heart
failure have shown the cardiac protective qualitésmetformin therefore clinically the

administration of metformin should be considereddfigial in all patients with heart failure.
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APPENDIX A

Recipe for 10 X PBS — 1 Litre

Dissolve 80g NaCl, 2g KClI, 26.8g blPO, — 7HO and 2.4g KHPQ, in 800m distilled HO

Adjust to pH 7.3 with HCI

Adjust volume to 1L with distilled kD

(To make up 1L 1 X PBS: add 100ml 10 X PBS to 90@istilled HO)

Recipe for resin mix:

5.62g Araldite

7.75g Epon 812

159 DDSA

Mix well on rotating mixer

For use add accelerator

Add 0.71g DMP 30 (1:40)

89



APPENDIX B

AESC 3
UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
STRICTLY CONFIDENTIAL
ANIMAL ETHICS SCREENING COMMITTEE (AESC)
CLEARANCE CERTIFICATE NO. 2010/27/04
APPLICANT: Ms V Peterson
SCHOOL.: Physiology
DEPARTMENT:
LOCATION:
PROJECT TITLE: Metformin, a metabolic modulator, corrects metabolic dysregulation and restores

mitochondrial integrity in isoproterenol-induced left ventricular hypertrophy in Sprague Dawley rats

Number and Species

45 Sprague Dawley rats

Approval was given for the use of animals for the project described above at an AESC meeting
held on 04.05.2010. This approval remains valid until 04.05.2012

The use of these animals is subject to AESC guidelines for the use and care of animals, is limited
to the procedures described in the application form and to the following additional conditions:

Saline needs to be given for 2 weeks prior to starting the isoproterenol injections to
habituate rats to the animal handling and the procedure.
The volume of the saline and isoproterenol injections should be 0.1 mls per injection.

— Date: %_’\ f Q?. i 20 \ \_\

Signed:
| " (Chairperson, AESC)

| am satisfied that the persons listed in this application are competent to perform the procedures
therein, in terms of Section 23 (1) (c) of the Veterinary and Para-Veterinary Professions Act (19 of
1982)

Signed: M{MA// Date: 3 ! /O .Y /ZOIO

/ (Registered Veterinarian)

cc: Supervisor:
Director: CAS

Works 2000/1ain0015/AESCCert.wps
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