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Abstract

The cause of cardiac pathology in a significant number of patients with heart failure is
unclear. Although chronic inflammatory changes may contribute toward progressive heart
failure, whether low-grade chronic systemic inflammation, produced by infective processes or
obesity accounts in-part for the development of cardiac dysfunction and heart failure requires
further study. In this regard, although lipopolysaccharide (LPS) administration, an inflammatory
mediator derived from the walls of gram negative organisms has been shown to produce an
increased cardiomyocyte apoptosis, the lowest dose of LPS previously employed is
commensurate with doses that produce vascular shock. Hence this does not reflect the impact
of inflammatory changes produced by low-grade systemic infections. Moreover, although
inflammatory substances have been shown to be released from adipose tissue and obesity is a
cause of cardiac dysfunction and heart failure, it is uncertain to what extent inflammatory
changes mediate obesity-induced myocardial dysfunction. To clarify the role of LPS and
obesity-induced inflammation as potential causes of cardiac damage and dysfunction, in the
present dissertation | therefore evaluated the influence of pyrogenic, but non-septic doses of
LPS on cardiomyocyte apoptosis and cardiac systolic function in rats and the contribution of
inflammation as indexed by circulating high sensitivity C-reactive protein concentrations (hs-
CRP) to the relationship between obesity and myocardial systolic function in humans.

In normal rats, core body temperature (surgically implanted [in the peritoneal cavity],
temperature-sensitive radiotransmitters), cardiomyocyte apoptosis (Terminal Deoxynucleotidyl
Transferase Mediated dUTP Nick End Labeling [TUNEL]) staining) and left ventricular (LV)
systolic function (two-dimensional directed M-mode echocardiography) were evaluated following
two doses of LPS (250 ug/kg), derived from Eschericia coli, delivered 24 hours apart. Cardiac
assessments were performed 6 hours after the second LPS dose to ensure that cardiac
measurements were obtained at the time of a febrile response, whilst the first LPS dose was

employed to ensure that a sufficiently long period had occurred for apoptotic cell death to be



detected using a TUNEL system. In this study LPS was able to induce a febrile response
(p<0.05, n=26, compared to normal circadian rhythm), yet failed to produce an increased
cardiomyocyte apoptosis or decreased LV systolic chamber (LV endocardial fractional
shortening-FSend) or myocardial (LV midwall fractional shortening-FSmid) function.

In 292 randomly selected participants from an urban, developing community not
receiving antihypertensive therapy, | also assessed the independent relationship between
indices of obesity or hs-CRP and LV FSend and FSmid. In this study indices of adiposity
including waist circumference (partial r=0.35, p<0.0001) were independently related to log hs-
CRP. Furthermore, waist circumference was independently and inversely associated with
FSmid (standardized B-coefficient= -0.19+£0.07, p<0.01), but not with FSend. Although log hs-
CRP was associated with FSmid on bivariate analysis, no independent relationship between
these variables was noted (p=0.21). Furthermore, with the inclusion of both waist circumference
and log hs-CRP in the same regression model, waist circumference remained independently
associated with FSmid (standardized 3-coefficient= -0.18+0.08, p<0.05).

In conclusion, the results of the present dissertation do not support a role for pyrogenic,
but non-septic doses of LPS in mediating cardiomyocyte apoptosis or dysfunction or a role for
low grade inflammation, as indexed by hs-CRP concentrations in mediating obesity-induced

myocardial systolic dysfunction.
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Preface

The impetus for the work described in the present dissertation was driven by the need to
adequately address the potential role of low grade systemic inflammation in contributing toward
the development as opposed to the progression of heart failure, particularly in a country such as
South Africa. In this regard, there is no question that heart failure produces low-grade systemic
inflammation, and that this could contribute toward progressive heart failure. However, there is
little evidence to suggest that low-grade inflammation may cause the development of heart
failure. In South Africa, a considerable proportion of patients with chronic heart failure develop
cardiomyopathies of unknown origins (idiopathic dilated cardiomyopathy). Whether this has a
genetic, environmental or combined basis as a cause of the disease is uncertain. South Africa is
also a country where infectious diseases, often chronic infections, play a considerable role in
morbidity and mortality. Furthermore, there is presently an epidemic of obesity in South Africa
and obesity is a source of chronic inflammation. It is therefore not unreasonable to hypothesise
that obesity or chronic low-grade systemic infections could contribute toward the development of
cardiac dysfunction and ultimately heart failure. However, there are outstanding issues with
respect to the role of low-grade inflammation produced by infectious diseases and obesity in the
development of cardiac dysfunction and heart failure.

In the present dissertation | undertook two studies which were designed to answer basic
guestions. The first question was whether low-grade inflammation produced by components of
infective agents could promote cardiomyocyte apoptosis, an important pathophysiological
process that mediates heart failure. In this regard, previous studies had demonstrated that this
effect could occur, but only used doses of the component of infective agents that is now
recognized as producing septic (vascular) shock. In the present dissertation | therefore
evaluated this hypothesis with a pyrogenic, but non-septic dose. Obviously in this study |
assessed this hypothesis in animal models where cardiac tissue is readily available. | also

evaluated whether inflammation, as indexed by circulating concentrations of an inflammatory
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substance could account for the relationship that exists between obesity and cardiac systolic
dysfunction. In this study | employed a randomly selected community sample with a high
prevalence of obesity-associated increases in circulating concentrations of inflammatory
markers. This study was conducted largely because no previous studies had assessed whether
circulating markers of inflammation could in-part account for the relationship between indices of
obesity and cardiac function.

The dissertation begins with a review chapter which highlights the current understanding
and controversies in the field and leads the reader through a series of arguments in support of
conducting the studies described in the present dissertation. The first chapter ends with a
summary of the problem statements and the aims of the dissertation. Chapter 2 outlines the
methodology employed, chapter 3 describes the results and chapter 4 summarizes the results
and underscores the novelty of the findings by placing the studies in the context of our present
understanding of the field, indicating how the work of the dissertation extends our knowledge
within the field. Moreover, this chapter highlights the implications of the findings and the
limitations of the studies performed, providing suggestions as to the way forward. The work
presented in this dissertation will be prepared for publication, once sample sizes are sufficient to

improve statistical power and once further long-term studies have been completed.



Chapter 1

Introduction

Inflammation as a potential pathophysiological mechanism

responsible for chronic myocardial damage or dysfunction.



1.0 Introduction

Heart failure is a condition that contributes to a substantial proportion of morbidity and
mortality. Indeed, from the time of diagnosis, survival rates are comparable to those of
malignancies with the worst possible outcomes (Cowie et al 2000, Stewart et al 2001, Hobbs et
al 2004, Lenfant et al 1994). Because of the appalling outcomes in patients with heart failure,
and the marked burden to health care systems and patients alike produced by heart failure, over
the past two-to-three decades there has been a considerable number of studies that have been
performed to attempt to improve the current situation.

The past two-to-three decades have been highly successful with respect to research into
an understanding of the pathophysiological mechanisms responsible for the progressive decline
in cardiac function in heart failure, once heart failure is established. The identification of these
mechanisms has culminated in a number of novel therapeutic approaches including the use of
blockers of the renin-angiotensin-aldosterone system and B-blockers (Hunt et al 2001).
However, in comparison to the success achieved with studies evaluating the mechanisms of the
progression of heart failure once it is established, research into the mechanisms responsible for
the development of heart failure has been comparatively less successful. In this regard there
are still many aspects of heart failure and causes of heart failure where the pathophysiological
mechanisms still require further elucidation.

Identifying the pathophysiological mechanisms responsible for the development of heart
failure is particularly important in developing countries, such as South Africa. Indeed, a recent
clinical audit conducted in a developing community in South Africa, indicates that the burden of
cardiovascular disease in a hospital setting appears to be through hospitalizations or referrals
for heart failure (Sliwa et al 2008, Stewart et al 2008). An important question that emerges from

these data is whether this apparently high prevalence of heart failure in hospital settings in



emerging communities (Sliwa et al 2008, Stewart et al 2008) represents the outcomes of a
failed health care system in general, or a high prevalence of disease processes the
pathophysiology of which is uncertain.

Notwithstanding an important role for rheumatic heart disease (that may nevertheless be
diminishing) and a potentially increasing role for ischaemic heart disease as causes of heart
failure in emerging communities (Stewart et al 2008), of the causes of heart failure in these
communities, the burden of heart failure is nevertheless mainly through hypertension and
idiopathic dilated cardiomyopathy (dilated cardiomyopathy of unknown origin) with idiopathic
dilated cardiomyopathy being the predominant cause (Stewart et al 2008). Although there are a
number of hypotheses regarding the pathophysiology of idiopathic dilated cardiomyopathy, such
as genetic causes (in familial dilated cardiomyopathy) (Hershberger et al 2005), the end stage
of a myocarditis (Liu and Mason 2001), an immunological disorder (Luppi et al 1998,
Brooksbank et al 2005a and b), or through excessive alcohol consumption and a concomitant
thiamine deficiency (wet beriberi) (Olubodun et al 1996, Seftel 1972), to-date no clear cause for
this condition has been identified. Thus, there is no question that hypotheses regarding the
potential pathophysiological mechanisms of heart failure of unknown origin (idiopathic) in
emerging communities need to be pursued. The consequences of these outcomes may be that
novel approaches that prevent the development of heart failure will emerge.

In the present dissertation | tested the hypothesis that low grade inflammatory states
mediated by chronic infections or obesity may contribute toward cardiac damage or dysfunction.
These hypotheses were developed, as it is acknowledged that in emerging communities in
Africa infective diseases play a significant role in contributing toward morbidity and mortality
(Maher et al 2010, Nsubuga et al 2010), but there is currently little evidence to suggest that this
morbidity and mortality related to infections is in-part through the development of heart failure. In

addition, there is simultaneously an epidemic of obesity in South Africa (Puoane et al 2002) and



as shall be reviewed in the present chapter, obesity is considered to represent a chronic
inflammatory state (Berg et al 2005). As shall also be reviewed in the present chapter, although
obesity is associated with adverse effects on the heart, independent of other risk factors,
whether these adverse effects are mediated by obesity-induced chronic inflammation is still
uncertain.

In the present dissertation | therefore considered the possibility that if low grade
inflammatory states mediated by either systemic infections (unrelated to the heart), or obesity
can produce cardiac damage or dysfunction, these changes, if they persist for some time, may
contribute toward progressive myocardial abnormalities and subsequently to cardiac dilatation
and hence heart failure. These hypotheses can only be confirmed in longitudinal studies in large
population samples. However, the studies performed in the present dissertation were conducted
to test the hypotheses that low grade inflammation, produced by an infection or obesity, may
indeed mediate myocardial damage or dysfunction. Data to show a relationship between
obesity-induced inflammatory changes or low grade infection and cardiac damage or
dysfunction would provide the “proof-of-principle” required to support a large scale clinical study.

In the present chapter | will therefore first describe the current evidence to suggest that
infective states, where the origin of the infection is distant to the heart, could produce
myocardial damage. | will also underscore the limitations of this evidence with respect to
contributing to a hypothesis that low grade systemic infections may ultimately promote
myocardial damage and hence heart failure. Second, | will describe the evidence to suggest that
obesity may contribute toward myocardial damage, highlighting the data that supports or refutes
a notion that these effects could occur through an impact of inflammatory mediators. Moreover,
throughout the introduction to the present dissertation | will highlight the principle reasons for

conducting the studies presented in the present dissertation.



Prior to developing the hypotheses that inflammation mediated by low-grade infective
states or obesity may promote myocardial damage and ultimately contribute toward the
development of heart failure, | will first highlight the evidence to indicate that inflammation,
mediated by the presence of heart failure itself, may contribute toward progressive heart failure.
This dissertation would be incomplete without this discussion, as historically, the hypothesis that

inflammatory changes contribute to cardiac dysfunction has largely emerged from these studies.

2.0 Inflammation produced in heart failure may contribute toward progressive cardiac

dysfunction.

The initial evidence that suggested that heart failure could be determined in-part, by a
chronic inflammatory state, was provided by studies conducted in patients with heart failure who
were free of infections at the time. In this regard early studies suggested an important role for
increased circulating cytokine concentrations in heart failure. Indeed, concentrations of the pro-
inflammatory cytokine, tumour necrosis factor-a (TNF-a), were noted to be increased in patients
with heart failure despite the absence of clinical evidence for an infection (Levine et al 1990,
Torre-Amione et al 1996b, Matsumori et al 1994). Moreover, increases in circulating cytokine
concentrations in patients with heart failure were associated with more severe heart failure and
pump dysfunction (Torre-Amione et al 1996b). Importantly, increased circulating concentrations
of pro-inflammatory cytokines were observed to be decreased by heart failure therapy, including
B-adrenergic blockers, and these decreases in circulating cytokine concentrations were also
noted to be associated with an improved pump function (Mayer et al 2010, Cinquegrana et al
2005).

The origin of the increases in circulating pro-inflammatory cytokines in patients with

heart failure, who have no clinical evidence of an infection, could be from a number of sources.



The inflammation may be intra-cardiac or systemic in origins (Torre-Amione et al 1996a, Torre-
Amione et al 1999, Doyama et al 1996). Both sources of inflammation could contribute towards
the progression of heart failure (Mann, 2002). What are the extra-cardiac sources of
inflammation? Stimulation of cytokine production in heart failure could emanate from increased
circulating concentrations of endotoxins (lipopolysaccharides) derived from the gastrointestinal
tract (because of gastrointestinal oedema causing an increased permeability of the epithelial
lining to endotoxins) (Niebauer et al 1999, Genth-Zotz et al 2002). Furthermore, a sustained
TNF-a over-production has been reported to occur ex vivo in white cells obtained from patients
with idiopathic dilated cardiomyopathy (Aukrust et al 1999, Brooksbank et al 2005a and 2005b).
In one study, this effect persisted despite haemodynamic improvement subsequent to treatment
with standard medical care (Brooksbank et al 2005b) and occurred independent of increases in
circulating endotoxin concentrations, or an increased sensitivity of white cells to endotoxin
stimulation (Brooksbank et al 2005a). The excessive white cell TNF-a production in patients with
heart failure in that study (Brooksbank et al 2005a) was attributed to immune-mediated
mechanisms, but the source of the immune response was not identified. What is the intra-
cardiac source of inflammation? In this regard, as TNF-a is expressed in the myocardium,
particularly the failing myocardium (Torre-Amione et al 1996a, 1996b, Doyama et al 1996), it is
also possible that the heart itself is a source of increased circulating cytokines in patients with
heart failure.

As previously reviewed (Mann 2002), pre-clinical studies have confirmed the clinical
findings of increased circulating cytokine concentrations and an enhanced myocardial TNF-a
expression in cardiac pathology, a change that may be mediated in part by increased
angiotensin Il (Kalra et al 2002). Furthermore, also as previously reviewed (Mann 2002, Kelly

and Smith 1997), preclinical studies have suggested that pro-inflammatory cytokines, such as



TNF-a, could act on the myocardium to promote myocardial damage and dysfunction and the
mechanisms thereof.

Figure 1.1 outlines the mechanisms by which TNF-a exerts deleterious effects on the
myocardium. Briefly, these mechanisms include cardiomyocyte apoptosis, extracellular matrix
degradation, and reduced contractility. Cardiomyocyte apoptosis occurs as a result of three
different mechanisms, one of which is the TNF-a activation of macrophages (Tavener et al
2005), as well as the TNF-a inhibition of cAMP, both of which cause a reduction of cytochrome ¢
activity, thereby activating caspases and resulting in apoptosis (Chagnon et al 2005, Prabhu
2004). A second mechanism is through the production of nitric oxide, which results in impaired
mitochondrial respiration, resulting in apoptosis (Tavener et al 2005, Prabhu 2004, Suzuki et al
2007). A third mechanism is via a JNK signaling pathway which causes apoptosis (Dutta et al

2006).

Extracellular matrix degradation is the result of TNF-a binding to membrane associated
neutral sphingomyelinase, which results in ERK1/2 signalling, and subsequent Urokinase
Plasminogen Activator (uPA), as well as Matrix metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9) activation. These events result in matrix degradation (Cheng et al

2009).

Reduced contractility is the result of the activation of membrane associated neutral
sphingomyelinase which causes an increased ceramide production. Ceramide produces
sphingosine, which inhibits the release of calcium from the ryanodine receptor and ceramide

inhibits the internal calcium channel (Prabhu et al 2004).

Together, all of the clinical and preclinical studies described in the aforementioned
discussion have provided sufficient evidence to suggest that blockade of the pro-inflammatory

cytokine, TNF-a, may have useful therapeutic benefits in heart failure. These data thus



prompted the initiation of a number of clinical studies to test this hypothesis. Unfortunately, the
use of agents that block TNF-a effects in patients with heart failure, were discontinued at an
early stage, as mortality appeared to increase rather than decrease in the group of patients
receiving the TNF-a blockers (Chung et al 2003, Mann et al 2004). Although a number of
reasons have been provided to explain these data, including a suggestion that inflammatory
effects on the heart may have in fact increased, rather than decreased with these agents (Mann
2004, Clark et al 1998, Anker and Coats 2002), these studies have nevertheless generated
some doubt as to the potential role of TNF-a and indeed pro-inflammatory cytokines in heart
failure.

In contrast to the outcome of the clinical studies demonstrating a potential deleterious
effect of blockade of pro-inflammatory cytokines (Anker and Coats 2002), there is nonetheless
evidence to suggest that alternative agents, with general inhibitory effects on immune function,
could produce benefits in heart failure. Indeed, the immunomodulatory agent pentoxifylline has
been demonstrated to improve cardiac function in patients with heart failure and these effects
are associated with reductions in circulating concentrations of TNF-a and other pro-
inflammatory cytokines (Sliwa et al 1998, Martich et al 1992).

Nevertheless, the beneficial effects on cardiac function in patients with heart failure
mediated by pentoxifylline (Sliwa et at al 1998, Martich et al 1992) may not have been produced

as a consequence of the immunomodulatory properties of pentoxifylline as originally



@ uPA
—f
MMP-9

= v
cAMP
rmacrophage
. calcineurin
" v
R AN Cytoch-omec
Irrpaired
mizochondrial mpaired calcium
respiration hzndling
l v
A 4 c
aspase
= P
f——— |
ApOptosis

contractility

Figure 1.1. Cellular mechanisms of the deleterious effects of cytokines on the myocardium. Red
arrows depict an inhibitory pathway; green arrows depict a stimulatory pathway. NF-kB, nuclear
factor kappa B; JNK, c-Jun N-terminal Kinase, MAPK, membrane-associated protein kinase;
IRAK-1,Interleukin-receptor associated kinase-1 ; NO, nitric oxide; TNF-a, tumour necrosis
factor-a; NSM,membrane associated neutral sphingomyelinase; Cer, ceramide; Sph,
Spingomyelin; EC, extracellular; TIMP, Tissue Inhibitory Matrix Metalloproteinase, MMP, matrix
metalloproteinase; cAMP, cyclic adenosine monophosphate; uPA,urokinase plasminogen
activator. The figure summarises pathways supported by the following references: Prabhu et al
2004; Liu et al 2008; Cheng et al 2009; Suzuki et al 2007;Chagnon et al 2005; Tavener et al
2005.
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suggested by the authors. Indeed, pentoxifylline has been shown to produce potent inotropic
effects through phosphodiesterase inhibitory properties (Osadchii et al 2005). In this regard,
phosphodiesterase inhibitors, such as amrinone, milrinone and pentoxifylline, are well
recognized as substances that increase intracellular cyclic adenosine monophosphate
concentrations and hence mediate positive inotropic and lusitropic effects. Thus, the role of pro-

inflammatory cytokines in the progression of heart failure still remains uncertain.

3.0 Systemic infections may produce myocardial damage and dysfunction

There is no question that infections of the myocardium (myocarditis) can produce
marked myocardial damage and dysfunction with subsequent cardiac dilatation and pump
dysfunction (Liu and Mason 2001,Doyama et al 1996, Hunt et al 2001). Indeed, myocarditis is a
well-recognized cause of heart failure (Hunt et al 2001). Moreover, there is evidence to suggest
that some patients with idiopathic dilated cardiomyopathy develop an auto-immune response in
the myocardium (Luppi et al 1998) and that persistent activation of white cells to produce pro-
inflammatory cytokines, even when assessed ex vivo, may occur in patients with idiopathic
dilated cardiomyopathy (Aukrust et al 1999, Brooksbank et al 2005a and 2005b). However,
whether common infections derived from sources other than the myocardium, if repeatedly
occurring, can produce myocardial damage and dysfunction is a question that has not as yet
been fully addressed.

As highlighted in the previous section, relatively low grade inflammation, where the
inflammation originates as a consequence of heart failure, may be a key determinant of
progressive heart failure. Thus, it is not unreasonable to hypothesize that low grade
inflammatory changes derived from sources other than heart failure, may contribute toward

progressive myocardial damage. Indeed, C-reactive protein, TNF-a, and interleukin-6 (Bahrami
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et al 2008, Vasan et al 2003, Cesari et al 2003) as well as erythrocyte sedimentation rate
(Ingelsson et al 2005b), a generalized marker of systemic inflammation, have all been shown to
be independent predictors of heart failure. However, in these studies (Bahrami et al 2008,
Vasan et al 2003, Cesari et al 2003, Ingelsson et al 2005b) the source of the inflammatory
changes was not identified. Whether these inflammatory changes represented the presence of
low-grade infections derived, for example, from poor dental hygiene causing periodontal disease
(Moutsopoulos and Madianos 2006, Geerdts et al 2002) or excess adiposity (Ridker et al 2003)
was not examined.

There are nevertheless a number of studies to suggest that systemic infections, rather
than infections of the myocardium per se, promote myocardial damage and dysfunction. In this
regard, patients with sepsis but without clinical evidence of myocarditis, may have depressed
cardiac systolic function, in spite of adequate volume resuscitation to correct the reduced
cardiac filling commonly found in septic shock (Calvin et al 1981, Parker et al 1984, Reilly et al
1989, Jafri et al 1990, Munt et al 1998, Poelaert et al 1997, Krishnagopalan et al 2002 [review]).
With respect to the potential mechanisms thereof, there are a number of hypotheses that could

explain this effect.

3.1 Endotoxin as a myocardial depressant factor

In cases of sepsis, the presence of a “myocardial depressant factor” was proposed more
than 60 years ago (Wiggers 1947), but it is only recently that potential candidates for this factor
have emerged. In this regard, infusion of lipopolysaccharide (LPS) (endotoxin), a component of
the cell wall of gram negative bacteria, has been shown to partially mimic the myocardial and
systemic cardiovascular effects of sepsis (Suffredini et al 1989, Hung 1993a and 1993b).

However, because few patients with septic shock have detectable circulating concentrations of
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LPS (Merx et al 2007) it is unlikely that LPS contributes to the myocardial effects of the majority
of patients with sepsis. Nevertheless, the concept of LPS mediating decreases in myocardial
function in septic shock has engendered a notion that LPS could also mediate myocardial
abnormalities in any gram negative infection irrespective of whether septic shock is present or
not.

Over the past two decades, a number of studies have demonstrated that LPS depresses
myocardial and cardiomyocyte function (Suffredini et al 1989, Brady et al 1992, Hung and Lew
1993a, 1993b, Tao and McKenna 1994, Nishikawa et al 1995, Nishikawa and Lew 1996, Lew et
al 1996, 1997a, Stein et al 1996, Yasuda et al 1997a, 1997b, 1999, Tavener et al 2004) and
induces cardiomyocyte apoptosis (Comstock et al 1998, Li et al 2002, Suzuki et al 2003, 2007,
McDonald et al 2000, Chagnon et al 2005, Niu et al 2008). However, LPS failed to attenuate
either baseline cardiomyocyte contractility or noradrenaline-induced increases in cardiomyocyte
contractility in one study (Muller-Werdan et al 1998).

Although there is no doubt that a decreased myocardial function contributes toward
heart failure, there has been some doubt expressed as to the clinical relevance of
cardiomyocyte apoptosis (programmed cell death). However, there is now increasing evidence
to indicate that cardiomyocyte apoptosis may be an important change that contributes toward
cardiac dysfunction and heart failure. In this regard, an increased cardiomyocyte apoptosis
occurs in transgenic models of heart failure (Sarkar et al 2004) and in human heart failure
(Abbate et al 2003). Moreover, inhibitors of the caspase enzyme, an enzyme that is central to
mediating the apoptotic process, have been demonstrated to reduce cardiomyocyte apoptosis
and attenuate the reduction in left ventricular pump dysfunction in the transition to heart failure
(Hayakawa et al 2003, Engel et al 2004). Furthermore, implantation of human bone-
marrow—derived angioblasts prevents cardiomyocyte apoptosis and adverse cardiac remodeling

(Kocher et al 2001). Thus, it appears that cardiomyocyte apoptosis may be a critical determinant
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of a failing myocardium, and hence that LPS-induced cardiomyocyte apoptosis (Li et al 2002,
Suzuki et al 2003, Suzuki et al 2007, Comstock et al 1998, McDonald et al 2000, Niu et al
2008, Chagnon et al 2005) may be a key determinant of heart failure as a consequence of
severe or repeated systemic infections. Indeed, blockade of a critical enzyme involved in
apoptosis prevents cardiomyocyte apoptosis and cardiac dysfunction in an animal model of
sepsis (Neviere et al 2001).

The potential mechanisms of the LPS-induced decrease in contractile function and
cardiomyocyte apoptosis have been summarized in Figure 1.2. Importantly, activation of pro-
inflammatory cytokines such as TNF-a may not be a necessary pre-requisite to LPS-induced
cardiomyocyte apoptosis or contractile dysfunction (Nishikawa et al 1996). The mechanisms of
the effects are thought to be through LPS-induced effects on Toll-like receptors (Frantz et al
1999, Tavener et al 2004, Li et al 2002) found either on leukocytes or on cardiomyocytes. LPS-
induced activation of Toll-like receptors on cardiomyocytes is thought to induce apoptosis in-
part by stimulating cardiomyocyte angiotensinogen, and hence through angiotensin I,
promoting calcineurin-induced cardiomyocyte programmed cell death (Suzuki et al 2007). TNF-
a may however, play a role as LPS-induced apoptosis can be inhibited by administration of a
TNF-a receptor fragment (Cowan et al 2001, Peng et al 2005). With respect to the mechanisms
of the LPS-induced decrease in contractile function, this may occur through an impaired
mitochondrial function (Tavener et al 2004), down-regulation of dihydropyridine receptors (the
Ca?* channels required for excitation-contraction coupling in the myocardium)(Lew et al 1996),
or through the activation of inducible nitric oxide synthase which enhances nitric oxide
synthesis and produces increases in cardiomyocyte cyclic guanosine monophosphate (cGMP)
concentrations (Brady et al 1992, Stein et al 1996, Yasuda and Lew 1997a, 1997b, Lew et al
1997b, Yasuda and Lew 1999). With respect to the impact of cGMP, in contrast to cyclic

adenosine monophosphate  which  promotes contractile function by stimulating
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Figure 1.2. Potential cellular mechanisms of the deleterious effects of endotoxin on the

myocardium. LPS, lipopolysaccharide; TLR-4, toll-like receptor-4; Ang Il, angiotensin Il; AT1 R,

angiotensin type | receptor. See Figure 1.1 for additional abbreviations. The figure summarises

pathways supported by the following references: Prabhu et al 2004; Liu et al 2008; Cheng et al

2009; Suzuki et al 2007;Chagnon et al 2005; Liu et al 2008; Tavener et al 2005.
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intracellular Ca* release from the sarcoplasmic reticulum, cGMP reduces myocardial
contraction by decreasing the myofilament response to Ca®". An additional mechanism by which
LPS induces deleterious effects on the myocardium is through ventricular hypertrophy, which is
mediated by calcineurin, the release of which was described in the previous paragraphs (Cheng
et al 2009).

The now considerable data demonstrating that LPS promotes myocardial dysfunction
and cardiomyocyte apoptosis (Suffredini et al 1989, Brady et al 1992, Hung and Lew 1993a,
1993b, Tao and McKenna 1994, Nishikawa et al 1995, Nishikawa and Lew 1996, Lew et al
1996, 1997a, Stein et al 1996, Comstock et al 1998, Yasuda and Lew 1997a, 1997h, 1999, Li et
al 2002, Suzuki et al 2003), is of major clinical importance in sepsis and septic shock. Indeed,
as previously indicated, sepsis and septic shock are frequently associated with a marked
decrease in cardiac function (Calvin et al 1981, Parker et al 1984, Jafri et al 1990, Munt et al
1998, Poelaert et al 1997). However, can one extrapolate these data to a potential clinically
relevant effect in chronic infections or infections which are not associated with the
haemodynamic changes that accompany sepsis? Obviously it is unlikely that low-grade
infections result in acute decreases in cardiac contractile or diastolic function and consequently
cardiac decompensation unless co-existing cardiac pathology exists where febrile responses
will increase haemodynamic loads on the heart. However, it is also possible that with repeated
inflammatory responses, modest degrees of cardiomyocyte apoptosis, with no immediate effect
on heart function, could nevertheless ultimately translate into a significant degree of myocardial
damage, thus ultimately heralding the onset of cardiac dysfunction and heart failure.

The authors of the studies showing that cardiomyocyte apoptosis occurs in response to
LPS (Li et al 2002, Suzuki et al 2003, 2007, Comstock et al 1998) have suggested that this

effect occurs at sufficiently low enough concentrations of LPS as to be comparable with the LPS
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concentrations that occur in chronic infections. However, as shall be discussed, there is both
evidence to support and refute the notion that LPS-induced effects on the myocardium are

indeed compatible with LPS concentrations that occur during the average chronic infection.

3.2 Is there sufficient evidence to suggest that low grade infections promote

myocardial damage?

Table 1.1 summarizes all of the studies that to my knowledge have assessed the impact
of LPS on cardiomyocyte apoptosis conducted in vivo or ex vivo (employing cell cultures). The
Table also summarizes the doses of LPS employed in the in vivo studies. It should be apparent
from this Table that the lowest dose of LPS employed by these investigators to produce
cardiomyocyte apoptosis was | mg/kg (Suzuki et al 2003, Suzuki et al 2007, Li et al 2002). In
this regard, this dose has recently been reported to produce a marked decrease in blood
pressure and cerebral vasodilation, an increased circulating lactate concentration, and a
metabolic acidosis with a compensatory decrease in PaCO, (respiratory drive) (Rosengarten et
al 2008). It would thus appear that although increased circulating LPS concentrations occur in
chronic infections (Moutsopoulos and Madianos 2006, Geerts et al 2002), the lowest dose of
LPS administered in vivo to induce cardiomyocyte apoptosis (I mg/kg)(Suzuki et al 2003, Suzuki
et al 2007, Li et al 2002) is more likely to induce all of the changes that one would normally
consider to be congruent with septic shock (Rosengarten et al 2008). The question therefore
remains as to whether low-grade infections without the changes associated with septic shock
are indeed able to produce cardiomyocyte apoptosis. To address this issue, as part of the
present dissertation | therefore studied the effect of doses of LPS that have previously been
shown to produce a febrile response consistent with low-grade infections but without producing

septic shock (Harden et al 2006), on cardiomyocyte apoptosis.
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Table 1.1. Summary of studies assessing the effects of lipopolysaccharide (LPS) on myocardial apoptosis.

Author(s) In vivo or in vitro Dose of LPS in Apoptosis
in vivo studies
TUNEL Caspase Other
Suzuki et al 2007 In vivot 1mg/kg Increased between 4-24hr | Increased between 4 and 24hr | -
(p<0.05) (n=5) (p<0.05) (n=7-19)
In vitrot 10ng/ml Increased after 24hr - -
(p<0.05) (n=5-9)
Li et al 2002 In vitrot 10ng/ml Increased at 24hr (p<0.01) | Increased caspase-3 activity | Bcl2:bax decreased at 12hr
(n=5). at 16hr P<0.05 (n=10) (p<0.05) (n=6)
In vivot 1mg/kg iv Increased at 1-3 days | - -
(p<0.05) (n=3)
Niu et al 2008 In vivo* 10 mg/kg ip Increased (p<0.01) vs control | No increase in caspase-3/7 | -
after 12 hours after 12 hours
Suzuki et al 2003 In vitrot 10ng/ml,24hr Increased after 24hr (p<0.05) | - -
(n=13)
In vivot 1mg/kg iv Increased after 24 hr (p<0.05) | - -
(n=5-7)
Comstock et al 1998 In vitro 100ng/ml Comet assay. Increases in percentage
apoptotic cells (p<0.001) (n=20)
Chagnon et al 2005 In vivot 10 mg/kg Increased caspase-3 (p<0.05) | Increased DNA fragmentation (p<0.05)
after 6hrs and 24hrs at 6hrs.
Increased cytochrome-c (p<0.05) at
6hrs
McDonald et al 2000 In vivot 4mglkg Increase (p<0.05) at 24hr Increased caspase-3 (p<0.05) | Increased bax (p<0.05) at 24hr.
at 24hrs Increased bcl2 at (p<0.05) at 6hr
Chao et al 2005 In vitrot 500ng/ml - Reduced caspase-3 activation | LPS reduced histone-DNA

following serum deprivation.

fragmentation and DNA laddering after
serum deprivation (p<0.01) (n=3)

T Sprague Dawley rats,*mice
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4.0 Obesity-induced inflammatory changes and cardiac effects.

As shall be underscored in the present section of the dissertation, obesity is now a well-
recognized source of systemic inflammation. Furthermore, as shall also be highlighted in
subsequent sections, there is an emerging body of evidence to indicate that obesity produces
myocardial damage and dysfunction independent of conventional cardiovascular risk factors. As
there is now a substantial body of evidence to indicate that pro-inflammatory cytokines may
produce myocardial dysfunction and damage (see section 2.0), it is not inconceivable that
obesity-induced inflammatory changes may also mediate myocardial damage. Nevertheless, as
shall be discussed, few studies have pursued the notion that obesity-induced inflammatory
effects may mediate the adverse effects of obesity on the myocardium.

The question of the role of inflammation as a potential cause of obesity-induced
myocardial damage and dysfunction is of importance in the context of the emerging world-wide
epidemic of obesity. Indeed, the prevalence of obesity is increasing in both developed and in
economically emerging countries (Ogden et al 2007, Flegal et al 2002, Puoane et al 2002). In
the United States of America in 2004, ~31% of men and ~33% of women were obese and ~3%
of men and ~7% of women were extremely obese (a body mass index [BMI] > 40 kg/m?) (Ogden
et al 2007). In South Africa, a country which is considered to be an emerging economy, at
approximately the turn of the century, ~29% of men and ~57% of women were obese (Puoane
et al 2002).

It may be argued that the solution to this problem is not to identify the mechanisms
through which obesity produces morbidity and mortality, but rather to focus research efforts on
weight loss programs. However, there is now increasing evidence to indicate that obesity, once
established, is difficult to manage. Indeed, weight reduction programs seldom result in obese

individuals reaching target body weights and frequently result in an inability to maintain
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appropriate weight reduction (Anderson et al 2001, Klein et al 2004, Lang et al 2006). Thus,
there is no question that the adverse effects of obesity on the heart and the potential
mechanisms that explain these effects are of societal importance and of importance to the

health care sector in South Africa.

4.1 Adipose tissue as a source of inflammation.

As indicated in the aforementioned discussion, one potential mechanism that may
explain the deleterious effects of obesity on a number of organ systems is through the capacity
of adipose tissue to increase circulating cytokine concentrations. Indeed, adipose tissue is a key
determinant of an increased systemic inflammatory state and the evidence for relationships
between an excess adiposity and the pro-inflammatory mediators C-reactive protein, TNF-a,
interleukin-6, leptin, and serum amyloid A3 has been extensively reviewed (Berg et al 2005).
Moreover, although derived from adipocytes, circulating concentrations of the anti-inflammatory
adipokine, adiponectin, are decreased in obesity (Berg et al 2005). Importantly, reductions in
circulating concentrations of inflammatory markers are associated with weight loss produced by
liposuction (Giugliano et al 2004), gastric bypass (Kopp et al 2003) and diet (Heilbronn et al
2001) and in rats removal of visceral fat reduces TNF-a concentrations (Gabriely et al 2002). Is

adipose tissue associated with the development of heart failure?

4.2 An excess adiposity is associated with heart failure independent of conventional

cardiovascular risk factors.

Over the past decade, a nested case-control study and a number of prospective studies

have demonstrated an independent relationship between the degree of adiposity and the
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development of heart failure (Chen et al 1999, He et al 2001, Johansson et al 2001, Wilhelmsen
et al 2001, Kenchaiah et al 2002, 2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006,
Bahrami et al 2008, Spies et al 2009). The outcomes and characteristics of these studies have
been summarized in Table 1.2. This relationship has been demonstrated in the general
population (He et al 2001, Kenchaiah et al 2002, Ingelsson et al 2005b, Bahrami et al 2008), in
the middle-aged (Ingelsson et al 2005a), in the elderly (Chen et al 1999, Nicklas et al 2006), in
men (Wilhelmsen et al 2001, Ingelsson 2005b), in women (He et al 2001), in general practice
(Johansson et al 2001), in physicians (Kenchaiah et al 2009) and in persons with established
coronary artery disease (Spies et al 2009).

As compared to referent body mass indices between 20 and 25 kg/m?, a body mass
index of between 25 and 30 kg/m? may increase the risk of heart failure by 39-49% (Bahrami et
al 2008, Kenchaiah et al 2009) and a body mass index greater than or equal to 30 kg/m?
increases the risk of heart failure by 83-180% independent of conventional cardiovascular risk
factors (Johansson et al 2001, Kenchaiah et al 2002, Bahrami et al 2008, Kenchaiah et al
2009). In one study however, no increased risk for heart failure was noted in persons with a
body mass index of between 25 and 30 kg/m® (overweight) in a general practice setting
(Johansson et al 2001). Moreover, in one study (Spies et al 2009), but not in other studies
(Ingelsson et al 2005a, Nicklas et al 2006) the adipose tissue-heart failure relationship is better
predicted by the use of indices of adiposity that reflect an accumulation of fat in central
(abdominal) stores, such as waist circumference or waist-to-hip ratio, than indices such as body
mass index. Depending on the study population and the study design, the independent risk for
heart failure in people whom are overweight or obese is quantitatively comparable with the
impact of for example the presence of hypertension, or diabetes mellitus in these same studies

(Table 1.2).



Table 1.2. Characteristics and outcomes of studies showing a relationship between an excess adiposity and heart failure.

Author Sample size Age Follow up Number of new | Relationship between adiposity and heart failure
cases After adjustments
BMI kgm? RR (95% CI) p value
Chen et al >28kgm” 1.60 (1.0-2.4) 0.04
1999 1749 65+ yrs 10 yrs 173 compared with
BMI <24kgm?.
He et al 2001 >27.8 kgm® (men) | 1.30 (1.12-1.52) =0.001
13 643 25-74 19 yrs 1382 227.3kgm?
5545 men yrs (women)
8098 women
Johansson et - 938 (total) 25-29.9kgm” 1.0(0.7-1.2) -
al 2001 689 467 40-84 489 men,
cases; yrs 449 women 230 kgm® 2.1(1.5-2.8) -
5000 controls
Kenchaiah et 496 (total) 25-29.9kgm® 1.34(1.08-1.67) =0.007
al 2002 5881 55 yrs 14 yrs 238 men
258 women 230 kgm’ 2.04(1.59-2.63) <0.001
Kenchiah et al 25-29.9kgm? 1.49(1.32-1.69) <0.0001
2009 21 094 men 53 yrs 20.5 yrs 1109
> 30kgm? 2.80(2.34-3.50) <0.0001
Ingelsson et 1.35(1.11-1.65) Not shown
al 2005a 1187 men 270 yrs 7-12 yrs 104
Ingelsson et | 2314 men 29.6 yrs 282 1.48(1.33-1.65) <0.001
al 2005b
Nicklas et al | 2435. 166 versus <25 kgm? 1.25(1.02-1.53) p=0.003
2006 1081 men 70-79 6.1 yrs
1354 women yrs
Bahrami et al 55-84 4yrs 79 versus <25 kgm? - -
2008 6 814 yrs
Spies et al 128 hospitalised. versus <25 kgm® 1.6 (1.2-2.1)
2009 979 65 yrs 49 yrs 152 cardiovascular
events
Wilhelmson et | 7495 men 47-55 27 yrs 937 230 kgm? 1.06 (1.03-1.09) =0.0001
al 2001 yrs

BMI, body mass index; CHD, coronary heart disease; RR, relative risk.
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Although the relationship between an excess adiposity and the development of heart
failure is modified by adjustments for conventional cardiovascular risk factors, including
hypertension, diabetes mellitus and cholesterol concentrations as well as with adjustments for
coronary events, the impact of these adjustments is surprisingly modest. Indeed, considering
overweight and obese persons overall, the percentage risk for heart failure is diminished by only
1-13% with these adjustments (He et al 2001, Ingelsson et al 2005a, 2005b, Nicklas et al 2006,
Spies et al 2009) and by only 55% in obese individuals in a study in which obesity increased the
risk for heart failure by 180% (Kenchaiah et al 2009). Thus, although there is no question that to
prevent overweight/obesity-induced heart failure, targeting modifiable cardiovascular risk factors
with lifestyle interventions and medication is an essential approach, the large residual risk for
heart failure after adjustments for conventional cardiovascular risk factors indicates that this

may not be the most appropriate solution.

4.3 Adiposity and cardiac dysfunction

It is important to acknowledge that heart failure is a clinical syndrome with many causes
that are frequently, but not necessarily directly related to adverse myocardial effects. As such,
relationships between an excess adiposity and heart failure do not provide direct evidence for
adverse effects on the heart. Is there evidence to indicate that an excess adiposity is associated
with adverse cardiac functional changes that could represent an intermediate process in the
development of heart failure? If so, are there intervention studies with weight reduction to
provide a proof of principle that an excess adiposity promotes myocardial damage?

In the Multiethnic Study of Atherosclerosis, the independent relationship between obesity
and congestive heart failure was reduced from an 83% to a 58% risk of heart failure with the

inclusion of left ventricular ejection fraction in the regression model (Bahrami et al 2008). These
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data indicate that decreases in pump function, which in otherwise well individuals is a well
established risk factor for the development of heart failure (Bahrami et al 2008), is a potentially
important mechanism through which obesity promotes heart failure. However, not all studies
support the view that the relationship between an excess adiposity and heart failure can be
explained by the development of cardiac dysfunction. Indeed, the risk of heart failure that is
explained by waist-to-hip ratio may persist even with adjustments for measures of cardiac
function, including ejection fraction and measures of diastolic dysfunction (Spies et al 2009). Is
there additional evidence to support a view that an excess adiposity may mediate heart failure
through direct effects on the heart?

A number of pre-clinical studies have provided evidence to suggest that cardiomyocyte
dysfunction or damage to the heart may occur in obese states (Caroll et al 1997, Relling et al
2006, Dong et al 2006, Ren et al 2000, Barouch et al. 2006, Zhou et al 2000). However, as
many of the animal models employed in these studies (Caroll et al 1997, Relling et al 2006,
Dong et al 2006, Ren et al 2000, Barouch et al. 2006, Zhou et al 2000) also have associated
conventional cardiovascular risk factors, whether the outcomes of these studies are indeed
beyond all conventional risk factors is uncertain. Nevertheless, in human studies, load-
independent tissue Doppler indices of both systolic and diastolic myocardial function have been
shown to be reduced in overweight and obese people without conventional cardiovascular risk
factors (Peterson et al 2004, Wong et al 2004). Further, at a population level, indices of excess
adiposity are independently and inversely related to diastolic chamber function beyond a
number of conventional cardiovascular risk factors (Redfield et al 2003, Ammar et al 2008,
Fischer et al 2003, Tsioufis et al 2009, Libhaber et al 2009) including blood glucose control as
determined from glycated haemoglobin measurements, ambulatory blood pressure and arterial
stiffness (Libhaber et al 2009). In contrast, the independent relationship between an excess

adiposity and systolic chamber function is controversial, with some studies showing a
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relationship between an excess adiposity and systolic function (Ammar et al 2008, Chinali et al
2006, Peterson et al 2004, Wong et al 2004, Scaglione et al 1992, Karason et al 1998, Alpert et
al 1995, Alpert et al 1993), whilst others have failed to do so (Pascual et al 2003, de Deuvitiis et
al 1981, Zarich et al 1991, Stoddard et al 1992, De Simone et al 1996, Mureddu et al 1996,
lacobellis et al 2002).

More direct evidence to support a role for an excess adiposity in producing cardiac
dysfunction is that obtained from studies of weight reduction. Weight loss induced either by
gastric bypass surgery (Willens et al 2005, Rider et al 2009) or by lifestyle intervention (Wong et
al 2006) results in improvements in myocardial diastolic function independent of conventional
cardiovascular risk factors. However, even with the use of load-independent tissue Doppler
measures of myocardial as opposed to chamber function, or with chamber function
assessments, weight loss produced by either lifestyle modification or gastric bypass does not
influence left ventricular systolic function (Willens et al 2005, Rider et al 2009, Wong et al 2006,
Skilton et al 2007). The ability of gastric bypass surgery to improve myocardial diastolic function
(Willens et al 2005, Rider et al 2009) independent of conventional cardiovascular risk factors
and in association with weight loss, nevertheless provides more convincing evidence for a role
of obesity in promoting heart failure through direct effects on the heart. Furthermore, as weight
loss following gastric bypass surgery avoids the use of dietary interventions, this evidence
(Willens et al 2005, Rider et al 2009) suggests that obesity rather than dietary constituents

contribute toward this beneficial effect of weight loss on the heatrt.
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4.3 Is there a relationship between an excess adiposity and cardiac dysfunction

beyond all potential haemodynamic mediators?

There are a number of potential hypotheses to explain the relationship between obesity
and myocardial damage or dysfunction independent of conventional cardiovascular risk factors.
Before | discuss the potential role of inflammatory substances derived from adipose tissue as
determinants of obesity-cardiac dysfunction relations, it is important that | first exclude a role for
haemodynamic factors that are not normally measured as part of risk assessment. In this
regard, a number of haemodynamic factors may mediate obesity-induced decreases in cardiac
systolic or diastolic function. These haemodynamic factors include the following:

A decrease in total peripheral resistance with a subsequent increase in venous return
may occur in obese people, an alteration that may increase volume preloads on the heart
(Messerli et al 1983, Carabello and Gittens 1987). Furthermore, an increase in large artery
stiffness is associated with an excess adiposity (Sutton-Tyrrell et al 2001, Majane et al 2008), a
change that may increase central blood pressure by promoting earlier wave reflections. Hence,
there is a possibility that an enhanced cardiac afterload may occur in people with an excess
adiposity, mediated by changes in central as opposed to peripheral arteries. Measurements of
peripheral blood pressures may not reveal these increases in central pressures because of the
effects of pressure amplification that occurs from central to peripheral arteries. Last, the
relationship between an excess adiposity and 24 hour blood pressures may not be the same as
that between an excess adiposity and office blood pressures (Majane et al 2007). Thus,
measurements of office blood pressure may not reveal the full extent of obesity-induced
increases in blood pressure on the heart.

Is there evidence to indicate that an excess adiposity promotes cardiac dysfunction

beyond all of the aforementioned haemodynamic changes? Indeed, at a community level, the
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independent relationship between central obesity and a reduction in left ventricular chamber
diastolic function is independent of left ventricular filling volumes, large artery stiffness and 24-
hour ambulatory blood pressure (Libhaber et al 2009). Consequently, a potential role of non-
haemodynamic factors mediating obesity-induced decreases in cardiac dysfunction requires

consideration.

4.4 Obesity-induced inflammation as a potential determinant of cardiac dysfunction.

There are a number of hypotheses that could potentially explain the independent
relationship between obesity and either heart failure or decreases in cardiac systolic or diastolic
function. However, with respect to the topic of the present dissertation, | will restrict the
discussion to the hypothesis that inflammatory mediators derived from adipose tissue may
explain this relationship. Before discussing the evidence to suggest that obesity-derived
inflammatory changes mediate heart failure, it is nevertheless important to highlight the fact that
C-reactive protein, TNF-a, and interleukin-6 (Bahrami et al 2008, Vasan et al 2003, Cesari et al
2003) as well as erythrocyte sedimentation rate (Ingelsson et al 2005b), a generalized marker of
systemic inflammation, have all been shown to be independent predictors of heart failure.

In support of a role for obesity-derived inflammatory substances as mediators of heart
failure, after adjustments for either interleukin-6 or C-reactive protein in the regression analysis,
the independent relationship between obesity and heart failure failed to achieve statistical
significance (Bahrami et al 2008). However, in that study (Bahrami et al 2008) the increased risk
for heart failure in obese patients decreased from an 83% risk (hazards ratio=1.83) to a 50-58%
risk (hazards ratio=1.50-1.58) after adjustments for inflammatory markers. Thus, a potential
residual risk for heart failure remained even after adjustments for pro-inflammatory markers

(Bahrami et al 2008). In support of this notion, in another study (Spies et al 2009), the
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independent relationship between waist-to-hip ratio and the subsequent development of heart
failure in patients with established coronary artery disease was only partially modified with
adjustments for C-reactive protein (CRP), TNF-a, and interleukin-6. In that study, the
independent relationship between an excess adiposity and the development of heart failure
remained even after adjustments for these inflammatory markers (Spies et al 2009). Thus, there
is still considerable controversy as to the role of adipose tissue-derived pro-inflammatory
substances in the development of obesity-induced heart failure. Is there evidence for a role of
anti-inflammatory substances derived from adipose tissue as possibly mediating protective
effects on the myocardium?

Pre-clinical studies suggest that the adipose tissue-derived anti-inflammatory substance
adiponectin protects the heart against adverse myocardial effects. Indeed, adiponectin knock-
out promotes (Shibata et al 2004, Sam et al 2010) and delivery of adiponectin attenuates
(Shibata et al 2004) adverse cardiac remodelling in response to a pressure overload.
Furthermore, adiponectin knock-out augments diastolic dysfunction and promotes the
development of diastolic heart failure in pressure overload states (Sam et al 2010). However,
prospective studies have failed to show adiponectin as an independent risk factor for the

development of heart failure (Ingelsson et al 2006, Frankel et al 2009).

4.4 Further work is required to explore the role of inflammation as a determinant for

the impact of obesity on the myocardium.

Clearly further evidence is still required to identify whether increased concentrations of
pro-inflammatory substances and decreased concentrations of anti-inflammatory substances
mediate the independent relationship between obesity and cardiac failure and dysfunction. As

there are presently only two studies to-date that have explored whether an excess cytokine
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production contributes toward obesity-induced heart failure (Kenchaiah et al 2002, Spies et al
2009), there is an obvious need to pursue this question further. In this regard, both animal and
human studies are required to either support or refute this notion.

Human studies are required to assess whether the relationship between obesity and
cardiac dysfunction or the beneficial impact of weight reduction on cardiac function can be
accounted for by the presence of circulating inflammatory markers. Animal studies are required
to inhibit cytokine production in models of obesity and determine whether this improves cardiac
function. In our laboratory, although we have access to an animal model of dietary-induced
obesity, members of our group have recently demonstrated that this model is not associated
with left ventricular systolic dysfunction (du Toit et al 2008). Therefore, this is not a model which
can be employed to determine the mechanisms of obesity-induced systolic dysfunction.

In contrast, our laboratory is studying left ventricular structure and function in a
community-based sample with a high prevalence of obesity (Norton et al 2008, 2009,
Woodiwiss et al 2008, 2009, Majane et al 2007, 2008). Consequently, as part of the present
dissertation, | explored the possibility that a marker of inflammation, CRP, may in-part explain
the association between an excess adiposity and left ventricular systolic dysfunction in a
relatively large population sample obtained from an ongoing study being conducted in an urban,
developing community of African ancestry with a high prevalence of obesity (Norton et al 2008,
2009, Woodiwiss et al 2008, 2009, Majane et al 2007, 2008).

To evaluate the impact of CRP on systolic cardiac function, | selected to assess the
relationship between CRP and cardiac function in a community sample, as compared to a
sample of patients in heart failure. | employed this approach to dissect out the effect of “obesity-
mediated” as compared to “heart failure-mediated” inflammatory-induced changes (see previous
sections). However, there is some controversy as to the method of assessing cardiac systolic

function in studies where heart failure is not present. Therefore, before describing the studies
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performed as part of the present dissertation, it is important that | first outline the controversies

regarding the detection of preclinical abnormalities of systolic cardiac function in human studies.

5.0 The detection of an abnormal systolic cardiac function in human studies of

obesity

A number of studies have been conducted to assess the relationship between obesity
and cardiac function in human studies. In this regard, the majority of studies have reported on a
deleterious effect of obesity on diastolic function of the heart, but studies assessing the impact
of obesity on systolic chamber function (pump function) independent of conventional
cardiovascular risk factors have produced conflicting outcomes with the majority showing a lack
of effect of obesity on cardiac pump function as indexed by left ventricular ejection fraction or
other measures of chamber function (Peterson et al 2004, Wong et al 2004, Pascual et al 2003,
Scaglione et al 1992, de Devitiis et al 1981, Chakko 1991, Zarich et al 1991, Stoddard et al
1992, De Simone et al 1996, Mureddu et al 1996, lacobellis et al 2002, Karason et al 1998).
Nevertheless, subsequent studies performed using tissue Doppler imaging techniques, which
assess myocardial function, have demonstrated a reduction in myocardial systolic function in
obesity, despite a normal systolic chamber function (Peterson et al 2004, Wong et al 2004).

Although | did not have access to tissue Doppler imaging technigues for the assessment
of myocardial function, one measure of myocardial function that has not previously been
explored with respect to a potential impact of obesity independent of hypertension, is left
ventricular midwall fractional shortening. In contrast to left ventricular endocardial fractional
shortening, which is an index of systolic chamber function, left ventricular midwall fractional
shortening is an assessment of myocardial function (Norton et al 2002). A number of studies

have now demonstrated that under circumstances of a normal systolic chamber function, as
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indexed by endocardial fractional shortening, when the left ventricle is concentrically
remodelled, midwall fractional shortening may be reduced (Mayet et al 2002,De Simone et al
1994, Li et al 2001,Muiesan et al 2000). Although a lack of relationship between body size and
left ventricular midwall fractional shortening has been reported on in hypertensives (De Simone
et al 1996), this relationship has not been studied in the absence of the confounding effects of
hypertension (i.e, in the general population). Moreover, this relationship has not been assessed
in a population sample with a high prevalence of obesity or in a population sample with a high
prevalence of concentric cardiac remodelling produced by an excess adiposity. As we have
recently demonstrated that obesity produces marked concentric remodelling of the left ventricle
(Woodiwiss et al 2008), the use of midwall fractional shortening to assess the relationship
between obesity and cardiac systolic function is entirely appropriate.

Therefore, in the present dissertation | evaluated the relationship between CRP and left
ventricular midwall fractional shortening, in a relatively large population sample obtained from
an ongoing study being conducted in an urban, developing community of African ancestry with a

high prevalence of obesity.

6.0 Summary of problem statements

Problem statement 1: Although there is evidence to indicate that LPS, derived from gram

negative organisms, can promote cardiomyocyte apoptosis, there is a question as to whether
the doses of LPS employed in these studies produce effects that represent septic shock or low-
grade infections.

Problem statement 2: Although there is evidence to indicate that obesity can promote

cardiac dysfunction independent of conventional cardiovascular risk factors, only two studies

have explored whether a relationship with heart failure could be mediated by inflammatory



31

changes associated with obesity and no studies have assessed whether an independent
relationship with cardiac dysfunction could be mediated by inflammatory changes associated

with obesity.

7.0 Aims of the dissertation

The major aim of the present dissertation was to provide further proof of principle that
low grade inflammation may contribute toward myocardial damage and dysfunction. In this

regard the specific aims of the present dissertation were:

1) To assess whether pyrogenic, but not septic doses of LPS promote cardiomyocyte
apoptosis in rats.

2) To determine whether indices of adiposity are independently associated with left
ventricular midwall as opposed to endocardial fractional shortening in a randomly
selected community sample with a high prevalence of excess adiposity and
subsequently to evaluate whether this relationship could be accounted for by circulating

concentrations of the inflammatory marker, CRP.
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As indicated in chapter 1, in the present dissertation, two separate studies were
conducted, one in rats and one in a cross-sectional population sample. The justification for
using rats in one study and humans in another has already been provided. For ease of reading,

the methodology for these two studies will be described in separate sections.

2.1 Methodology for the study to assess whether pyrogenic doses of LPS promote

cardiomyocyte apoptosis in rats.

2.1.1 Study design and animals

Male Sprague-Dawley rats weighing between 400g and 500g were studied. Rats were
housed individually in cages where the room temperature was maintained at approximately
22°C and the lighting set to a 12:12 hour light: dark cycle. Food and water were provided ad
libitum. Rats were handled and injected with saline daily at the volume employed to administer
LPS (1ml/kg) for a period of two weeks prior to the study to habituate them to the experimental
procedures. The habituation took place to prevent stress-induced hyperthermia, which
commonly results from novel handling procedures (Kluger et al 1987,Cabanac et al 1992).

To assess the effects of a pyrogenic dose of lipopolysaccharide (LPS) on the heart, rats
were randomly assigned to receive a subcutaneous injection of either saline (1 ml/kg) or
Lipopolysaccharide (LPS) (250 pg/kg). The LPS was derived from Escherichia coli endotoxin
(serotype 0111:B4, Sigma, St. Louis, MO, USA) and reconstituted with saline (sterile, pyrogen-
free 0.9% saline, Sabax, Johannesburg, South Africa). A stock solution of 5000ug/ml was
prepared and diluted to a concentration of 250ug/ml. As LPS is present in the environment,
sterility was maintained in the procedures involving preparation of the stock solution. It has

previously been documented that LPS adheres to plastic whilst in storage, and therefore the
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stock solution was prepared specifically with the aim of standardizing the concentration of the
solution contained therein. Tubes containing LPS were placed in an ultrasonic bath which
removed any LPS adherent to the tube. LPS or saline were injected subcutaneously (Harden et
al 2006) on two separate, consecutive days and the second LPS injection was exactly 24hour
after the first injection for each rat. The rats were killed 6 hours after the second LPS injection.
Two LPS injections were given to ensure that cardiomyocyte apoptosis was assessed at the
time of a febrile response (second injection), but also following a sufficiently long period to
ensure that apoptotic cell death could be detected using a TUNEL system. The LPS was
administered at approximately the same time of the day in each rat (between 7 and 9am), to
eliminate the possible effect of circadian alterations in temperature, which could possibly affect
the amplitude of the fever response.

Rats were anaesthetized 6 hours after the second injection of LPS or the vehicle in order
to perform echocardiography. Echocardiography was performed to exclude the possibility that a
sufficiently large dose of LPS was administered to produce myocardial dysfunction and could
therefore be considered to produce haemodynamic changes consistent with sepsis. The hearts
were then rapidly removed under anaesthesia and placed in ice cold water, dissected and
stored in 10% phosphate buffered formaldehyde for histological assessments (for the evaluation
of cardiomoycyte apoptosis).

To evaluate the pyrogenic effect of the LPS, febrile responses to LPS or the saline
vehicle were determined in a separate group of 10 rats using temperature-sensitive
radiotransmitters.The dose of LPS administered to rats was considered physiologically effective

if a fever developed. A fever was defined as an increase in core body temperature above 1.
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2.1.2 Core body temperature measurements and assessment of fever responses

Core body temperature was measured continuously and in real-time using surgically
implanted, temperature-sensitive radiotransmitters (resolution: 2°C, Data Sciences) (Figure 2.1)
implanted into the peritoneal cavity of rats. One radiotransmitter was surgically implanted into
each rat, following the induction of anaesthesia with a combination of xylazine (4mg/kg
intramuscularly) and ketamine hydrochloride (80mg/kg intramuscularly). The radiotransmitters
were coated in non-toxic plastic which reduced the risk of infection and the extent of tissue
adhesion, both of which could influence the accuracy of the results. Core body temperature was
measured by the temperature-sensitive radiotransmitters which employ remote biotelemetry.
The output frequency (Hz) of the transmitter was monitored at 5 minute intervals by a receiver
plate (RTA 500, Mini-Mitter, Sunriver, OR, USA) below the cage of each rat (figure 2.1, bottom
panel). The frequency transmitted by each plate was fed into a peripheral processor (DP-24
Data-Port, VitalView, Minimitter, Sunriver, OR, USA) connected to a personal computer and the
output was measured in degrees centigrade. Rats were allowed to recover for two weeks
following the surgery before the effect of LPS was determined.

To obtain average daily temperatures, the temperature over time was calculated as the
area under the graph of a time-temperature graph (Figure 2.2). To ensure that the increase in
core body temperature following LPS administration was a true reflection of a fever, and not a
result of daily fluctuations in core body temperature during the circadian rhythm, the average
area under the curve (thermal response index) was calculated for each rat over a period of three
days prior to LPS or vehicle administration. The difference between the thermal response index
following LPS or vehicle administration and the average daily temperature obtained from the
average area under the graph over 3 days prior to either LPS or saline administration was

assessed.
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Figure 2.1. Photograph of the surgically implanted, temperature-sensitive radiotransmitter used
to determine core body temperature (top). The bottom panel shows the recording plate placed

underneath the cage that an individual rat was housed in, as illustrated by the arrow.
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Figure 2.2. Method of assessing the magnitude of a fever. The area under curve for the typical
core body circadian rhythm fluctuation in temperature (grey) is subtracted from the area under
the curve for the core body temperature response to lipopolysaccharide (LPS) (vertical lines)

administration. Data shown are obtained from a single animal.
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2.1.3 Cardiac structure and function in rats

To determine the impact of LPS on left ventricular dimensions and systolic chamber or
myocardial function in anaesthetized rats, echocardiography was performed using previously
described methods (Norton et al 2002, Woodiwiss et al 2001). To perform echocardiography
rats were anaesthetized with 50mg/kg of ketamine and 3mg/kg of xylazine to ensure immobility
during the procedure. A high resolution ultrasonic probe (7 MHz paediatric probe) was used to
obtain two-dimensional guided M-mode images of the rat left ventricle using an approach
previously described (Chung et al 1998, Norton et al 2002) (Figure 2.3) on an Accuson
echocardiograph. Care was taken to ensure that an M-mode image was obtained at the level of
the papillary muscles. As the right ventricular cavity was difficult to visualize, septal wall
thickness values were not determined. However, left ventricular end diastolic and end systolic
internal diameter and posterior wall thickness values were determined (Figure 2.3). Left
ventricular internal dimensions during systole and diastole were measured using the American
Society for Echocardiography's (Sahn et al 1978) leading edge method (Norton et al 2002).
Measurements were made from 3 consecutive beats. Left ventricular chamber and myocardial
systolic function were determined from endocardial (FSeng) and midwall (FSng) fractional
shortening respectively, as previously described (Norton et al 2002) using the following
equations:

FSens = (EDD-ESD/EDD) x 100

FSmia = [([EDD+ED PWT)/2-(ESD+ES PWT)/2] x 100

(EDD+ED PWT)/2
where EDD = end diastolic diameter, ESD = end systolic diameter, ED PWT = end diastolic

posterior wall thickness and ES PWT = end systolic posterior wall thickness.
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Figure 2.3. A representative M-mode image used to determine left ventricular structure and
function in rats. EDD, end diastolic diameter; ESD, end systolic diameter; PWTd, posterior wall

thickness at the end of diastole; PWTs, posterior wall thickness at the end of systole.
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The calculation of midwall diameter at either end diastole or end systole is based on an
assumption that PWT = septal wall thickness, and hence that half of PWT = half of septal wall

thickness.

2.1.4 Assessment of cardiomyocyte apoptosis.

After removal of the heart from the thoracic cavity under anaesthesia, the heart was
placed in ice cold water, weighed, dissected and stored in 10% phosphate buffered
formaldehyde for a maximum period of 24-hours. Myocardial tissue was subsequently
processed and embedded in paraffin wax. The degree of apoptosis was quantified on 5um thick
tissue sections. Nuclear deoxyribonucleic acid (DNA) fragments in the tissue sections were
detected using a non-radioactive in situ apoptotic cell death detection kit (DeadEnd™
Colorimetric TUNEL system, Promega, Madison, WI, USA), where terminal deoxynucleotidyl
transferase (TdT) was used to incorporate biotinylated nucleotide at the 3'-OH DNA ends.
Horseradish-peroxidase-labeled streptavidin  binds to biotinylated nucleotides, which
subsequently stain dark brown in response to hydrogen peroxide and diaminobenzidine
(Agarwala and Kalil, 1998). Both positive (DNase treated) and negative (no addition of TdT)
control tissue sections were incorporated into each assay.

Paraffin embedded sections were first immersed in xylene for 5 minutes to de-paraffinize
the tissue sections. The tissue sections were then washed by immersing the slides in 100%
ethanol for 5 minutes and again for 3 minutes. The sections were rehydrated in graded ethanol
washes (95%, 85%, 70% and 50%) for 3 minutes each. The slides were washed in a 0.85%
NacCl solution for 5 minutes and in phosphate buffered saline for 5 minutes. The tissue sections

were fixed by immersing the slides in a 4% paraformaldehyde solution for 15 minutes and the
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slides were then immersed in phosphate buffered saline for 5 minutes, dried, and placed on a
flat surface.

To increase the permeability of the cell membrane, 100ul of a 20ug/ml proteinase K
solution was added to the slides to cover each tissue section and incubated for 30 minutes at
room temperature. The tissue sections were washed by immersing the slides in phosphate
buffered saline for 5 minutes and re-fixed by immersing in a 4% paraformaldehyde solution and
washed again in phosphate buffered saline for 5 minutes. At this point the positive control slide
was treated with DNase | to cause DNA fragmentation whilst the experimental slides remained
in a phosphate buffered saline solution. 100ul of DNase | buffer was added to the positive
control slide to cover the tissue sections and incubated at room temperature for 5 minutes.
DNase | buffer containing DNase was added to cover the tissue sections and the slides were
incubated for 10 minutes at room temperature. The positive control slide was washed 4 times in
distilled water and in phosphate buffered saline for 5 minutes.

The tissue sections were covered with equilibration buffer for 8 minutes. 10ul of
biotinylated nucleotide mix and 10ul of rTDT Enzyme were added to 980ul of equilibration buffer
for the reaction mix. A control incubation buffer was prepared for the negative control slide by
adding 1pl of biotinylated nucleotide mix and 1pl of distilled water to 98ul of equilibration buffer.
After equilibration the slides were blotted with tissue paper to remove excess liquid and 100ul of
the rTDT reaction mix was then added to each tissue section. The sections were covered with
plastic cover slips and incubated at 37°C for 60 minutes inside a humidified chamber to allow
the end-labeling reaction to occur. After 60 minutes the slides were removed from the incubator
and the plastic cover slips removed. 20X SSC was diluted with distilled water and the rTDT
reaction terminated by immersing the slides in 20X SSC solution for 15 minutes. The tissue
sections were subsequently washed in phosphate buffered saline twice for 5 minutes each to

remove unincorporated biotinylated nucleotides. The slides were immersed in 0.3% hydrogen
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peroxide for 5 minutes to block the endogenous peroxides and washed with phosphate buffered
saline for 5 minutes.

Streptavidin horseradish peroxidase was diluted in phosphate buffered saline and 100yl
was added to each slide to cover the tissue sections. The slides were incubated at room
temperature for 30 minutes and washed with phosphate buffered saline for 5 minutes. 50l of
DAB Substrate 20X Buffer, 50ul of DAB 20X Chromogen and 50ul of Hydrogen Peroxide 20X
were added to 950pl of distilled water. 100pl of the DAB solution was then added to each slide
to cover the tissue sections for 8 minutes at room temperature. The slides were rinsed 4 times
with distilled water, dehydrated by immersing the slides in graded ethanol washes (50%, 70%,
85% and 95%) and immersed in xylene. The slides were subsequently mounted using
permanent mounting medium.

The number of apoptotic cardiomyocyte nuclei and the total number of cardiomyocyte
nuclei (haematoxylin and eosin stain) in each slide were counted on ten evenly spaced fields
from the apex to the base using a computer-based image acquisition and analysis system at
400 times magnification (Axiovision 3, Carl Zeiss, Gottingen, Germany). Apoptotic
cardiomyocyte nuclei were expressed as a percentage of the total number of cardiomyocyte
nuclei. Representative examples of stained sections for the samples assessed and from positive
and negative controls are illustrated in Figure 2.4. All sections were coded and a single observer
“blinded” to the identity of the rat from which the section was obtained recorded the number of
apoptotic nuclei, and counted the total number of cardiac myocyte nuclei from the haemotoxylin

and eosin slides.
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Figure 2.4. Histological sections of the myocardium stained for apoptotic nuclei. The upper
panels illustrate sections obtained from a positive (left) and a negative (right) control and the
lower panel a section from the myocardium of a heart showing one apoptotic cardiomyocyte

nucleus (arrow). Note the numerous apoptotic nuclei in the positive control section.
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2.2 Methodology for the study to assess whether inflammation in-part explains the

relationship between obesity and myocardial dysfunction.

2.2.1 Study participants

The study protocol was approved by the University of the Witwatersrand Committee for
Research in Human Subjects (approval number: M02-04-72 and renewed as MO07-04-69).
Participants of African ancestry, with a minimum age for participation being 16 years, but
without an upper age limit, were recruited from nuclear families of the South-Western township
(Soweto) of Johannesburg. A lower age limit was included as BP rapidly increases with age
below this value. Random recruitment of spouses and siblings living in households from formal
dwellings represented in the last census conducted (2001) was performed. Street names and
addresses of households with at least one parent and two siblings or two parents and one
sibling were obtained from the Department of Home Affairs. These households were allocated
numbers and numbers were selected from a random number generator. People residing in
informal dwellings or institutions/homes were not recruited.

Recruitment for the present study was initiated in October 2003 and data obtained up
until November 2006 were used for the present dissertation. Up until November 2006, of the
1082 participants that were invited to be part of the study, 671 (62%) agreed to participate. Of
the 671 participants enrolled, 418 (62%) agreed to echocardiograph assessments. Of these,
data from 19 were discarded because of poor quality echocardiograph assessments and 16
participants had insufficient serum to assess CRP concentrations. As cardiac function is
influenced by antihypertensive therapy, analysis was restricted in participants who were not
receiving treatment for hypertension. Thus, in total, data from 292 participants were assessed in

this study. 199 (68%) of the participants recruited were of the Nguni chiefdom (Zulu, Xhosa,
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Ndebele, Swati) and 93 (32%) were of the Sotho chiefdom (South Sotho, North Sotho and
Tswana). The lack of representation from the Venda chiefdom reflects a lack of individuals of
this chiefdom residing in these areas of Johannesburg. No participants of mixed, Asian, or
European ancestry were recruited and no Khoi-San subjects were recruited. All participants

gave written, informed consent to participate in the study.

2.2.2 Questionnaire

Participants completed a standard questionnaire, where in order to avoid translational
errors, the questionnaire was not translated into an African language, but study assistants
familiar with all languages spoken in these townships and who either previously lived in Soweto
or currently reside in Soweto assisted with the completion of each questionnaire. Only same sex
assistants were used to assist each family member with the completion of the questionnaire.
Assistance was only provided when requested. The majority of participants were reasonably
proficient in English. Study assistants first visited homes of participants in order to develop a
trusting relationship. The questionnaire was only completed at a subsequent clinic visit and then
ambiguities checked by performing a follow-up home visit. If family members were absent at
follow-up home visits, data was checked with them personally via telephonic conversations
whenever possible. Ambiguities in answers to the questionnaire were detected by an
independent observer prior to the second home visit. A pilot study was conducted in 20 subjects
to ensure that data obtained in the questionnaires were reproducible when obtained with the
assistance of two separate study assistants.

The questionnaire requested specific answers to date of birth, gender, previous medical
history, the presence of hypertension, diabetes mellitus and kidney disease, prior and current

drug therapy (analgesic use included), prior and current occupation, level of education, smoking
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status (including the number of cigarettes smoked in the past and at the present time), daily
alcohol consumption (beer, traditional beer or other forms of alcohol and the daily quantity),
caffeine consumption (number of cups of tea or coffee and whether they are decaffeinated and
the number of cola’'s a day), exercise frequency and family history of hypertension and
cardiovascular events. For females, menstrual history, history of pregnancies and oral
contraceptive use was evaluated. Most of the questions simply required a “Yes”-“no” answer,
but understanding was assessed by requesting some short answers. If subjects were unable to
provide the name of medication taken these were obtained on the second home visit. Although
information on education, present occupation and annual incomes were obtained, these data

have not been analysed at this point as an appropriate score has not been derived.

2.2.3 Blood pressure, pulse rate and anthropometric measurements and blood tests

Trained nurse-technicians measured blood pressure using a standard mercury
sphygmomanometer during a clinic visit. A standard cuff with a 12 x 24 cm inflatable bladder
was used, but if upper arm circumference exceeded 31 cm, larger cuffs with a 15 x 35 cm
inflatable bladder were used. After 10 minutes of rest in the seated position, five consecutive
blood pressure readings were taken 30 to 60 seconds apart, followed by a pulse rate count. The
cuff was deflated at approximately 2 mm Hg per second and phase | (systolic) and phase V
(diastolic) blood pressure recorded to the nearest 2 mm Hg according to the recommendations
of the European Society of Hypertension (O’Brien et al 2003). The average of the five readings
was taken as the clinic blood pressure. In the present study quality control of blood pressure
assessments was assessed as previously described (Majane et al 2007). Only 0.68% of visits
had fewer than the planned blood pressure recordings. The frequency of identical consecutive

recordings was 0% for systolic blood pressure and 0% for diastolic blood pressure. The
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occurrence of blood pressure values recorded as an odd nhumber was 0%. Of the 2912 systolic
and diastolic blood pressure readings, 28.8% ended on a zero (expected =20%). A diagnosis of
hypertension was made if subjects were receiving antihypertensive therapy and/or if the
average of the mean values for the clinic readings was =2140/90 mm Hg.

Body height, weight, waist and hip circumference and triceps and subscapular skin-fold
thickness (Harpenden Skinfold Calliper, Bedfordshire, UK) were measured during the clinic visit
by a trained observer. Height and weight were measured with the participants standing and
wearing indoor clothes with no shoes. Waist circumference (WC) and hip circumference were
measured according to conventional techniques (World Health Organisation, 2000). Body mass
index (BMI) was calculated as weight in kilograms divided by the square of height in meters and
waist-to-hip ratio calculated as an index of central obesity. Mean skin-fold thickness was
calculated as the mean of sub-scapular and triceps skin-fold thickness values. Participants were
identified as being overweight if their BMI was =25 kg/m? and obese if their BMI was =30 kg/m?.
Central obesity was defined as an enlarged WC (=88 cm in women and =102 cm in men).

Blood samples were obtained on the day of the clinic visit and sent to the South African
National Health Systems Laboratories to perform a full blood count and differential count, to
measure urea, creatinine and electrolyte concentrations, to assess liver function (from alanine
transaminase, aspartate transaminase, gamma gluteryl transaminase, alkaline phosphatase,
albumin, total protein and plasma albumin, total bilirubin, and conjugated and unconjugated
bilirubin concentrations) and plasma urate concentrations, to obtain a lipid profile (total
cholesterol, low density lipoprotein cholesterol concentrations, high density lipoprotein
cholesterol concentrations and triglyceride concentrations), a blood glucose measurement,
percentage glycated haemoglobin (HbAlc) (Roche Diagnostics, Mannheim, Germany) and a

follicle stimulating hormone concentration in females (to confirm menopausal status in females).
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Diabetes mellitus or abnormal blood glucose control was defined as the use of insulin or oral
hypoglycaemic agents or a glycated haemoglobin value greater than 6.1% (Bennett et al 2007).

Serum C-reactive protein (CRP) concentrations were measured using a quantitative
immunoturbidimetric assay (Kit 6K2602, Architect, Sentinel Diagnostics, USA) which employs
an method of detection with the lowest detection limit being 0.01 mg/dl. The analysis was
performed on an Olympus OSR 6185 (Olympus Diagnostics, Lismeehan, Ireland) with inter- and
intra-assay coefficients of variation of 1.3% and 0.4%, respectively. In this assay serum
containing CRP agglutinates when it comes into contact with polyclonal anti-CRP antigens
bound to latex particles in a 0.2% suspension. Once CRP and anti-CRP have agglutinated, the
concentration of CRP is determined by spectrophotometry, as assessed by an absorbance
change from an initial 572 nm. The lowest detection limit of the CRP assay of 0.01 mg/dl is
lower than that for the high-sensitivity CRP assay of 0.02 mg/dl. Samples with concentrations
that exceeded the upper limit were diluted at a ratio of 1:10 with normal saline and re-analyzed.
The presence of a generalized systemic infection was diagnosed if CRP concentrations were

210 mg/dl.

2.2.4 Echocardiography in human participants

Echocardiographic measurements were performed by an experienced observer using a
pulse colour Doppler Hewlett Packard model 4500-5500 recorder coupled to a 2.5 MHz
transducer. Left ventricular dimensions were determined using two-dimensional directed M-
mode echocardiography in the short axis view and these recordings analyzed according to the
American Society of Echocardiography convention (Sahn et al 1978). During recordings, the
transducer was placed perpendicular to the chest wall or pointed slightly inferiorly and laterally

at the end of the long axis. All measurements were recorded on videotape and analyzed off-line
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by the same observer who was unaware of the clinical details of the participants. The
interventricular septal wall thickness (IVS) at end diastole and end systole, the posterior wall
thickness (PWT) at end diastole and end systole and the end diastolic and end systolic internal
dimensions of the left ventricle were measured only when appropriate visualization of both the
right and the left septal surfaces occurred. Figure 2.5 shows a representative M-mode image
employed to assess left ventricular mass and systolic function.

Left ventricular mass was derived according to an anatomically validated formula
(Devereux et al 1986) (LVM = 0.8 x [1.04 (LVEDD + IVS +PWT) % — (LVEDD) °] + 0.6g) and
indexed to height*’ (LVM index, LVMI). Left ventricular relative wall thickness (RWT) was
calculated as (LV diastolic posterior wall thickness x2)/LV end diastolic diameter (Ganau et
al1992). Left ventricular mean wall thickness was determined from the mean of LV septal and
posterior wall thickness. Left ventricular ejection fraction, and endocardial and midwall fractional
shortening will be calculated from dimension measurements using standard formulae, where:

LV ejection fraction (EF) = (LVED volume- LVES volume) x 100

LVED volume

LV endocardial fractional shortening (FSend) = (LVEDD- LVESD ) x 100

LVEDD
LV midwall fractional shortening (FSmid) =

[([PWTed + SeptalTed]/2 + LVEDD) — ([PWTes + SeptalTes]/2 + LVESD)]  x 100

([PWTed + SeptalTed]/2 + LVEDD)
where LVED = left ventricular end diastolic, LVES = left ventricular end systolic, LVEDD = LVED
internal diameter, LVESD= LVES internal diameter, PWTed = end diastolic posterior wall

thickness, PWTes = end systolic posterior wall thickness, SeptalTed = end diastolic septal wall



50

Figure 2.5. A two-dimensional guided (upper panel) M-mode echocardiographic image (lower
panel) derived from a Hewlett Packard model 5500 utilised to assess left ventricular dimensions
and function.EDD, end diastolic diameter, ESD, end systolic diameter, PWTd, posterior wall
thickness at the end of diastole, PWTSs, posterior wall thickness at the end of systole, SeptTd,

end diastolic septal wall thickness, SeptTs, end systolic septal wall thickness.
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thickness, and SeptalTes = end systolic septal wall thickness. Left ventricular volumes were
calculated from left ventricular diameters using the Teichholz formula (Teichholz et al 1976).

Left ventricular hypertrophy (LVH) was defined as a LVMI>51 g/m?” for both women and
men (Nunez et al 2005). A concentric LV was defined as a RWT>0.45. A concentric LVH was
defined as the presence of LVH and a RWT>0.45. Eccentric LVH was defined as the presence
of LVH and a RWT<0.45. Concentric remodelling was defined as the presence of a RWT>0.45,
but without LVH.

Intra-observer variability studies were conducted on 29 subjects on whom repeat
echocardiographic measurements have been performed within a two week period of the initial
measurements. The Pearson’s correlation coefficients for LV end diastolic diameter, septal wall
thickness and posterior wall thickness were 0.76, 0.94 and 0.89 (all p<0.0001) respectively, and
the variances (mean % difference + SD) were 0.1245.95%, -0.77+4.47% and 0.67+5.57%
respectively. In addition, no significant differences between repeat measurements were evident

on paired t-test analysis (p=0.99, p=0.42 and p=0.48 respectively).

2.3 Data analysis.

In the animal study, data are represented as either meanzSEM or meantSD. For
comparisons of groups in the animal study, an unpaired Student’s t test was performed. For a
comparison of the thermal response index after versus before LPS injection, a paired Student’s t
test was performed.

Database management and statistical analyses for the study conducted on the community
sample was performed with SAS software, version 9.1 (The SAS Institute Inc., Cary, North
Carolina, USA). Data from individual subjects were averaged and expressed as meantSD. The

XZ-statistic was used to compare means and proportions. To assess the relationship between
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indices of adiposity or serum hs-CRP concentrations and indices of left ventricular function,
multivariate linear regression analyses was performed with age, blood pressure, gender, regular
alcohol abuse, regular smoking and the presence or absence of diabetes mellitus or abnormal
blood glucose control in the regression models. Probability values were obtained with further
adjustments for non-independence of family members (mixed model as outlined in the SAS
package). As hs-CRP concentrations were not normally distributed they were log transformed to

achieve a more uniform distribution.
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As indicated in chapters 1 and 2, in the present dissertation two separate studies were
conducted, one in rats and one in a cross-sectional population sample. For ease of reading, the

results for these two studies will also be described in separate sections.

3.1 Results for the study to assess whether pyrogenic doses of LPS promote

cardiomyocyte apoptosis in rats.

3.1.1 Diurnal temperatures and thermal responses to lipopolysaccharide

Figure 3.1 shows the mean and SD of core body temperatures as determined in rats
prior to LPS administration over 3 days. A typical circadian rhythm of core body temperature
was observed, with night body temperatures being higher than day body temperatures. Core
body temperature was lowest first thing in the morning and highest in the evening, whilst a
gradual increase in body temperature was noted through the day. Figure 3.2 shows the thermal
response index (upper panel) and the temperatures measured over 6 hours (lower panel) in
response to a single LPS or vehicle injection. Data are compared to that obtained at the same
time of day over 3 days of temperature measurement in the same rats. Rats receiving LPS
exhibited a marked thermal response as compared to rats receiving the saline vehicle. In this
regard, rats developed a fever, as indicated by a temperature increase of greater than 1C. The
fever response peaked at 3 hours post LPS administration. Figure 3.3 shows the thermal
response index after a single (upper panel) and after a second (lower panel) injection of LPS or
the vehicle injection in rats. The thermal response index after LPS administration was similar on

the second as compared to the first day.
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Figure 3.1. Body temperature variations for 13 rats over a period of three days prior to
lipopolysaccharide (LPS) administration. Hatched bars indicate periods of darkness. Data are

means and SD.
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Figure 3.2. Thermal response index (upper panel) and the temperatures measured over 6
hours (lower panel) in response to lipopolysaccharide (LPS) at 250 ug/kg or the vehicle injection
in rats. Also shown are data obtained at the same time of day over 3 days of temperature

measurement in the same rats (circadian rhythm).*p<0.05, vs LPS and saline circadian rhythm.
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3.1.2 Echocardiographic datain rats

Figure 3.4 shows left ventricular endocardial and midwall fractional shortening values,
heart rates, and end diastolic diameters obtained in rats after having received either LPS or the
vehicle. No differences in either left ventricular systolic chamber function (endocardial fractional
shortening), myocardial function (midwall fractional shortening), heart rate, or left ventricular end

diastolic diameters were noted between rats receiving LPS or the saline vehicle.

3.1.3 Percentage cardiomyocyte apoptosis

Figure 3.5 shows the percentage cardiomyocytes that were TUNEL positive stained in
the left ventricle of rats 6 hours after receiving a second dose of either LPS or the saline vehicle.
Lipopolysaccharide administration, despite producing a marked febrile response (see section

3.1.1) failed to induce a significant increase in TUNEL positive stained cardiomyocytes.

3.2 Results of the study to assess whether inflammation in-part explains the

relationship between obesity and myocardial dysfunction.

3.2.1 Characteristics of the participants.

Table 3.1 gives the characteristics of the study participants not receiving
antihypertensive therapy in whom echocardiography was performed as well as the
characteristics of the participants not receiving antihypertensive therapy in whom did not

consent to echocardiography, had poor quality echocardiograms, or had insufficient serum for
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Figure 3.4. Left ventricular function, diameters and heart rate in rats 6 hours after having
received a second dose of either lipopolysaccharide (LPS) at 250 pg/kg or the saline vehicle.
FSend, endocardial fractional shortening; FSmid, midwall fractional shortening; EDD, end

diastolic diameter; HR, heart rate.
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Table 3.1. Characteristics of study participants and participants excluded from analysis.

Study group Excluded participants
Number (% female) 292 (62.0) 248 (60.0)
Age (years) 39+17* 36+16
Height (m) 162.5+8.6 161.1+8.9
Weight (kg) 74.7+18.8 72.4+18.2
Body mass index (kg/m?) 28.4+7.3 28.0£7.2
Waist circumference (cm) 87.91£15.3 86.7+£15.7
Mean skin-fold thickness (cm) 2.08+1.13 2.05+£1.16
% overweight/obese 25.0/37.7 22.1/36.4
% with central obesity 37.0 36.9
% with hypertension 24.9 21.1
% with DM or HbA;>6.1% 17.5 12.1
Regular smoking (%) 14.0 125
Regular alcohol (%) 24.0* 15.3
Conventional SBP/DBP (mm Hg)  128+21/83+12 125+19/83+11
Conventional PP (mm Hg) 44.5+13.8 42.3+12.2
LVED diameter (cm) 4.74+0.50 -
LVED septal thickness (cm) 1.01+0.15 -

LVED posterior wall thickness (cm)  0.97+0.13 -

LVED mean wall thickness (cm) 0.9940.14 -
LVM () 167+47 -
LVM indexed for BSA (g/m?) 93.6+22.8 -

LVM indexed for height*’ (g/m?*") 45.2+12.6 -

DM, diabetes mellitus; HbA,c, glycated haemoglobin; SBP, systolic blood pressure; DBP,
diastolic blood pressure; PP, pulse pressure; LV, left ventricle; LVED, LV end diastolic; LVM, LV
mass; BSA, body surface area. *p<0.05 vs excluded participants.
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CRP measurements. More women than men participated. In general the group had a high BMI,
with ~63% of participants being either overweight (~25%) or obese (~38%) and ~37% having
central obesity. More women than men were obese with 50% of women and 18% of men being
obese and 53% of women and 12% of men having central obesity. ~25% of participants were
hypertensive. ~18% had diabetes mellitus or an impaired blood glucose control (HbA1c>6.1%).
A relatively low proportion of participants reported smoking or a regular intake of alcoholic
beverages. ~29% of men and ~20% of women with echocardiographic data had LVH. ~6.5% of
participants with echocardiographic data had concentric LVH, ~17% eccentric LVH and ~15.4%
concentric LV remodelling. Except for being slightly younger and consuming less alcohol no
differences were noted in the characteristics of participants excluded from the analysis because
of a lack of echocardiographic data or available hs-CRP concentrations (Table 3.1). Mean (xSD)
CRP concentrations in mg/l was 6.0+ 8.8, with the mean CRP concentrations for women being
7.249.4 and for men being 4.1+7.4 (p<0.0001). Fifteen % of participants had elevated CRP

concentrations.

3.2.2 Factors associated with log C-reactive protein.

On univariate analysis, all adiposity indexes (Figure 3.6), age (r=0.34, p<0.0001), female
gender (r=0.23, p<0.0001), physical activity (r=0.26, p<0.0001), menopausal status (r=-0.14,
p<0.05), use of medication in the last two weeks (r=-0.15, p=0.01), and diabetes mellitus or
inappropriate glucose control (r=0.33, p<0.0001) were all associated with log CRP. In
multivariate models, both BMI (partial r=0.36, p<0.0001), WC (partial r=0.35, p<0.0001) and
skin-fold thickness (partial r=0.27, p<0.001) were strong independent predictors of log CRP.
Similarly, in gender-specific analysis, BMI was the strongest independent predictor of log CRP

in both men (r=0.28, p<0.005) and women (r=0.39, p<0.0001).
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3.2.3 Individual factors correlated with left ventricular systolic function.

On bivariate analysis, waist circumference and skin-fold thickness were inversely
correlated with left ventricular midwall fractional shortening (Figure 3.7) and BMI (r=-0.14,
p=0.02) and waist-to-hip ratio (r=-0.12, p<0.05) were marginally and inversely correlated with
left ventricular midwall fractional shortening. Importantly, log CRP was also inversely correlated
with left ventricular midwall fractional shortening (Figure 3.7). In addition, age (r=-0.16, p<0.01),
diabetes mellitus or an HbA1c>6.1% (r=-0.15, p=0.01), systolic BP (r=-0.13, p<0.05), pulse
pressure (r=-.013, p<0.05), and regular alcohol use (r=-0.12, p<0.05) were inversely associated
with left ventricular midwall fractional shortening. Neither diastolic blood pressure (r=-0.08,
p=0.17), regular tobacco intake (r=0.03, p=0.67), gender (r=-0.007, p=0.91) nor left ventricular
mass index (r=0.02, p=0.76) were correlated with midwall fractional shortening.

On bivariate analysis neither waist circumference (Figure 3.7), skin-fold thickness
(Figure 3.7), BMI (r=0.09, p=0.13), waist-to-hip ratio (r=0.03, p=0.56), sex (r=0.006, p=0.92),
age (r=0.04, p=0.50), systolic blood pressure (r=0.02, p=0.69), diastolic blood pressure (r=0.07,
p=0.22), pulse pressure (r=-0.03, p=0.63), diabetes mellitus or an HbA1c>6.1% (r=0.03,
p=0.67), regular tobacco intake (r=0.09, p=0.13), regular alcohol intake (r=-0.05, p=0.44), or left
ventricular mass index (r=-0.008, p=0.89) were correlated with left ventricular endocardial
fractional shortening. Moreover, log CRP was not correlated with left ventricular endocardial

fractional shortening (Figure 3.8).
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Figure 3.7. Relationship between indices of adiposity and left ventricular midwall (FSmid) and

endocardial (FSend) fractional shortening.
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Figure 3.8. Relationship between log C-reactive protein (CRP) and left ventricular midwall

(FSmid) or endocardial (FSend) fractional shortening.
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3.2.4 Independent associations with left ventricular systolic function.

Table 3.2 shows the factors independently associated with left ventricular midwall
fractional shortening. On multivariate regression analysis with waist circumference included as
an index of adiposity. In a multivariate model without log CRP in the model, only waist
circumference was independently and inversely associated with left ventricular midwall
fractional shortening. In a multivariate model with log CRP but without waist circumference
included in the model, log CRP was not independently associated with left ventricular midwall

fractional shortening.

3.2.5 Independent associations with left ventricular systolic function with both waist

circumference and C-reactive protein in the same model.

With both waist circumference and log hs-CRP in the same regression model, waist
circumference still showed an independent association with fractional midwall shortening
(standardized B-coefficient=-0.18+0.08, p=0.021). The slope of the relationship (standardized -
coefficient) between waist circumference was similar before (see Table 3.2) and after the

inclusion of log hs-CRP in the regression model.



68

Table 3.2. Independent associations with left ventricular midwall fractional shortening in

multivariate regression models in the study group (n=292).

Left ventricular midwall

fractional shortening vs

Standardized

B-coefficientSEM

p value for

relationship

Age

Waist circumference
Systolic blood pressure
Female sex

DM or HbA1c>6.1%

Left ventricular mass index

Regular alcohol

Age

Log CRP

Systolic blood pressure
Female sex

DM or HbA1c>6.1%

Left ventricular mass index
Regular alcohol

With waist circumference but not log CRP in the model

-0.05+0.08 0.52
-0.19+0.07 <0.01
-0.07+0.08 0.35
0.05+0.06 0.28
0.07+0.06 0.03
0.16+0.07 0.02
0.13+0.06 0.02
With log CRP but not waist circumference in the model
-0.11+0.08 0.16
-0.08+0.07 0.21
-0.09+0.08 0.26
0.03+0.06 0.59
0.08+0.06 0.23
0.14+0.07 <0.05
0.13+0.06 <0.05

Probability values were further adjusted for non-independence of family members. Significant

probability values indicating inverse associations with left ventricular midwall fractional

shortening are indicated in bold.
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In the present chapter, consistent with the sequence followed in chapters 2 and 3 of the
present dissertation, | will first discuss how the studies performed in my dissertation have
furthered our understanding of the potential role of low-grade infections in promoting adverse
cardiac changes. Second, | will discuss how the studies performed in my dissertation have
enhanced our understanding of the role of obesity-induced inflammatory changes in promoting

cardiac dysfunction.

4.1. Lipopolysaccharide effects on cardiomyocyte apoptosis

As reviewed in chapter 1 of the present dissertation, a number of studies indicate that
LPS mediates cardiomyocyte apoptosis (Li et al 2002, Suzuki et al 2003, Suzuki et al 2007,
Comstock et al 1998, McDonald et al 2000). The potential mechanism of the LPS-induced
cardiomyocyte apoptotic effect is through Toll-like receptor activation, which stimulates
cardiomyocyte angiotensinogen expression, and hence through angiotensin I, promotes
calcineurin-induced cardiomyocyte programmed cell death (Suzuki et al 2007). In addition, the
LPS-induced cardiomyocyte apoptotic effect may also be mediated through TNF-a effects
(Cowan et al 2001, Peng et al 2005). These findings of an effect of LPS on cardiomyocyte
apoptosis (Li et al 2002, Suzuki et al 2003, Suzuki et al 2007, Comstock et al 1998, McDonald
et al 2000) are of major clinical importance in sepsis and septic shock which are frequently
associated with a profound decrease in cardiac function (Calvin et al 1981, Parker et al 1984,
Jafri et al 1990, Munt et al 1998, Poelaert et al 1997). Indeed, inhibition of caspase, the key
enzyme involved in promoting apoptotic pathways, prevents cardiac dysfunction and
cardiomyocyte apoptosis in an animal model of sepsis (Neviere et al 2001). However, can one
extrapolate these data to a potential clinically relevant effect in chronic infections or infections

which are not associated with the haemodynamic changes that accompany sepsis?
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It is possible that with repeated inflammatory responses, modest degrees of
cardiomyocyte apoptosis, with no immediate effect on heart function, could ultimately translate
into a significant degree of myocardial damage, thus heralding the onset of heart failure after a
prolonged time-period. This hypothesis is based on the findings that increased circulating LPS
concentrations do indeed occur in chronic sub-clinical infections associated for example with a
poor dental hygiene (Moutsopoulos and Madianos 2006, Geerts et al 2002). The authors of
some of the studies showing that cardiomyocyte apoptosis occurs in response to LPS (Li et al
2002, Suzuki et al 2003, 2007) have suggested that the cardiomyocyte apoptotic effect occurs
at sufficiently low enough concentrations of LPS as to be comparable with the LPS
concentrations that occur in chronic infections. However, the LPS dose employed in these
studies (I mg/kg) (Suzuki et al 2003, Suzuki et al 2007, Li et al 2002) has recently been reported
to produce a marked decrease in blood pressure and cerebral vasodilation, an increased
circulating lactate concentration, and a metabolic acidosis with a compensatory decrease in
PaCO, (respiratory drive) (Rosengarten et al 2008).

It would thus appear that the dose of LPS administered to induce cardiomyocyte
apoptosis is more likely to induce all of the changes that one would normally consider to be
congruent with septic shock. Thus, an outstanding question is whether low-grade infections,
without the changes associated with septic shock, are indeed able to produce cardiomyocyte

apoptosis.

4.1.1 Lipopolysaccharide-induced effects on cardiomyocyte apoptosis: Outcomes of

the present study and comparison with previous studies

In the present study although LPS given at significantly lower doses (250 ug/kg) than the

doses given in those studies that have shown an LPS-induced cardiomyocyte apoptotic effect (I
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mg/kg) (Suzuki et al 2003, Suzuki et al 2007, Li et al 2002) induced a marked febrile response,
cardiomyocyte apoptosis was not observed. Although the apparent inconsistencies in LPS-
induced cardiomyocyte apoptosis between the results in the present dissertation and those
previously reported on (Comstock et al 1998, Li et al 2002, Suzuki et al, 2003, 2007, McDonald
et al 2000, Chagnon et al 2005, Niu et al 2008) are likely to be explained by differences in the
LPS doses employed, other explanations need to be considered.

Importantly, in previous studies, cardiomyocyte apoptosis as assessed from caspase 3
activity was observed within 4 hours of LPS administration and did not dissipate over 24 hours
(Suzuki et al 2007). Consequently, it is unlikely that differences in the time taken to assess
apoptosis (6 hours after a second dose of LPS in the present study) contributed to the
differences in the outcomes of the present and previous (Suzuki et al 2003, Suzuki et al 2007, Li
et al 2002) studies. Importantly, the time period of 6 hours post LPS administration was selected
to assess cardiomyocyte apoptosis in the present study to ensure that hearts were obtained in a
period where there was still evidence of a febrile response. Indeed, the time of termination of
rats coincided with a body temperature that was still higher than rats receiving the vehicle
control and higher than the body temperature of the same rats measured at the same time of
day on a preceding day in the absence of LPS. Moreover, cardiomyocyte apoptosis was
assessed not only 6 hours after a dose of LPS administered on the same day, but also 24-hours
after a dose of LPS administered on the preceding day. Consequently in the present study | was
able to assess the impact of LPS on cardiomyocyte apoptosis over a 6-24 hour period, which
encompasses the time periods within which LPS-induced cardiomyocyte apoptosis would be
expected to occur (Suzuki et al 2007). A study with further time periods included would
obviously strengthen the conclusions of the present study. However, based on previous
evidence of the optimal time period of 4-24 hours (Suzuki et al 2007), this is unlikely to occur.

Moreover, | could have considered assessing the effect of daily doses of LPS for prolonged
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periods thus evaluating whether a cumulative effect on the heart could have occurred. However,
consideration would have to be given to repeated injections of LPS and the possibility of LPS
tolerance developing (Roth et al 1994). Indeed, in the present study, although there was no
statistically significant tolerance, the thermal response index did tend to decrease on day 2.
Further injections of LPS are therefore likely to have resulted in significant tolerance.

Although not measured in the present study, but as would be expected, a febrile
response induced by LPS administration, such as noted in the present study, is associated with
increased circulating concentrations of inflammatory mediators, such as TNF-a (Givalois et al
1994, Roth et al 1991). In this regard, although TNF-a at high concentrations has been shown
to reduce cardiomyocyte function and promote myocardial damage (reviewed by Mann 2002,
Kelly and Smith 1997) TNF-a at sufficiently low concentrations has cardio-protective effects on
the heart (Deuchar et al 2007, Lecour et al 2002, Tanno et al 2003, Kurrelmeyer et al 2000). It is
therefore possible that in response to LPS, increased circulating TNF-a concentrations, or an
increased myocardial TNF-a expression in the present study may have only been sufficient to
produce protective, rather than destructive effects on the heart. In contrast, at higher LPS doses
such as those employed by previous authors (Suzuki et al 2003, Suzuki et al 2007, Li et al
2002), the extent to which TNF-a concentrations, or an increased myocardial TNF-a expression
may have increased could have been sufficient to promote myocardial damage. Neither in our
study, nor in previous studies have circulating TNF-a concentrations, or an increased
myocardial TNF-a expression been measured in response to LPS and correlated with
cardiomyocyte apoptosis or the lack thereof. Further studies are required to evaluate these

possibilities.
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4.1.2 Lipopolysaccharide-induced effects on cardiac function: Outcomes of the present

study and comparison with previous studies.

As reviewed in chapter 1, LPS depresses myocardial and cardiomyocyte function
(Suffredini et al 1989, Brady et al 1992, Hung and Lew 1993a, 1993b, Tao and McKenna 1994,
Nishikawa et al 1995, Nishikawa and Lew 1996, Lew et al 1996, 1997a, Stein et al 1996,
Yasuda and Lew 1997a, 1997b, 1999, Tavener et al 2004). In contrast, in the present study |
failed to show an effect of LPS on cardiac systolic function and this outcome is consistent with a
lack of adverse effects of LPS on noradrenaline-mediated increases in contractile function in
isolated cardiomyocytes previously reported on in one study (Muller-Werdan et al 1998). The
explanation for the lack of effect of LPS on cardiac systolic function in the present study is most
likely because of the low dose of LPS employed in the present as compared to previous studies
(Suffredini et al 1989, Brady et al 1992, Hung and Lew 1993a, 1993b, Tao and McKenna 1994,
Nishikawa et al 1995, Nishikawa and Lew 1996, Lew et al 1996, 1997a, Stein et al 1996,
Yasuda and Lew 1997a, 1997b, 1999, Tavener et al 2004). In the present study the purpose of
LPS administration was to mimic the inflammatory effects of a low-grade systemic infection,
rather than septic shock. In previous studies (Suffredini et al 1989, Brady et al 1992, Hung and
Lew 1993a, 1993b, Tao and McKenna 1994, Nishikawa et al 1995, Nishikawa and Lew 1996,
Lew et al 1996, 1997a, Stein et al 1996, Yasuda and Lew 1997a, 1997b, 1999, Tavener et al
2004) however, the purpose of these studies was to attempt to mimic septic shock.

In the present study the evidence to support a view that the dose of LPS does not induce
septic shock was the presence of heart rates and left ventricular end diastolic diameters in rats
receiving LPS that were similar to the control rat values. In septic shock, left ventricular end
diastolic diameter is likely to decrease as a consequence of a reduced venous return (through

the effects of peripheral pooling). Furthermore, if blood pressures had decreased acutely as a



75

consequence of a septic shock state, a baroreceptor response is likely to have resulted in an
increased heart rate. As this was not apparent, it is unlikely that septic shock occurred in the

present study.

4.1.3 Lipopolysaccharide-induced effects on the heart: Study strengths and limitations

The strengths of the present study are as follows. First, | used surgically implanted
radiotelemeters to establish the physiological response to LPS and to ensure that
cardiomyocyte apoptosis was assessed as guided by changes in core body temperature as well
as time after injection. Second, to ensure that LPS did not produce changes consistent with
septic shock, echocardiography was performed to assess filling diameters, heart rates and
systolic cardiac function.

The weaknesses of the present study are as follows: The only method that | employed to
assess cardiomyocyte apoptosis was a TUNEL technique. Importantly, in our groups hands this
has previously been successful in showing hypertensive associated (Veliotes et al 2005) and
adrenergic-induced (Osadchii et al 2007) cardiomyocyte apoptosis. However, TUNEL may
overestimate the number of apoptotic nuclei, as it labels both DNA fragmentation and cells
undergoing DNA repair. This is obviously not a concern in the present study as this would have
biased against a result of a lack of effect of LPS on cardiomyocyte apoptosis. Alternative
techniques such as the assessment of myocardial caspase-3 activity or other methods including
DNA laddering could have been employed to support the present outcomes.

A second limitation of the present study is that ideally, the present study would have
benefitted from a group of rats receiving a high dose of LPS, a dose previously shown to induce
cardiomyocyte apoptosis (I mg/kg) (Suzuki et al 2003, Suzuki et al 2007, Li et al 2002) to act as

a positive control group. However, this was not possible for ethical reasons due to the possibility
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that this dose is capable of producing haemodynamic and other changes consistent with septic
shock (Rosengarten et al 2008). Indeed, in discussion with the chairperson of the Animal Ethics
Screening Committee, it is unlikely that this committee would ever approve an application of a
model of septic shock in unanaesthetised animals.

Additional limitations of the present study include the following: | assessed the effect of a
relatively short-term period of LPS exposure on cardiomyocyte apoptosis. In this regard | cannot
exclude the possibility that further exposure to LPS in long-term studies may ultimately result in
increases in cardiomyocyte apoptosis. Moreover, although | assessed the impact of LPS on
cardiomyocyte apoptosis, | failed to evaluate the effect on cardiomyocyte autophagy. Further

work is therefore required to address these questions.

4.1.4 Lipopolysaccharide-induced effects on the heart: Clinical implications.

The outcomes of the present study support the view that LPS at concentrations that
induce a low-grade systemic infection do not result in increases in cardiomyocyte apoptosis.
Hence, the present study suggests that LPS-induced cardiomyocyte apoptosis demonstrated in
previous studies (Li et al 2002, Suzuki et al 2003, Suzuki et al 2007, Comstock et al 1998,
McDonald et al 2000) is probably important with respect to the impact of LPS in sepsis but not in
low-grade systemic infections. Further long-term studies are nevertheless still required to
substantiate these outcomes. Moreover, the outcomes of the present study need to be
confirmed using alternative assessments of cardiomyocyte apoptosis or assessments of

alternative cell death mechanisms including cardiomyocyte autophagy.

4.2 Outstanding question regarding the role of inflammation in obesity-induced

cardiac dysfunction
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As described in chapter 1 of the present dissertation, few studies have assessed
whether circulating inflammatory markers may explain the association that exists between
obesity and heart failure or cardiac dysfunction. In support of a role for obesity-derived
inflammatory substances as mediators of heart failure, after adjustments for either interleukin-6
or C-reactive protein in the regression analysis, the independent relationship between obesity
and heart failure failed to achieve statistical significance (Bahrami et al 2008). However, in that
study (Bahrami et al 2008) the increased risk for heart failure in obese patients decreased from
an 83% (hazards ratio=1.83) to a 50-58% (hazards ratio=1.50-1.58) risk after adjustments for
inflammatory markers. Thus, a potential residual risk for heart failure remained even after
adjustments for pro-inflammatory markers (Bahrami et al 2008). In support of this notion, in
another study (Spies et al 2009), the independent relationship between waist-to-hip ratio and
the subsequent development of heart failure in patients with established coronary artery disease
was only partially modified with adjustments for CRP, TNF-a, or interleukin-6. In that study
(Spies et al 2009), the independent relationship between an excess adiposity and the
development of heart failure remained even after adjustments for these inflammatory markers.
Thus, there is still considerable controversy as to the role of adipose tissue-derived pro-
inflammatory substances in the development of obesity-induced heart failure. Before describing
the main outcomes of the present study assessing whether obesity-induced cardiac systolic
dysfunction can be accounted for by serum CRP concentrations, it is important to first place the
study group in context. In this regard, the first important question is whether in the present study
cohort there was evidence that obesity contributes toward circulating concentrations of serum

CRP?
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4.2.1 Relationship between obesity and CRP: Outcomes of the present study and

comparison with previous studies.

In the present study | noted relatively strong relationships between serum CRP
concentrations and indices of an excess adiposity, which persisted even when correcting for
conventional risk factors in multivariate regression models. These findings are in agreement
with previous studies demonstrating independent relationships between indices of adiposity and
circulating concentrations of inflammatory markers, including CRP (Bahrami et al 2008, Berg
and Scherer 2005, Despres et al 2006, Ridker et al 2003 and Sattar et al 2007, Yudkin et al
1999, Cartier et al 2009a, Piche et al 2005). Although associations do not indicate cause and
effect, other studies have provided sufficient evidence to suggest that these relations are indeed
cause and effect, as weight loss with liposuction (Giugliano et al 2004), gastric bypass (Kopp et
al 2003) and diet (Heilbronn et al 2001) have all been shown to decrease circulating
concentrations of inflammatory markers.

In keeping with previous studies demonstrating correlation coefficients 0f.0.21-0.61 for
relationships between adiposity indices and circulating CRP concentrations (Yudkin et al 1999,
Cartier et al 2009a, 2009b, Lemieux et al 2001, Piche et al 2005), in the present study | could
similarly show correlation coefficients for the relationships between indices of an excess
adiposity and circulating CRP concentrations ranging from 0.21-0.51, with BMI and waist
circumference showing the strongest correlations. Although a greater number of women
participated in the present study than men, and consistent with previous studies (Khera et al
2009) female gender was independently associated with circulating CRP concentrations, the
relationship between indices of adiposity and serum CRP was similar in both gender groups.

Importantly, in the present study BMI was equally as strongly associated with serum

CRP concentrations as was waist circumference. This is in contrast to the stronger relationships
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noted between indices of central obesity and circulating CRP concentrations as compared to
alternative adiposity indices and circulating CRP concentrations previously suggested (Piche et
al 2005, Yudkin et al 1999, Lemieux et al 2001, Cartier et al 2009a, 2009b). However, in
previous studies, despite the claim that central adiposity is the primary determinant of CRP
(Yudkin et al 1999, Cartier et al 2009a, 2009b, Hak et al 1999), only one study (Hak et al 1999)
showed that the relationship between central adiposity and inflammation was independent of the
effect of BMI.

It is possible that in the present study the inability to show a stronger relationship
between indices of central adiposity as compared to alternative indices of adiposity and
circulating CRP concentrations may be explained by the strength of the relationship between
BMI and waist circumference in the population sampled (Majane et al 2008). It may also be
argued that because more women than men participated in the present study, and that
circulating CRP concentrations are related to subcutaneous rather than visceral fat in women
and visceral rather than subcutaneous fat in men (Cartier et al 2009b), that this may explain the
similarity in the strength of the associations between indices of central or general adiposity and
circulating CRP concentrations. However, alternative studies indicate that there is a stronger
association between indices of central obesity and circulating CRP concentrations in both
genders (Khera et al 2009). Moreover, in the present study, gender-specific analysis revealed
that BMI was the strongest independent predictor of circulating CRP concentrations in both men
and women. Further studies conducted in a much larger cohort of participants are required to
explain the equivalence of the strength of the relationship between BMI and serum CRP
concentrations as compared to waist circumference and serum CRP concentrations in the

present community.
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4.2.2 Relationship between obesity and cardiac systolic function: Outcomes of the

present study and comparison with previous studies.

In the present study | noted an inverse relationship between two indices of adiposity
(waist circumference and skin-fold thickness) and an index of myocardial systolic function (left
ventricular midwall fractional shortening), and the relationship between waist circumference and
left ventricular midwall fractional shortening persisted with adjustments for potential
confounders. However, | was unable to show an unadjusted or multivariate adjusted relationship
between indices of adiposity and left ventricular chamber systolic function.

The independent relationship between an excess adiposity and left ventricular
myocardial systolic function noted in the present study is consistent with decreases in tissue
Doppler indices of systolic myocardial function noted to occur in overweight and obese people
without conventional cardiovascular risk factors previously reported on (Peterson et al 2004,
Wong et al 2004). Whether the relationships between an excess adiposity and myocardial
systolic function are cause-effect relationships is nevertheless unclear. Indeed, even with the
use of load-independent tissue Doppler measures of myocardial as opposed to chamber
function, or with chamber function assessments, weight loss produced by either lifestyle
modification or gastric bypass does not influence left ventricular systolic function (Willens et al
2005, Rider et al 2009, Wong et al 2006, Skilton et al 2007).

In contrast to the present study one previous study has failed to demonstrate a
relationship between body size and left ventricular midwall fractional shortening (De Simone et
al 1996). Nevertheless, in contrast to the present study where the participants studied
comprised largely of normotensives (~75% of the sample) not receiving antihypertensive
therapy, in the study by De Simone et al (1996), the relationship between obesity and left

ventricular midwall fractional shortening was studied in hypertensives only. As hypertension is a
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well-recognized cause of myocardial systolic dysfunction, this may have obscured the impact of
obesity on myocardial function. Differences in the prevalence of obesity could also account for
differences in the relationship between adiposity indices and left ventricular midwall fractional
shortening in the present study as compared to the study by De Simone et al (1996) where no
independent relationship was noted. Indeed, the prevalence of obesity in the present study
(~37%) was greater than that reported on by De Simone et al (1996)(26.1%). In addition, in the
study by De Simone et al (1996), the relationship between indices of an excess adiposity and
left ventricular midwall fractional shortening was unlikely to have been assessed in a cohort in
which the prevalence of concentric cardiac remodelling produced by an excess adiposity was as
high as that described in the present study. Indeed, in the present study 25% of the total sample
had either concentric left ventricular hypertrophy or remodelling and we have previously
demonstrated that a substantial proportion on this change is accounted for by obesity
(Woodiwiss et al 2008). As concentric left ventricular remodelling is thought to be a
compensatory change that maintains chamber function in the presence of decreases in
myocardial systolic function as indexed by left ventricular midwall fractional shortening (Norton
et al 2002), the present study sample is ideally suited to assess whether obesity is associated
with left ventricular midwall fractional shortening.

The lack of relationship between indices of excess adiposity and either unadjusted or
multivariate adjusted values for left ventricular chamber systolic dysfunction (endocardial
fractional shortening) is not surprising as the independent relationship between an excess
adiposity and systolic chamber function is controversial, with some studies showing a
relationship between an excess adiposity and systolic chamber function (Ammar et al 2008,
Chinali et al 2006, Peterson et al 2004, Wong et al 2004, Scaglione et al 1992, Karason et al
1998, Alpert et al 1995, Alpert et al 1993), whilst others have failed to do so (Pascual et al 2003,

Devitiis et al 1981, Zarich et al 1991, Stoddard et al 1992, De Simone et al 1996, Mureddu et al
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1996, lacobellis et al 2002). A lack of relationship between indices of an excess adiposity and
chamber systolic function despite the relationship between indices of an excess adiposity and
myocardial systolic function is also not surprising considering the high prevalence of concentric
left ventricular remodelling reported on in the present study, a change attributed to a large
extent to obesity (Woodiwiss et al 2008). In this regard, as previously indicated, concentric

remodelling may indeed be a compensatory response to myocardial dysfunction.

4.2.3 Relationship between CRP and cardiac systolic function: Outcomes of the present

study and comparison with previous studies.

In the present study, an inverse univariate correlation, albeit weak, was noted between
CRP concentrations and left ventricular midwall fractional shortening, a relationship which
nevertheless did not persist with adjustments for potential confounders. In addition, the inverse
relationship between adiposity indices and left ventricular myocardial function remained when
waist circumference was included in the same regression model with log CRP, whilst log CRP
was not independently associated with left ventricular systolic myocardial function in this same
model. These data therefore suggest that inflammatory changes as indexed by log CRP, are
unlikely to account for the impact of an excess adiposity on left ventricular systolic myocardial
function.

The lack of independent relationship between CRP concentrations and left ventricular
midwall fractional shortening in the present study is in apparent contrast to the evidence to
suggest that inflammatory markers, including CRP, independently predict the development of
heart failure (Bahrami et al 2008, Vasan et al 2003, Cesari et al 2003, Ingelsson et al 2005b).
However, in the present study | assessed left ventricular systolic myocardial function rather than

heart failure. In this regard, chronic inflammation in the group studied may not have been
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present for sufficiently long to have produced early changes in myocardial function. In addition,
this observation may be attributed to the impact of co-linearity in the regression models, an
effect produced by the close relationship between inflammation and obesity or other factors.
Only prospective follow-up of participants will provide the necessary evidence to evaluate
whether in the community studied, CRP concentrations independently predict a reduced
myocardial systolic function or the development of heart failure.

The lack of ability of adjustments for CRP concentrations to nullify the inverse
relationship between adiposity indices and left ventricular myocardial function is in apparent
contrast to data demonstrating a potential role for obesity-derived inflammation as a mediator of
heart failure. Indeed, previous studies have demonstrated that after adjustments for either
interleukin-6 or CRP in the regression analysis, the independent relationship between obesity
and heart failure failed to achieve statistical significance (Bahrami et al 2008). Moreover, Spies
et al (2009), have demonstrated that the independent relationship between waist-to-hip ratio
and the subsequent development of heart failure in patients with established coronary artery
disease was patrtially modified with adjustments for CRP, TNF-a, and interleukin-6. However,
the present data are also in-part in support of that study (Spies et al 2009), as these authors
(Spies et al 2009), demonstrated that a residual independent relationship between an excess
adiposity and the development of heart failure remained even after adjustments for these
inflammatory markers. It is also possible that the ability of adjustments of circulating markers of
inflammatory changes in the regression analysis to reduce the independent relationship
between obesity and heart failure (Bahrami et al 2008, Spies et al 2009) could be attributed to
effects of inflammatory changes on diastolic rather than systolic myocardial function, a

possibility not explored in the present dissertation.
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4.2.4 Inflammation and obesity-induced cardiac dysfunction: Strengths and limitations.

The outcomes of the present study need to be interpreted in the context of the study
strengths and limitations. The strengths of the present study include the random selection
techniques of the study sample, and the fact that the question was assessed in a community
well recognized as having a high prevalence of obesity and where indices of obesity were
strongly related to circulating CRP concentrations.

The weaknesses of the present study include the following: First, the sample size
prevented me, in sensitivity analysis, from assessing relationships between obesity or
circulating CRP concentrations and myocardial systolic function in subgroups of the study.
Important subgroups could have been sex-specific groups as gender was associated with log
CRP. A second limitation of the study was the cross-sectional design. Cross-sectional studies
prevent the ability to draw conclusions regarding cause and effect. Only longitudinal studies
assessing the ability of CRP to predict the development of systolic dysfunction or intervention
studies specifically targeting inflammation in obese individuals will allow for cause-effect
relationships to be established. Third, myocardial tissue doppler measurements of myocardial
systolic function were not available in the present study and these measurements could be
more sensitive than calculations of midwall fractional shortening for detecting myocardial
systolic dysfunction. Fourth, the study is limited by the lack of measurements of circulating
concentrations of alternative pro-inflammatory and anti-inflammatory adipokine measurements.
However, no study has yet demonstrated that these measurements offer a greater sensitivity to

detect adverse effects on the heart than circulating high or CRP concentrations.
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4.2.5 Inflammation and obesity-induced cardiac dysfunction: Clinical implications.

The outcomes of the present study suggest that obesity mediates deleterious effects on
myocardial systolic function through actions that are independent of inflammatory changes. If
these data are replicated in longitudinal or intervention studies targeting obesity or obesity
induced inflammatory changes, these data may suggest that targeting obesity-induced
inflammation may not be an important therapeutic intervention in preventing heart failure
associated with systolic myocardial dysfunction. Further large community or population-based

studies and intervention studies are therefore required to evaluate this hypothesis.

4.3 Overall conclusions

In conclusion, the present studies indicate the following: First, in contrast to the
cardiomyocyte apoptosis associated with high doses of LPS, the inflammatory response
produced by doses of LPS associated with a marked pyretic response, but not with sepsis, do
not result in cardiomyocyte apoptosis as assessed using a TUNEL technique. Second,
circulating concentrations of the inflammatory marker, CRP, do not account for obesity-induced
decreases in systolic myocardial function. Although these studies require further work to
substantiate these outcomes, these outcomes lend insights into the potential role of chronic
inflammation produced either by infections or obesity on the heart. In this regard, the data
obtained in the present dissertation suggest that low grade inflammation associated with
infections or with obesity are unlikely to contribute toward the development of myocardial

damage or myocardial systolic dysfunction.
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Iwve fully understand the conditions under which | am/we are authorized to carry out the abovementioned
research and liwe guarantee to ensure compliance with these conditions. Should any departure to be
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APPLICANT: M5 M Janse Van Rensburg
SCHOOL: Physiology

DEPARTMENT:
LOCATION: Meadical School

PROJECT TITLE: Tha impact of Wwmeur necrosis alpha on edrenergenic-induced cardimyocyte
apopoiosls in rats.

Number Spocies
Approval was given far to the use of animals for the project described above al an AESC meeting held on
20070528, This approval remains valid undil 20070524,

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

Pilot only approved
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