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Thesis Summary
The main objective of this thesis was to investigate the mechanistic role of
uncoupling proteins (UCP’s) to increase energy expenditure in two models of (i)
Sarcosine- Angiotensin II (SAR-Ang II) infusion in rats and (ii) mechanical induced right
ventricle pacing (RVP) in sheep.
Initially, a novel animal model concerning the effect of RVP on body
composition, weight and composition changes and whole body palmitate turnover were
investigated in adult sheep over an 8-week period. Next, a model of Angiotensin II (Ang
II) infusion was used to induce weight loss and increased energy expenditure in adult
female Sprague Dawley rats. Recovery from infusion was also observed. Changes in gene
expression of uncoupling protein 3 (UCP3) in the skeletal muscle were studied using
quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis. Both
models displayed evidence of weight loss and increased energy expenditure. However
this increased energy expenditure was shown not to be due to UCP 3 mRNA expression.
In addition, the influences of various compounds on long-term, diet induced
obesity were examined with a view to compare mechanisms involved in both cachexia
and obesity. Addition of green tea to a high fat diet, attentuated weight and adipose tissue
gain, increased plasma non-esterified fatty acids (NEFA) and skeletal muscle gain. This
result demonstrates a promotion of lean tissue body composition and weight loss. These
findings suggest that nutritional supplements can be added to the diet to protect against
Diet Induced Obesity (DIO) development by altering fat metabolism by decreasing
lipogenesis, and increasing lipolytic pathways.
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In conclusion, these studies identify that UCP 3 expression in skeletal muscle may
not be the sole key mechanism explaining elevated energy expenditure during cardiac
cachexia. Furthermore, green tea was used as a dietary supplement to promote weight
loss, fat loss, lean tissue growth. Thus, this finding highlights the need to develop a set of
hypotheses to explain the metabolic mechanisms behind this weight loss. These
mechanisms may regulate both cardiac cachexia and development of diet induced
obesity.
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1.0

Introduction
The purpose of this literature review is to acquaint the reader with the condition

known as cachexia, animal models of cachexia, and to compare cachexia with associated
conditions such as starvation and sarcopenia. In this review, there will be discussion of
cachexia in a very broad context. There will be mention of different types of cachexia,
diagnosis and prognosis. Further, there are a number of mediators discussed, both
anabolic and catabolic, which regulate body weight. Their role in cachexia will also be
reviewed. Moreover, the role of Angiotensin II (Ang II) will be discussed in relation to
congestive heart failure (CHF) and cardiac cachexia. On the other end of the weight
spectrum, obesity appears to be related. In fact, cachexia and obesity are the end-points of
physical manifestation of the body composition and weight spectrum. The use of
antioxidants found in green tea, cocoa and coffee to alleviate diet-induced obesity will be
explored. The literature provided, supports an understanding of the research presented in
later chapters. The literature presented will provide solid groundwork for the studies
undertaken in this thesis, so the reader may appreciate the experimental design, results
and discussion of the key findings.
Repeating earlier statements, cachexia and obesity are physical expressions of an
imbalance in the anabolic and catabolic factors which regulate body weight and
composition. Both conditions display alterations in cytokine hormones, (e.g., tumour
necrosis factor (TNF-α), neuropeptide Y (NPY), and growth hormone (GH)). In addition,
the effects of Ang II on wasting will be reviewed and also various related conditions
which cause weight loss (i.e., cancer, sarcopenia and starvation) will also be introduced.
Overall, there is an urgent need for development of animal models of CHF cachexia, in
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particular the elucidation of the mechanisms causing elevated energy expenditure during
this condition. Lastly, the role of antioxidants in preventing obesity will be discussed.
These antioxidants are found in a number of food products (i.e., cocoa, coffee, caffeine
and green tea); with particular mention to green tea catechins, which modulate body
composition, and thus may elevate diet induced obesity when included as a dietary
supplement.
This review will not set out to explain all facets of weight loss, cachexia,
associated diseases, obesity or antioxidants. The review focuses on the relationship
between obesity and cachexia, malnutrition and anorexia, cachexia prognosis, sarcopenia
(wasting during aging), key mediators of cachexia, different forms of cachexia, the role
of Ang II in cardiac cachexia, diet induced obesity and role of anti-oxidants in obesity
treatment. There is also some discussion of practical tools used in cachexia treatment.
Elevated energy expenditure is one of the main characteristics of cachexia and it
is also suppressed in the obese state. The role of UCP’s are reviewed as they are
previously found to be altered in both the cachectic and obese states and effect energy
expenditure.
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1.1

Cachexia
Cachexia (Greek ‘Kakos’ and ‘Hexis’; lit. ‘Bad Condition’) is a debilitating

condition which is characterized by severe muscle emaciation and also adipose tissue loss
and not explained solely by reduced food intake. Various studies have shown cachexia to
be a metabolic disorder that is typified by elevated Resting Energy Expenditure (REE),
increased catabolic hormone profile (i.e., catecholamines) and cachectic factors which
often lead to premature death (Argiles, et al., 1997a; Frayn, 1991; Lorite, et al., 1998;
Meadows, et al., 2000). It is further characterized by dysfunction of physiological
processes in carbohydrate, fat and protein metabolism. Typically, cachexia is prevalent as
the end point of many chronic diseases (i.e., CHF, cancer, auto-immune-deficiency
syndrome (AIDS), arthritis, chronic renal failure, cystic fibrosis, chronic gastrointestinal
disease, Crohn’s disease, rheumatoid arthritis, sarcopenia, tuberculosis and sepsis) and
occasionally surgery and injury (Argiles, et al., 2003; Belizario, et al., 1991; Frayn,
1991; Homma, et al., 1993; Tisdale, 2000).
Wasting due to adenocarcinoma is almost entirely due to increased sympathetic
activation of thermogenesis (Frayn, 1991). In addition, during rheumatoid arthritis, the
metabolic activity of loss of body cell mass, contributes up to 95% of the body’s
metabolic activity (Roubenoff, 2004). Thus, elevation of energy expenditure is a key
indicator in the prognosis of the disease. A positive facet of this hypothesis relates that
during infection, cachexia may represent a useful, primitive reflex to mobilize
endogenous fuel and inhibit infection via thermogenesis (Frayn, 1991).
Cachexia is broadly accepted as the severe wasting associated with disease states
such as cancer or AIDS, but a universally accepted and more detailed definition is
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needed. Cachexia can be differentiated from starvation as during starvation there is a loss
of body fat and non-fat mass due to inadequate protein and energy intake (Thomas,
2007). Efforts must be made to investigate as accurately as possible the diagnosis and
prognosis of cachexia using existing information or developing novel animal models.

1.2

Cardiac Cachexia
Cardiac cachexia is the cachexia associated with cardiac failure. The aetiology of

CHF is characterised by a fundamental dysfunction of the heart (e.g., enlargement of the
left ventricle, severe systolic and diastolic dysfunction), and rapid or irregular pacing
(e.g., tachycardia or right ventricular pacing) which may be caused by increased blood
pressure. CHF is associated with anaemia, increased mortality and morbidity, a higher βnatriuretic peptide level, increased extracellular volume and deterioration of renal
function. Anaemia worsens left ventricular hypertrophy, myocardial infarction and
chronic coronary heart disease (Silverberg, et al., 2006).
Cardiac cachexia is defined as the non-oedematous weight loss in CHF (Anker &
Coats 1999), with patients also experiencing atrial fibrillation, loss of appetite and
fullness, anorexia, liver function abnormalities and altered fat absorption (King, et al.,
1996a), with multifactorial aetiology (King, et al., 1996b). Cardiac cachexia can be
divided into two types; e.g., (1) the classic type occurring in patients with severe heart
failure; and (2) the post-operative type. In addition, cardiac cachexia may partially be due
to decreased nutrient intake (e.g., anorexia, malabsorption) and specific metabolic
alterations (e.g., hyper catabolism, response to hypoxia, inflammatory status - cytokines)
(Mustafa & Leverve, 2001).
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The process of heart failure appears to be a common and coordinated response to
cardiac injury and dysfunction. Cardiac remodelling is the restructuring and reshaping of
the heart that underlies heart failure progression, and is the major determinant of the
clinical course of CHF, irrespective of its aetiology. Notably, the accumulating data in
regard to both animal and human hearts suggesting cardio myocyte regeneration and
renewal, indicate that cellular remodelling is a complex and dynamic process that is not
completely understood (Fedak, et al., 2005).
The incidence of CHF is increasing in Westernized countries, marked by
malnutrition, body weight loss of >7.5% in 6 months may be ascribed to neurohormonal
alterations, increased energy requirements, and decreased activity, decreased muscle
mass and strength due to atrophy of type 2a and 2b fibres (Bourdel-Marchasson &
Emeriau, 2001).
In a review paper by (von Haehling, et al., 2007), researchers propose a number of
mechanisms for wasting in cardiac cachexia, which include; Increased energy
expenditure, neurohormonal activation and immune activation; and alteration of
nutritional intake via decreased feed intake and bowel dysfunction.
These effects triggers further wasting and the progression of the wasting is further
potentiated by micro and macro-nutrient deficiencies (von Haehling, et al., 2007).
Wasting has also been proposed to be attributed to cellular hypoxia. Cellular hypoxia is a
consequence of hormonal and cytokine activation (von Haehling, et al., 2007). The
researchers further discuss the origin of increased energy expenditure being due to
increased cardiac, ventilatory work and increased peripheral oxygen consumption.
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Agreeing with the previous hypothesis, Anker & Coats (1999) proposes that patients
with CHF have metabolic abnormalities, which lead to a catabolic syndrome and
progressive loss of skeletal muscle in advanced stages of the disease. This skeletal muscle
loss is correlated to neurohormonal and immunological profile (Anker, et al., 1997),
whilst individuals have an increased REE for their metabolic size contributing to weight
loss (Poehlman, et al., 1995).
Hormonal balance is a key factor modulating CHF cachexia. Cardiac cachexia is
marked by reduced expression of IGF-I in the skeletal muscle (Schulze & Spate, 2005),
elevated epinephrine, norepinephrine, ketone bodies, lactate, cortisol, renin activity,
aldosterone plasma concentrations, lowered sodium levels, elevated FFA, TNF- and
decreased growth hormone (Anker, et al., 1997; Anker & Coats, 1999; Lommi, et al.,
1998). In addition, patients have elevated glucagon, and adiponectin, and decreased
ghrelin (Norrelund, et al., 2006). This modulation in hormonal profile leads to alterations
in energy homeostasis and fat metabolism. REE, FFA (Free Fatty Acid) turnover and
FFA oxidation are elevated in CHF cachexia, and are inversely correlated to left
ventricular (LV) ejection fraction (Lommi, et al., 1998).
The falling cardiac output activates compensatory mechanisms (e.g., elevated
catecholamines; Ang II), which assists to increase cardiac output, however high Ang II
concentrations cause cardiac-myocyte necrosis, mononuclear cell activation, and
unbalanced cytokine profile (Mann & Young, 1994). Further, patients experiencing longterm, neuro-hormonal/ autocrine-paracrine activation also display enlargement of left
ventricle (LV) with lowered ejection fraction, chamber geometric alterations, deteriorated
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pump performance, abnormal myocyte growth and elevated energy metabolism
(Eichhorn & Bristow, 1996; King, et al., 1996a).
When cardiac wasting exceeds dietary energy and protein intake, there is
consumption of existing adipose and skeletal muscle tissue (Meadows, et al., 2000) , with
weight loss not being able to be alleviated solely by increased parenteral protein
supplementation (Frayn, 1991). Emerging data indicate that conventional cardiovascular
risk factors (e.g., hypercholesterolemia and obesity) are associated with better survival in
patients with wasting. This may be the result of hemo-dynamic stability, protective
adipokine profile, toxin sequestration of adipose tissue, and antioxidation capacity of
muscle in obesity (Galinier, et al., 2005; Kalantar-Zadeh, et al., 2007).
Another contributing factor to CHF wasting is bowel dysfunction. CHF is a multiorgan disease with increasing evidence for the involvement of the gastrointestinal system
(Krack, et al., 2005). Malnutrition may influence CHF directly, increasing mortality and
morbidity, especially in elderly patients; affecting cardiac morphology and function
(King, et al., 1996a). CHF may be treated using Angiotensin Converting Enzyme
inhibitors and -blockers (i.e., partially reversing systolic dysfunction) which retards the
progression of LV dysfunction (Eichhorn & Bristow, 1996).
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1.3

Cancer anorexia/ Cachexia syndrome
Epidemiological studies show that cancer cachexia is seen in two thirds of cancer

patients and accounts for approximately one quarter of all cancer deaths (Argiles, et al.,
1997a). Other estimates suggest cancer cachexia affects up to 50% of cancer patients
during treatment (Norton, et al., 1987), thus adding to the increased morbidity and
mortality of cancer patients. Further animal and cell studies have shown that cancer
cachexia is associated with alterations in carbohydrate, lipid and protein metabolism.
These alterations may be caused by tumour catabolic effects and altered tumour glucose
requirements and ultimately, the host-mediated response to the tumour (Hirai, et al.,
1997; Tisdale, 2000)
Cancer cachexia is a chronic syndrome with pronounced multi-faceted aetiology.
Cancer cachexia is marked by elevated cytokine hormones, appetite satiety and increased
REE (Collins, et al., 2002). Further, the patient displays rapid depletion of body adipose
tissue reserves during disease progression (i.e., lung cancer) (Russell, et al., 2002), and
elevated hepatic APRP (i.e., C-reactive protein) (Tisdale, 2004). Typically, the syndrome
is characterised by marked weight loss, physical and mental fatigue, immunosuppression, increased REE, anorexia, malnutrition, asthenia and anaemia, and
accelerated catabolism state. The degree of cachexia is inter-related to the tumour growth,
with the cachexia severity correlated to patient survival time (Argiles, et al., 1997a;
Argiles, et al., 2003; Rubin, 2003) and inhibition of protein synthesis (Tisdale, 2002).
Further, patients suffer increased protein degradation (Bossola, et al., 2001) due to
elevation of pro-inflammatory cytokines (e.g., TNF-α, IFNγ, IL-6, PIF and ghrelin)
(Garcia, et al., 2005). Thus, these studies suggest the tumour may initiate cachexia
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through tumour endogenous proteins/ factors or the host inflammatory response to the
tumour.
Cancer cachexia is a particularly common variant of cachexia, most prominent in
patients with pancreatic or stomach carcinomas (Cariuk, et al., 1997). The mechanism of
proteolysis in cancer cachexia has been suggested to be via specific protein degradation
(via ATP-ubiquitin- dependent proteolytic pathway), correlated with the presence of
catabolic factors (i.e., PIF) (Rubin, 2003; Tisdale, 2000). Proteolysis and associated
hypermetabolism may be influenced by proteins of hepatic origin. Hepatic acute phase
proteins have been considered to be markers of hyper-metabolism in cancer patients
(Wigmore, et al., 2000). Hypermetabolism is a direct cause of irreversible weight loss. In
cancer, two-thirds of patients experience weight loss due to tumour burden (i.e., the
tumour produced factors impair protein synthesis) and shorter survival time (Tisdale,
2002). Unfortunately, nutrient supplementation and other appetite-manipulating drugs are
unable to restore body weight (Argiles, et al., 1997a; Tisdale, 2004). Increased protein
intake causes increased adipose tissue deposits in tumour bearing and non-tumour
bearing rats (McCarthy, et al., 1997), thus altering body composition (e.g., development
of obesity).
Anorexia experienced during cancer on the other hand is an effect rather than a
cause of the cachexia; with skeletal muscle and adipose tissue catabolism supplying the
body’s energy requirements (Rubin, 2003; Tisdale, 2004). Body composition changes
during cachexia resemble those changes found in infection and injury rather than
starvation (Tisdale, 2004). Unlike other forms of cachexia, cancer cachexia utilizes a
greater extent of carcass lipid. This lipid catabolism is caused by a tumour origin lipid
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regulatory factors (Todorov, et al., 1998); however there is still some degree of lean body
mass wasting (Nixon, et al., 1980). Specifically, cardiac protein is affected which also
affects cardiac performance (Argiles, et al., 1997a).

1.4

Obesity and Cachexia – non-identical twins
In general terms, obesity and cachexia appear to be non-identical, and are both

associated with adverse disease outcomes relating to body weight. However, a new
paradigm has emerged which increases the scope to inter-relate the two conditions. This
interrelationship is based on hormonal and genetic markers, and the degree of mortality.
Studies of patients who suffer from CHF revealed that those patients who were
overweight or obese actually had improved survival outcomes compared to their leaner
counter-parts (Curtis, et al., 2005; Davos, et al., 2003). As cachexia is an underlying
condition of a wide variety of disease states (e.g., cancer, heart failure, AIDS), it is best
defined by its hallmark features. These include; anorexia, fatigue, increased body
temperature, and increased REE, skeletal muscle wasting, increased acute-phase reactive
protein (APRP) production and weight loss (Kotler, 2000), although (Anker & Coats,
1999) found it quite difficult to draw together as a clear definition. They concluded that
there is an array of indicators used to determine weight loss and body composition (e.g.,
cachexia was apparent when body fat was <29% for women and <27% for men), but
generally diagnosis differs in complexity and definition depending on the authour. In
comparison, the general definition for obesity has shifted with time, but at present may be
assumed to be defined as excessive of body fat (Dehghan, et al., 2005). A Pubmed search
(December 2008) of the term ‘cachexia and obesity’ yielded 202 articles in publication.
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However, as single terms they yielded 4833, and 115146 articles respectively. Thus, there
is a need to research the links between the two disease states more closely.
The general hypothesis proposed to link the two diseases states that during obesity
and to some degree cachexia, there is increased adiposity, associated with insulin
resistance, particularly the visceral component of the body, resulting in increased freefatty acid flux (Heilbronn, et al., 2004). Further, in moderate obesity there is some
evidence of proteolysis (Jensen & Haymond, 1991), as also seen in cancer cachexia
(Tisdale, 2003). In addition, the adipocyte is known to secrete a number of hormones,
which act directly or indirectly on the myocardium (i.e., Ang II, leptin, resistin,
adrenomedulin, cytokines) (Galinier, et al., 2005), possibly also being involved in
cachexia prognosis (see Fig. 1.1).
Cytokine hormones have a central role in both cachexia (e.g., cytokine release
under hypothalamic control, and immune cells activation) and in obesity (e.g., interleukin
1 (IL-1) and interleukin 6 (IL-6) are released) (Guijarro, et al., 2006). TNF-α has been
proposed to be pivitol cytokine playing a key role in both cachexia and obesity,
decreasing body mass via its increased production and action (during cachexia) and
action (during obesity) (Argiles, et al., 1997b) (see Fig. 1.1)
Over the past few years, this inter-connecting hypothesis has formed the basis of
research exploring the link between the two conditions. A multitude of studies has
explored this hypothesis and has produced a growing number of research ideas, which
includes both human and animal models used to study the conditions.
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Figure 1.1

The inter-relationship connecting cachexia and obesity
Explanatory Legend

IL = Interleukin, TNF= Tumour Necrosis Factor, UCP = Uncoupling Proteins,
B.W. = Body Weight,  = decreases,  = increases Arrows (
) depict what occurs
during the specific effect or disease state (e.g., there is increased production & action of
TNF-a in cachexia which also causes decreased B.W.)
IL-1 & 6
 B.W.

 Action
Cachexia

TNF-α

Obesity

 Dietary
calorie intake

 Production

CHF

Energy surplus
UCP’s

Proteolysis
Adipose tissue
Muscle %

etissue
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1.5

Anorexia and Cachexia – Concepts in malnutrition
Human epidemiological studies and animal experimentation have shown that

anorexia and cachexia are independent conditions that may share similarities. During
adulthood in humans, deviation of greater than 10% body weight is related to increased
mortality (Anker and Coats 1999). Both cachexia and starvation may lead to anorexia and
are two facets of malnutrition (Kotler, 2000). Anorexia is typically defined as caloric
restriction (starvation) leading to weight loss; as the individual retains lean mass at the
expense of increased fat metabolism, with weight gain possible upon re-feeding (Kotler,
2000; Todorov, et al., 1999). Further, anorexia is due to excessive mobilization of
oxidisable fuel from adipose and other tissues, which also influences food intake
(Friedman, 1998). In contrast, cachexia is associated with elevated inflammation
response or tumour conditions where re-feeding or parentaral nutrient cannot reverse the
weight loss (Kotler, 2000). Moreover, nutrient intake (e.g., imbalanced amino acid
intake) may also cause anorexia and weight loss (Edelman, et al., 1999), but not cachexia.
In addition, anorexia mainly leads to loss of fat tissue and reduced plasma albumin levels,
yet cardiac cachexia patients undergo loss of fat, muscle and bone, without alteration in
albumin and liver enzymes (Anker and Coats 1999).
Interestingly, anorexia may also overlap with cachexia (i.e., during cancer
cachexia), which may cause hypo-phagia, depressed serum insulin-like growth factor
(IGF-I) and depressed appetite (McCarthy, et al., 1997). Anorexia also occurs as a
contributing factor during cachexia, and its presence is mainly attributed to reduced
appetite or inability to eat, mainly seen in cachectic cancer (gastrointenstinal) patients
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(Tisdale, 1997). Tisdale (1997) further proposes satietins as possible candidates for the
occurrence of the two conditions concurrently, causing dysfunction of the hypothalamic
NPY feeding system. Interestingly, only in cachexia with aging (i.e., sarcopenia), is there
a display of subnormal levels of skeletal muscle without body weight loss (Kotler, 2000),
which is not present in anorexia.

1.6

Sarcopenia (Wasting with Aging) and energy expenditure
Wasting also occurs with age, and is termed “sarcopenia” and epidemiological

studies have shown that sarcopenia commences at age ~25, with lean body mass
declining at 0.3kg/yr (Kuczmarski, 1989). Sarcopenia (Gk ‘poverty of flesh’), is defined
as the loss of muscle mass and strength with age, causing frailty and disability and is
potentiated by illness (Roubenoff, 2004). In comparison to cachexia, sarcopenia is a more
chronic form of wasting spanning many years. Obesity in the elderly acts synergistically
with sarcopenia to enhance disability (i.e., “fat frail”) – increased weakness and weight
combination (e.g., decreasing muscle and increasing fat mass). Sarcopenia is responsible
for diminished physical activity, positive energy balance, obesity as muscle mass
decreases (i.e., reduced insulin sensitive tissues), TNF-α and IL-6 all leading to elevated
insulin resistance and proteolysis (Roubenoff, 2004). Sarcopenia is considered a separate
condition from anorexia and cachexia as the individual has subnormal levels of skeletal
muscle tissue as they age, with rare occurances in patients experiencing growth hormone
deficiency (Kotler, 2000). Sarcopenia occurs synergistically with increased adipose tissue
stores (Anker & Coats 1999). Animal studies have subsequently shown that age-related
hypertrophy of adipose tissue has been associated with a significant decrease in the
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number of Ang II AT(1) receptors and in obese rats, and with decreased receptor binding
(Pinterova, et al., 2001). These findings have important implications for the community
population health as sarcopenia may augment the obesity epidemic, thus becoming an
increasingly common, non-communicable disease which may underlie increased
disability and mortality in an aging population.
Obesity and sarcopenia are similar in that the two related conditions both arise
from dysfunction of energy, protein and fat metabolism. They are great epidemiological
trends of our times, altering body composition (e.g., increased fat mass) and mortality
(e.g., shorter life-span). ROS formation is particularly high in the cellular energygenerating particles; mitochondria, where oxygen serves to generate essential
biochemical reactants (i.e., ATP), and require antioxidants (Weisburger, 2001). A number
of systems that generate oxygen free radicals catalyse the oxidative modification of
proteins. Protein oxidation contributes to the pool of damaged enzymes, which increases
in size during aging and in various pathological states. Protein oxidation rate is also
affected by the age-dependent accumulation of unrepaired DNA damage (Stadtman,
1992). Skeletal muscle generates oxygen species at a number of sub-cellular sites and
oxygen species increase with contractile activity (Jackson, 2008). Muscle mass and
maximal force are decreased with increasing ROS production in elderly rats (Chabi, et
al., 2008), leading to reduced myocyte motor units, progressive denervation, atrophy, and
significant reduction in regenerative potential (Fulle, et al., 2005; Fulle, et al., 2004).
Thus, ROS production may influence the development of both sarcopenia and obesity.
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Despite the number of studies conducted to examine the cause and treatment of
sarcopenia, the origin of hypermetabolism and the physiological processes governing it
need to be determined and have yet to be fully understood.

1.7

Diagnosis of wasting
Human epidemiological studies have now clearly shown that the guideline for the

diagnosis of cachexia seems complex and unclear. The research conducted mostly
focuses on both weight loss and time period of the weight loss as key indicators of
cachexia; however, identification of the specific physiological mechanisms which
underlie this relationship, necessary (e.g., energy expenditure, weight loss correlation to
body composition, cytokine hormones and gene expression markers). The diagnosis of
malnutrition seems problematic as the nutritional intake i.e., may vary with disease
progression (reduced food intake) and thus body weight loss is seen as a key measure to
predict cachexia (Kotler, 2000). Body weight loss of greater than 10% over a 1-year
period is considered abnormal (Kotler, 2000). In contrast, the use of body composition
measures entails a more subtle analysis of cachexia. The loss of >7.5% of non-intentional
and non-oedematous weight over 6-months of pre-morbid weight in cardiac cachexia is
considered ‘abnormal’ (Anker and Coats 1999). During cachexia, there is a wide range of
immune abnormalities present (e.g. increased plasma TNF-, combined with IL-1, IL-6,
interferon- and transforming growth factor-), (see Fig. 1.1) which are believed to
indicate advanced catabolism and also to suggest the probability of survival of a patient
with cachexia (Anker and Coats 1999). While providing an indicative measure of
cachexia, weight loss is governed by an imbalance between anabolic and catabolic
pathways (e.g., decreased ghrelin, GH, muscle insulin-like growth factor (IGF-I) and
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increased leptin) (von Haehling, et al., 2007). There are a number of mechanisms which
underlie the catabolic pathways in different forms of cachexia. Mice with implanted
MAC16 tumour display increased expression of 20S proteasome α-subunits, the p42
regulator, and ubiquitin-conjugating enzyme (E214k) (Whitehouse & Tisdale, 2003).
Moreover, a study of mature subcutaneous fat cells and differentiated pre-adipocytes in
cancer patients with cachexia revealed that there was a 40% reduction in body fat and a
2-fold increase in vivo lipolysis rate. The lipolytic effects of catecholamine and
natriuretic peptide were increased by 2-3-fold in cachexia and completely suppressed by
the inhibition of HSL, which is increased by 100% in its protein activity during cachexia
(Agustsson, et al., 2007). In cancer cachexia, there generally is wasting of both body
muscle and fat. On the other hand, in CHF cachexia, there is more wasting of skeletal
muscle and increased visceral adipose tissue. Thus, diagnosis of cachexia is multifactorial
and involves patient history information regarding cytokine hormones and weight loss
parameters. The analysis of the weight loss into individual body composition components
may shed more light on diagnosis of cachexia.
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1.8

Body composition re-modelling during Cachexia

The remodelling body composition that occurs during cachexia involves direct
physical changes in the number of tissue cells (e.g., skeletal muscle, fat and bone) and
cell type, which influences modification in organ system size of metabolically active
tissue (e.g., liver, heart) and the function of those cells. During cachexia the power output
of skeletal muscle as a function of muscle mass and strength is diminished as muscle
fatigue commences (Tisdale, 2003). The body composition re-modelling is influenced by
the increased presence of cytokine hormones and changes in fat synthesis and degradation
of proteins. The effects of these anabolic and catabolic processes have been discussed by
(Kotler, 2000), who notes that both fat versus fat-free loss are observed during cachexia,
but the loss is mostly from extra-cellular water volume, and that decreases in intracellular
potassium concentrations indicates a bio-energetic deficiency. In a study using pair-fed
animals, it has been observed that skeletal mass weight loss could not be explained by
decreased muscle mass alone (Kotler, 2000). Many examples of body composition
remodelling have been identified in various cachexia disease states in human and animal
studies. There are a wide variety of examples where these changes take place, including
Crohn’s disease in children (Burnham, et al., 2005), cardiac cachexia (Anker and Coats,
1999) and many more conditions.
In cachexia, and in particular cardiac cachexia, patients lose not only muscle mass
but they also experience loss of fat and bone mineral density (von Haehling, et al., 2007),
however regional fat (e.g., visceral may) increase (Pers. Comm M.Jois 2004). Similarly,
another contributing factor to decreased body weight is dehydration due to poor fluid
intake (Morley, et al., 2006). Cachexia is characterized by selective skeletal muscle
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depletion, with exact mechanisms of the depletion still to be precisely elucidated.
Another example of body composition re-modelling occurs in mice bearing the MAC16
tumour. The mice were given a supplement of a polyunsaturated fatty acid;
eicosapentaenoic acid (EPA), which attenuated body weight loss and suppressed protein
catabolism in soleus muscles (Whitehouse & Tisdale, 2003). The inhibition of protein
metabolism was achieved through inhibition of an ATP-dependent proteolytic pathway
and expression of 20S proteasome a-subunits and the p42 regulator (Whitehouse &
Tisdale, 2003). In another mouse model, (Samuels, et al., 2001) demonstrated that mice
with cancer cachexia (induced by colon 26, adenocarcinoma), mice experienced skeletal
muscle loss, which was mediated by both decreased (238%) protein synthesis and
increased (1131%) degradation. However, in a later experiment, cachexia was solely
caused by decreased protein synthesis (~260%) in mice that underwent chemotherapy
(cystemustine) treatment (Samuels, et al., 2001).
The loss of fat mass that appears to be a key feature of cancer cachexia is mainly
attributed to increased lipolysis in adipocytes. Significant alterations in fat metabolism
occurred in 26 cancer patients with and without cachexia. The patients displayed display
increased levels of catecholamines and natriuretic peptides and as a result the patients
with cachexia experienced a two-fold increase in lipolysis (e.g. via HSL) (Agustsson, et
al., 2007). HSL is an intracellular neutral lipase, capable of hydrolyzing a variety of
esters (e.g., 1st fatty acid from a triacylglycerol molecule), and freeing a fatty acid and
diglyceride. Only the initial enzyme step is affected by hormones giving rise to its name
(Kraemer & Shen 2002). The inhibition of hormone-sensitive lipase (HSL) inhibited
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lipolysis in adipocyte in cancer cachexia is proposed as a potential target to prevent
weight loss (Agustsson, et al., 2007).
In summary, the re-organisation of body composition and tissue development
during cachexia implicates of a number of pathways and enzymes. The exact interacting
factors, which regulate these enzymes, can be more closely examined during the disease
progression.
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Table 1.

Comparision of body composition changes during different metabolic

conditions in comparision to Cachexia (↑ - increase, ↓ - decrease, - little or no change,
BW – body weight, BF – body fat, FI – food intake) – summation of effects discussed in
the text
Condition

BW

FI

Protein Metabolism

Fat Metabolism

% BF

Anorexia

↓

↓

↓ synthesis ↓ proteolysis

↑ lipolysis ↓ lipogenesis

↓

CHF cachexia

↓

↓ or -

↓ synthesis ↑ proteolysis

↑ lipolysis ↓ lipogenesis

↓

↑ Visceral fat deposit*

↑*

Cancer Cachexia

↓

↓

↓ synthesis ↑ proteolysis

↑ lipolysis ↓ lipogenesis

-

Sarcopenia

↓

↓ or -

↓ synthesis ↑ proteolysis

↑ lipolysis ↓ lipogenesis

↑

Obesity

↑

↑

↑ catabolism

↓ lipolysis ↑ lipogenesis

↑

* In CHF cachexia regional differences in fat deposition may occur e.g., visceral fat
deposit

1.9

Pathogenesis of Cachexia
Human epidemiology and experimental animal studies clearly show that the

pathogenesis of cachexia is multifactorial and complex. Generally, research efforts have
focussed on elucidating the role of hormonal factors or genes which influence weight loss
or body compositional changes in cachexia.
The anorexia seen in cachexia cannot be solely explained by energy deficit. Other
factors exist such as APRP initiated by IL-6 and IL-8 (interleukins), and induced by
proteolysis inducing factor (PIF), a factor of tumour origin (Tisdale, 2003), all of which
may contribute to the wasting process. (Tisdale, 2003) also notes that the energy deficit
(increase in energy expenditure) may be partially due to increased UCP mRNA
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expression. UCP-2 and UCP-3 expression in skeletal muscle are both upregulated in
rodent models of cachexia, and may play a role in regulation of energy balance and lipid
metabolism in cachexia (Gordon, et al., 2005). On the other hand, the loss of adipose and
skeletal muscle tissues observed in cancer cachexia is primarily the result of increased
lipolysis, decreased protein synthesis and increased protein degradation (via ATPubiquitin-dependent proteolytic pathway activated by PIF and TNF-α) (Tisdale, 2003).
At the enzymatic level, lipolysis in the fat cells of cachectic cancer patients was
mainly attributed to the enzyme HSL (Agustsson, et al., 2007). While this provides a
potential target for therapeutic treatment of cachexia, the occurrence of cachexia and the
degree of wasting is known to differ between different cachectic conditions. Most cancer
cachexia is seen in gastrointestinal cancers rather than in breast cancer, for instance
(Tisdale, 2003). Depending on definition, the degree of cachexia may change, as (Anker
& Rauchhaus, 1999) comments that the presence of documented non-intentional/ nonedematous weight loss (> 7.5%) of the premorbid normal weight, over a 6 month time
period confers cachexia. Using this definition, 16% of an unselected CHF outpatient
population was found to be cachectic (Anker & Rauchhaus, 1999). Thus, prognosis of
cachexia changes with definition and is related to survival time. Studying dietary intake,
resting energy expenditure (REE) and weight loss in 297 patients with generalized
malignant disease, and their relation to survival, (Bosaeus, et al., 2002) showed that
hypermetabolism and weight loss were significant predictors of morbidity. The factors
which govern this survival time are thought to be divided into two main groupings; host
derived factors (e.g., TNF-α, IL-1 and IL-6, IFN-γ, and leukaemia inhibitory factor, 2 –
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pro-inflammatory cytokines), and tumour derived products with direct catabolic effect on
host tissues (e.g., lipid mobilizing factor (LMF) and PIF) (Tisdale, 2003).
These factors regulate cachexia and may influence body weight through
hypermetabolism. (Bosaeus, et al., 2002), observed that in 297 patients with generalized
malignant disease, increased REE was not fully compensated for by increased food
intake, and concluded that the feedback regulation of dietary intake in relation to energy
expenditure is frequently lost in cancer patients. As mentioned, adipose tissue is affected
during cachexia, particularly cancer cachexia, with loss of up to 85% of all adipose tissue
due to the cachectic process (e.g., decreased lipogenesis) (Tisdale, 2003). This increased
lipolysis may result from increased HSL, but also may be induced by increased βadrenergic receptor activity with pro-cachectic cytokines, which are able to inhibit
lipogenesis in adipose tissue (Tisdale, 2003). In cachexia there is a selective loss of
skeletal muscle due mainly to decreased protein synthesis and increased protein
degradation (Tisdale, 2003). In an experiment, with Sprague-Dawley rats by (Steffen, et
al., 2008), cardiac cachexia was rapidly induced with monocrotaline. As a consequence,
TNF action diminished by the use of a TNF receptor-1 or the general TNF production
inhibitor (pentoxifylline) which, both attenuated body and skeletal muscle mass losses
and reduced increases in selected ubiquitin proteasome pathway transcripts. Lastly, an
acute cause of cachexia is fever, which increases thermogenesis, protein turnover,
involving cytokine action and cachexia (Pi-Sunyer, 2000).
In summary, the pathogenesis of cachexia involves; pro-inflammatory factors
which regulate lipolysis and protein synthesis/ degradation and indirectly by affecting
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energy expenditure and food intake. These relationships have been studied in a plethora
of animal and human studies as referenced in the following section.
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1.10 Alterations in metabolism during Cachexia
1.10.1

Hypermetabolism and body compositional changes
Energy metabolism is largely governed through physiological systems, which

regulate body weight, mitochondrial function and uncoupling of oxidative
phosphorylation (Vidal-Puig, 2000). During disease state this energy homeostasis is
altered, and the exact fundamental changes in the system which, give rise to changes
not only in body weight, but also in body composition requires further understanding
before treatment methods for cachexia or obesity can be mentioned.
Normally energy is stored as adipose tissue, but in cachexia, protein is
metabolized to provide carbon skeletons for increased energy needs due to elevated
energy metabolism. Thus, rapid weight loss ensues. During obesity the energy intake
is exceeded and/ or expenditure diminished (Hosoda, et al., 1999), with higher body
weight attributed to increased adipose tissue stores. Looking further into this weight
regulation paradigm, cachexia and obesity either arise due to hyper-metabolism or
hypo-metabolism at a mitochondrial level, respectively. Moreover, energy
metabolism can be divided into energy producing (ATP) reactions (catabolism) or
energy requiring (anabolism), with a possible third variable, proton leak (energy
dissipation) (Rolfe & Brown, 1997). In addition, appetite and energy expenditure are
under control of the hypothalamus through orexigenic peptides (e.g., NPY and MCH
peptides) or anorexigenic peptides (e.g., Neurotensin, MSH, CRF) (Kalra, et al.,
1999), providing the framework for regulation.
In a review by (Tisdale, 2003), the causes of weight loss are proposed to be
due to increases in metabolism via either decreased energy intake, increased energy
expenditure, or a combination of the two. During anorexia, caloric reduction
contributes to lost adipose tissue, not lean body mass, whereas in cancer cachexia
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there may be uniform loss of both kinds of tissue. In addition, skeletal muscle is
wasted in cachexia with no change in visceral tissue, unlike changes observed in
starvation. Observations of increased REE in patients with lung and pancreatic cancer,
but not gastric and colorectal cancer, suggest that hypermetabolism may be regulated
by different organs/ bodily regions. In all instances of cancer cachexia, there is weight
loss. Further explanation suggests that regional changes in REE may not be reflected
throughout the body. This is highlighted by the increases in UCP2 and UCP3
(mitochondrial proton leak) in skeletal muscle in cachexia (Tisdale, 2003).
Basal metabolic rate (BMR) (i.e., resting, stress free, no digestion at standard
temperature), is identified as the steady state rate of heat production which, under
normal conditions has a key role; determining normal energy intake for maintenance
and growth (Rolfe & Brown, 1997; Rolfe, et al., 1999). Alteration of BMR during
disease states may dictate the pathophysiology of the condition and also increase
probability of mortality. Three main factors affect BMR; thyroid status, phylogeny
and body mass (Porter & Brand, 1993). One of the contributing factors affecting
metabolism is the regional site (e.g., cell type) of hypermetabolism, and plays an
important role in the disease progression. Working in conjunction with this fact, the
proportion of body weight represented by an individual tissue type is also a key
factor. In rat, the skeletal muscle contributes 10-20% of BMR, yet accounts for 42%
of body mass. The liver is approximately 2% of body mass, but contributes to 15-20%
of total body oxygen consumption of the rat (Porter & Brand, 1993; Rolfe & Brown,
1997; Rolfe, et al., 1999). Some of this oxygen consumption is due to proton leak,
with ROS (super-anion) production possibly stimulating this leak (~1-2% BMR)
(Rolfe & Brown, 1997).
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In the models of cachexia studied in this thesis, diminishing skeletal muscle
due to muscle atrophy may influence decreases in energy expenditure, thus adding to
a decline in appetite and food intake used for substrate oxidation. Thus, oxidisable
substrates (i.e., carbohydrates, fatty acids, amino acids) provide a proton
electrochemical gradient to produce ATP in the mitochondria, with excess substrate
inhibiting substrate oxidation (Boss, et al., 2000). Hyperphagia (e.g., during diet
induced obesity) increases standard metabolic rate by 25%, whereas fasting may
lower it by 40% (Rolfe & Brown, 1997; Soboll, 1995), and thus proton leak is aligned
to these changes (i.e., as an additional metabolic component) (Brookes, et al., 1998).
This decrease in fasting (i.e., AngII induced weight loss due to satiety) may mask
increases in energy expenditure due to the cachectic state.
In addition to physiological changes, BMR is also related to body size, and
interestingly the BMR of the lizard is 20% less than the rat with the same body mass
(Porter & Brand, 1993) as ectotherms (e.g. snakes and other reptiles) are a fifth less
‘leaky’ than endotherms (i.e., rats) (Brookes, et al., 1998). However, 20 – 40% of
REE is used to counter proton leak down the electrochemical gradient across the inner
mitochondrial membrane (Harper, 1997). Elevation in metabolic rate can far exceed
calorie intake capacity and thus decreased food intake as a function of weight loss
may contribute to the development of cachexia. Overall, even while receiving
adequate calorie intake, most cachectic patients manage only to marginally maintain
body weight or actually lose weight (Cariuk, et al., 1997), due to elevated protein
catabolism and metabolic rate (Frayn, 1991). In this instance the body is in a state of
hypermetabolism. Moreover, the daily energy expenditure and resting metabolic rate
are greater in cancer than anorexic patients (Tisdale, 1991). This hypermetabolic state,
is mirrored by a malnourished appearance as (Pasini, et al., 2003) suggest that a
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quarter of CHF patients are malnourished, with two thirds also experiencing muscle
atrophy.
Interestingly, hypermetabolism and protein catabolism may be interconnected,
possibly through the role of pro-inflammatory cytokines. CHF patients with
hypermetabolism, when considering their metabolic body size, also displayed
increased leucine appearance rate (i.e., protein oxidation) (Toth & Matthews, 2006).
Thus, there is a mechanistic link between hypermetabolism and muscle catabolism
which deserves further investigation. Skeletal muscle apoptosis in heart failure
patients is primarily caused by elevated ubiquitin in leg skeletal muscle with muscle
atrophy possibly induced via elevated TNF- signalling to skeletal muscle; further
worsening ventricular dysfunction (Vescovo, et al., 2000), and energy homeostasis
imbalance (King, et al., 1996b). During progression of CHF cachexia, there is altered
catabolism and metabolism e.g. abnormal cytokine activation, and increased thyroid
hormone or catecholamine levels (Anker, et al., 1997), which influence rates of
metabolism and catabolism.
In summation, a broad body of knowledge points to energy homeostasis being
governed by an elaborate system of regulation including basal metabolic rate, which
is influenced by tissue type, body weight, pro-inflammatory cytokines levels and
proton leak possibly via UCP’s. Hypermetabolism and protein turnover when
correlated with pro-inflammatory cytokines, may prove to be predictive measures for
cachexia.
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1.10.2

Role of Uncoupling proteins in Cachexia and Obesity
In general, the mitochondria are the governing body in relation to energy

metabolism, particularly in the production of ATP. This system is driven by the transinner mitochondrial membrane protein - ATPase. UCP’s are also inner mitochondrial
membrane (IMM) bound proteins that function to regulate the transport of protons
(H+) from the outer to the inner mitochondrial matrix. Changes in the activity of
UCP’s, changes the membrane potential which is required for oxidative
phosphorylation (via ATP-ase), and when dissipated without ATP production, leads to
thermogenesis (e.g., the oxidation of a substrate in a futile cycle). The H+ conductance
of the IMM has two components; basal and augmentative. UCP2 and UCP3 belong to
the augmentative components that cause H+ leak, but do not catalyse basal leak
(Stuart, et al., 1999), as they require fatty acids for H+ transport (Brand, et al., 1999;
Echtay, et al., 2001).
Some proposed biological roles for UCP’s include regulation of proton leak
across the IMM, thermogenesis and regulation of ROS production (Boss, et al., 2000).
Another possible role for UCP’s is modulation of free fatty acid (FFA) metabolism
during fasting and as FFA transporters (Emre, et al., 2007; Negre-Salvayre, et al.,
1997). The importance of fatty acid metabolism in obesity and heart failure may be
explained in part by UCP’s. Typically, a number of mitochondrial abnormalities lead
to heart failure (e.g., elevated plasma free fatty acids, increased insulin resistance,
tissue hypoxia), thus UCP’s may affect progression of obesity (Murray, et al., 2007).
This CHF-related proton leak may be due to the activity of UCP2 or UCP3, which are
also increased during tumour growth and are associated with a concurrent elevation of
TNF- (Argiles, et al., 2003). They may be involved as regulators of energy
homeostasis during cachexia.
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Many studies have suggested a role for UCP’s in elevated energy expenditure
and weight loss in disease. Cachectic cancer patients (e.g. those with gastrointestinal
adenocarcinoma) display elevated UCP3 mRNA expression in skeletal muscle (Bing
et. al. 2001; Busquets et. al. 2005) but when compared to non-cachectic patients, no
significant change in the UCP2 mRNA levels could be seen (Collins, et al., 2002).
Recently, (Muscaritoli, et al., 2006), commented on research showing the action of
LMF to increase UCP2 mRNA in skeletal muscle during cancer cachexia. Thus, there
is a proposed role for UCP2 as a lipid metabolism regulator in cancer cachexia. This
change in lipid metabolism may also effect changes that occur in food intake and may
also be implicated in obesity development. The classic effect of over-expressing state
IV respiration (i.e., Proton [H+ ] leak without production of ATP), leads to an increase
in muscle temperature (e.g., thermogenesis), with the over-expression of UCP3
mRNA possibly contributing to hyper-phagia, lower fasting glucose/ insulin and
leading to obesity (Clapham, et al., 2000). The thermogenic effect in UCP1 and UCP2
is thought to be influenced via Ang II and adrenergic stimulation (Fukunaga, et al.,
2000; Porter, et al., 2003).
UCP’s are key regulators of metabolism homeostasis in obesity and cachexia.
The alteration in expression of UCP’s shows contrasting results from opposing
disease and energy states. UCP2 is up-regulated in starvation and high fat diet
(increased serum FFA) (Boss, et al., 2000) and UCP1 is decreased in consumption of
a low fat diet (Rippe, et al., 2000). Similarly, UCP3 (skeletal muscle (SKM) specific)
possess’ roles in FFA metabolism, energy expenditure and body weight regulation
(Fukunaga, et al., 2000; Kozak & Harper, 2000)
Further, membrane fatty acid composition may also influence oxygen
consumption (Brookes, et al., 1998), thus dietary fatty acid composition may
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influence uncoupling of oxidative phosphorylation and thus energy efficiency.
Further, leptin decreases food intake possibly influencing lipolysis and initiation of
UCP3 mRNA expression in muscle and decreased ROS generation (Boss, et al.,
2000). Researchers have shown that hypertension prone rats display elevated UCP2
and UCP3 mRNA levels in cardiac-myocytes and skeletal muscle at 6 weeks of age,
but reduced (70 and 36%) at 15 weeks, possibly via augmented sympathetic nerve
activities paralleled with hypertension progression (Fukunaga, et al., 2000).
Examination of the interaction between cytokines and UCP revealed that TNFα also increases UCP2 mRNA, and UCP2 mRNA is elevated during obesity (Merial,
et al., 2000). Moreover, Ang II infusion significantly stimulates ROS production with
UCP-2 reversing these effects (Park, et al., 2005). This implies a role for UCP’s in
chronic disease. UCP-2 may play a role in detoxification of free radicals (Russell, et
al., 2002; Sanders & Tisdale, 2004) as per observations by (Guo, et al., 2006). These
findings are important for understanding the complex relationship between body
composition, and fat content; and the role that cytokine levels have in stimulating
UCP’s in obesity and cachexia. When combined, there is a growing evidence
implicating UCP’s in protection against ROS, particularly those generated during
chronic illnesses such as cancer cachexia or heart failure, with their expression
governed by alterations in substrate metabolism.
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1.11

Changes in Carbohydrate, Lipid and Protein Metabolism
Cachexia and obesity are largely the result of alterations in the three related

body composition components, namely carbohydrate, fat and protein metabolism.

1.11.1 Carbohydrate metabolism changes
Hypo-glycemia becomes increasingly prevalent during cancer cachexia
(Costa, 1977). This hypo-glycaemia is due to tumour demand resulting in a 30%
elevation in glucose turnover, 40% increase in hepatic gluconeogenesis and increased
glucose synthesis from alanine and glycerol (Tisdale, 2000). This hypoglycaemia may
also be caused by increased tissue glucose utilization, or decreased dietary intake
(Beaufort-Krol, et al., 1999). Carbohydrate and fat fuel interactions affect eating
behaviour, as a high carbohydrate diet suppresses fatty acid oxidation, thereby
fostering fat storage (Friedman, 1998), limiting regulation of intracellular glucose
metabolism, and insulin sensitivity (Frayn, 1991). Moreover, the cachectic patient
suffers from insulin resistance, decreased lipogenesis and increases in both
gluconeogenesis and glucose turnover (Urel, 1997). Lastly, it is well known that diet
induced obesity results in fasting hyperglycaemia as observed by (Schemmel, et al.,
1982).

1.11.2 Lipid metabolism changes
Adipose tissue is a major source of metabolic fuel (i.e., stored as
triacylglycerol) and its subsequent lipolysis yields non-esterified fatty acids and
glycerol. Both lipoprotein lipase (LPL) and HSL are involved in mobilization of
stored fat energy. The extra cellular lipolysis is regulated by LPL and the intracellular
lipolysis is regulated by HSL (Samra, 2000). The regulation of lipolysis may be
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attributed to a number of hormones and lipolytic factors. Here I will mention a few
important consequences to fat metabolism in cachexia and obesity. Ang II production
has previously been linked to diet induced obesity, as renin deficient mice are leaner
due to higher metabolic rate and decreased dietary fat absorption. This is reversed by
Ang II infusion (Takahashi, et al., 2007). Moreover, white adipose tissue (WAT)
influences energy homeostasis, glucose and lipid metabolism, vascular homeostasis
and immune response. A high fat diet leads to hyperglycaemia and increased weight
(Hosoda, et al., 1999). Interestingly, adipose tissue produces TNF-α, Ang II and
interleukin-6, as well as anti-inflammatory molecules (i.e., adiponectin) (Sharma &
Chetty, 2005), which may contribute to lipolysis.
In cachexia, lipolysis is increased due to an increase in host energy
requirements causing mobilization of fatty acids and glycerol possibly attributable to
lipid mobilizing factor (LMF) (Tisdale, 2000). There is further elevated FFA and
glycerol turnover with an overall net loss of lipids from the host (Urel, 1997). Plasma
nor-epinephrine concentrations have been found to be a predictor of elevated FFA
oxidation (via elevated HSL) and whole body oxygen consumption (Lommi, et al.,
1998). Obese rats display higher concentrations of circulating thyroxine, and lower
proton leakage across the IMM (Ramsey, et al., 1996). The thyroxine accounts for a
75% increase in thermogenesis between hypothyroidism and euthyroidism, and a 50%
increase between hypothyroidism to hyperthyroidism in the rat (Silva, 1999).
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1.11.3 Protein metabolism changes
In both cachexia and obesity, protein metabolism is known to be governed by
a number of pro-inflammatory hormones and proteolytic factors such as IL-6 and
TNF-α. In particular, IL-6 is mentioned by (Inui & Meguid, 2003), to adversely
influence (cause imbalance) orexigenic and anorexigenic pathways from the
hypothalamus, which alters body weight regulation leading to either cachexia or
obesity. During cachexia, catabolic mediators affect the body to result in increased
whole-body protein turnover, decreased muscle protein synthesis and increased liver
protein synthesis and muscle protein catabolism (Urel, 1997). Of notable difference
between starvation versus cachexia, is that in the starvation state, changes in visceral
organ metabolism occurs (e.g., liver and gastrointestinal tract); whereby these organs
catabolise protein for the host energy use, while skeletal muscle is largely preserved.
Further, protein synthesis and degradation, and protein turnover are largely reduced
(Urel, 1997).

1.12 Catabolic Mediators of Cachexia
The human body’s hormonal signalling plays a crucial role in the prognosis of
the cachectic state. These physiological mechanisms are governed by an array of
cytokines and tumour catabolic factors, involved in adipose and skeletal muscle tissue
loss, notabily PIF, which is responsible for lean tissue loss (Argiles, et al., 1997a;
Tisdale, 2000). Other pro-inflammatory cytokines/ factors include TNF-, IL-1, IL-6,
IF-γ, PIF, LMF, cortisol, insulin, and nor-epinephrine. These factors all mediate
cachectic processes and cause long-term feeding inhibition (Argiles, et al., 1997b;
Inui, 1999; Rubin, 2003) . It has been observered that the chronic overproduction of
cytokines, (i.e., IL-1β, IL-6, and TNF-α) may influence the disease progression via
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nuclear factor-KB and ATP-Ubiquitin-dependent proteolytic pathways. Cytokines
may also interact with the central nervous system to alter the release and function of
neuropeptides and melanocortin receptors in the hypothalamus, altering food intake
and metabolic rate (Mak, 2007). Skeletal muscle proteolysis-inducing factors and
arachidonic acid each successfully induce muscle proteolysis (Belizario, et al., 1991).
In addition to cytokines, some hormones (e.g., cortisol, glucagon and
adrenalin) in humans produce cachectic features (Rubin, 2003). Further, Ang II is a
key hormone in CHF pathophysiology and is also involved in catabolic pathways in
cachexia (Brink, et al., 2001; McCarthy, 1999). The effects caused by proinflammatory cytokine imbalance can directly affect body composition, weight loss,
reduced cellular nutrient supply and APRP production (e.g., TNF-α) (von Haehling, et
al., 2007). In addition, pro-inflammatory cytokines often work in synergy or cascade
to one another as both IL-6 and TNF-α inhibit food intake by acting directly on the
brain to reduce reducing the release of the appetite stimulating peptide; NPY (von
Haehling, et al., 2007).
The suppression of the profile of anabolic hormones promotes weight loss.
The anabolic hormone ghrelin promotes the secretion of NPY (food intake), whilst
insulin and leptin antagonises it (von Haehling, et al., 2007). Growth hormone is also
increased in the presence of ghrelin. Growth hormone (GH) stimulates energy
expenditure, causing a lipolytic effect and directly stimulates IGF-I release (von
Haehling, et al., 2007). Previous investigators have shown that IGF-I is decreased
during Ang II induced weight loss (Brink, et al., 1996), and its infusion leads to
improved weight gain in cardiac cachexia (von Haehling, et al., 2007).
Overall, body compositional changes and to some degree energy homeostasis
may be altered by the activities of pro-inflammatory cytokines or other metabolic
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factors arising from tumour or tissue origin, which can dictate the disease prognosis
and patient morbidity.

1.12.1

Role of anabolic factors in Cachexia and Obesity
Ghrelin, Growth hormone, NPY and insulin
Anabolic hormones are key regulators of cachexia development and may be

used in treatment and recovery methods. The four main anabolic hormones are
ghrelin, GH (Growth hormone), NPY and insulin. Ghrelin is a GH-releasing peptide,
released by cells in the stomach and under hypothalamic control, may play a role in
positive energy balance (e.g., stimulating food intake and inducing adiposity)
(Nagaya, et al., 2001a). Nagaya, et al., (2001b), observed that in 74 patients with
CHF, and especially those with cachexia (n = 28), plasma ghrelin and GH was
significantly higher than in those CHF patients without cachexia. In addition, plasma
ghrelin was correlated with the presence of TNF-α and negatively correlated with
BMI (Body Mass Index). The authors concluded that ghrelin-induced positive energy
effects (improved feed intake) may compensate under the imbalanced catabolicanabolic relationship in cardiac cachexia (Nagaya, et al., 2001b). GH is mediated by
IGF-I (Insulin-like Growth Factor), which are both anabolic hormones, essential for
skeletal and myocardial growth and metabolic homeostasis (Nagaya, et al., 2001a).
Another important orexigenic hormone is NPY and it is the most widely
distributed neurotransmitter in the mammalian brain (hypothalamus specifically). The
roles of NPY are to stimulate feeding, decrease energy expenditure (e.g., via BAT
(Brown Adipose Tissue) thermogenesis) and suppress powerful inhibitory signals for
food intake and body adiposity (Inui, 1999). The primary physiological role of the
NPY neurons in the hypothalamus is the re-establishment of energy balance and
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adipose tissue stores after a period of negative energy balance (Inui, 1999). Another
function of NPY is to block and reverse IL-1b-induced anorexia (e.g., cytokineneuropeptide interactions) – with possible involvement of other orexigenic and/or
anorexigenic signals in the anorexia and cachexia (Inui, 1999).
Insulin is another anabolic hormone which has an effect in cachexia,
particularly in adipose tissue. In 138 patients with gastrointestinal malignancy, the
provision of insulin treatment for > 3 months significantly stimulated carbohydrate
intake, increased whole body fat and survival rate (Lundholm, et al., 2007). Higher
serum insulin does not change IGF-I levels, and thus skeletal muscle is unaffected. It
is noted that daily insulin treatment for > 3 months in catabolic cancer patients
significantly improves micronutrient intake and increases net retention of body fat
(Lundholm, et al., 2007).
In light of the action of anabolic hormone regulators of cachexia, they are
under negative feedback and suppression by catabolic factors, which often dominate
to control the outcome of disease progression and mortality.
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1.12.2

Role of catabolic factors in Cachexia and Obesity
1.12.2.1

Leptin

Leptin is a hormone secreted by white adipose tissue. It modifies both
orexigenic (appetite-stimulating) and anorexigenic (appetite-suppressing) molecules
in the hypothalamus thereby controlling adipocyte energy stores (Inui & Meguid,
2003). When leptin receptors are blocked, this leads to obesity. Increased orexigenic
and impaired anorexigenic signalling produces hyperphagia and obesity, while the
reverse applies to anorexia-cachexia syndrome in which adaptive feeding response to
starvation is lacking or insufficient (Inui & Meguid, 2003) Leptin also increases
sympathetic nervous system activity, thermogenesis and energy expenditure (Engeli
& Sharma, 2000), which all contribute to development of cachexia.
Leptin is elevated in CHF, especially in patients with severe exercise
intolerance, and is correlated with TNF-α (Schulze, et al., 2003b). Other hormones
secreted by WAT are adipsin, adiponectin, and resistin, which all have a role in
obesity and cachexia (Guerre-Millo, 2002). Leptin release is linked to the decreased
release of NPY. NPY interacts with anorexigenic (cholecystokinin, peptides YY and
oxyntomodulin) and orexigenic (e.g., ghrelin) factors originating from the gastrointestinal tract (GIT). These molecules regulate short-term food intake and growth
hormone release. Impairment of this anabolic and catabolic balance may result in
disorders of feeding behaviour and weight gain (obesity) or weight loss (cachexia)
(Konturek, et al., 2004). Moreover, leptin and ghrelin oppose one another in appetite
regulation. Leptin causes vasodilation and pro-inflammatory effects; contributing to
cardiac cachexia and obesity-related cardiomyopathy, whereas ghrelin improves left
ventricular function and cardiac cachexia in heart failure (Sharma & McNeill, 2005).
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Most animal models of obesity, whether associated with genetic, diet-induced,
or age-related obesity, display pronounced leptin resistance (Prima, et al., 2004).
Ciliary neurotrophic factor (CNTF) has been recently used to induce leptin-like
signalling pathways (e.g., weight reduction or severe cachexia), thereby
circumventing leptin resistance (Prima, et al., 2004). Histamine, a central
neurotransmitter is also an anorexigenic agent, which delays leptin resistance and
accelerates lipolysis (Jorgensen, et al., 2007). Leptin is also involved in non-cachectic
patients; linking metabolic, cardiovascular and respiratory abnormalities in CHF
(Wolk, et al., 2003).

1.12.2.2

Acute Phase Response Proteins

The acute phase response protein (APRP) is a term which describes a
collective number of proteins of hepatic origin, and are common manifestations of
inflammation seen during cachexia. APRP are thought to result from the increased
synthesis and release of cytokines (e.g., TNF, IL-1, IL-6) (Oldenburg, et al., 1993).
Tissue inflammation is seen in cachexia and it invokes the acute phase response
(APR), which encompasses physiological and metabolic changes (Tisdale, 2003).
Hypoalbuminemia occurs due to the rapid synthesis of acute phase proteins (e.g., Creactive protein (CRP), serum amyloid A protein, β2-macroglobulin and α-1antitrypsin). The presence of the APR is correlated to weight loss and shortened
survival time, as APR is mediated by pro-inflammation cytokines (e.g., TNF-α, ciliary
neurotrophic factor (CNTF), IL-1 and IL-6etc.) (Tisdale, 2003). The blockage of IL-1
receptor has been demonstrated to attenuate weight loss and anorexia, however the
receptors are dependent on IL-6 as passive immunization against IL-6 further reduces
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hepatic APPR (e.g., decreased serum amyloid P and complement 3) (Oldenburg, et al.,
1993).
In a study using 704 individuals with coronary heart disease it was observed
that plasma levels of C-reactive protein and serum amyloid A protein were strongly
correlated and inversely related to serum albumin. Interestingly, plasma C-reactive
protein and serum amyloid A protein were also correlated with obesity and plasma
lipids. It was concluded that inflammation was a causative factor of coronary heart
disease (Danesh, et al., 1999). Lastly, it has been revealed that there is a link between
inflammation (e.g., sialic acid measurement in serum) as a modulator of obesity and
metabolic syndrome. Dietary n-3 PUFA is suggested to be beneficial in modulation of
some degree of obesity disease risk via an anti-inflammatory mechanism (Browning,
2003).

1.12.2.3

TNF-α (Tumour Necrosis Factor)

TNF-α is a chief cytokine hormone, which is pivotal in regulating cachexia
and obesity. The weight loss during cachexia is increased in the presence of increased
levels of cytokines (i.e., TNF- α) and in decreased levels of insulin, glucagon, and
glucocorticoid. In cachexia there is a decrease in white adipose tissue, decreased LPL,
increased HSL (Hormone Sensitive Lipase) and inhibition of glucose transport to
adipocytes. During obesity, there are opposing hormone levels as those mentioned in
the previous sentence with both TNF- α and IL-1 increased. Both TNF- α and IL-1
regulate thermogenesis and influence adipocyte metabolism toward the catabolic side
and their levels correlate to adipocyte mass, hypertension, diabetes and dyslipidemia
(Cottam, et al., 2004). In addition, adipocyte hypertrophy may trigger adipocyte-
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genesis, triggered by adipocytes producing IGF-I and binding proteins, TNF- α, and
Ang II (Hausman, et al., 2001).
TNF-α causes metabolic acidosis, systolic and diastolic dysfunction with
endo-toxin injection triggering depressed left ventricle function (Mann & Young,
1994) and indirectly suppresses human GH production (Anker, et al., 1997). TNF-
may induce weight loss in cachexia via uncoupling of mitochondrial respiration,
increased skeletal muscle proteolysis, apoptosis, DNA fragmentation and increased
levels of free and conjugated ubiquitin (Argiles, et al., 2003).
Once the individual is obese, TNF- α is released by adipocytes, which leads to
anorexia and thus weight loss, (reversing obesity) via increased thermogenesis,
causing insulin resistance, impaired glucose output and decreased Glucose Transport
Protein 4 (GLUT-4) (Argiles, et al., 1997b). Further, TNF-α mitigates obesity via
counteracting excess food intake. This is thought to compensate for elevation of
thermogenesis via increased sympathetic activity, causing lipolysis and decreased
lipogenesis. Similarly, in Cachexia, TNF-α induces anorexia, increased thermogenesis
and an adipocyte lytic effect (Argiles, et al., 1997b).
Others have observed weaker correlations in relation to systemic TNF-α
(Saarinen, et al., 1990). TNF-α may mediate systemic changes through IL-1
uncoupling of -adrenoreceptors in CHF (Mann & Young, 1994). Further, it is
thought to be elevated by stimulation of nitric oxide synthase in myocardium (Mann
& Young, 1994) of the failing heart (i.e., causing decreased left ventricle function,
structural modifications and cachexia) (Anker, et al., 1997; Mann & Young, 1994).
Another pro-inflammatory cytokine IFN- has biological activities which overlap
TNF-, which can be nullified using monoclonal antibodies against IFN- (Argiles, et
al., 2003). Lastly, IL-15 (a cytokine highly-expressed in skeletal muscle), TNF- α, and
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leptin could all play a decisive role as hormonal messages between adipose tissue and
skeletal muscle (Argiles, et al., 2005).

1.12.2.4

IL-1 and IL-6 (Interleukins)

Interleukins are another cytokine group involved in the initiation of cachexia.
Nude mice implanted with MCF-7IL-1 cells who develop cachexia, experience ‘cross
talk’ between the epithelial and stromal cells. This ‘cross talk’ is thought to be
mediated through IL-1, with the degree of IL-1 release correlated with cachexia. It
was suggested that IL-1 increases leptin expression in stromal cells, which principally
targeted lipid metabolism (Kumar, et al., 2003).
Another IL, IL-6 is associated with prostrate cachectic patients (Kuroda, et
al., 2007). Overall, the presence of IL-6 (>7pg/mL in serum) was strongly correlated
to higher degree of mortality. In addition, these patients also had lower serum total
protein, albumin, and cholesterol levels, haemoglobin levels, and body mass index.
The authors concluded that IL-6 is one of the numerous factors which contribute to
the complex syndrome of cancer cachexia.
Cachexia as a disease is promoted by pro-inflammatory cytokines, in
particular, IL1 and IL6. In 21 elderly people with protein and energy malnutrition in
comparison to 22 subjects matched for BMI of ~25 were studied over a 3 month
period. Isolated monocytes were stimulated with lipopolysaccharide (LPS) and IL-6
was found to be higher in the malnourished subjects than in the control subjects.
There was a higher generation of IL-l and IL-6 in patients with protein and energy
malnutrition relative to the control subjects (Cederholm, et al., 1997). The authors
concluded that there is an enhanced generation of proinflammatory cytokines (i.e.,IL1 and IL-6) in elderly malnourished patients. These series of findings supported the
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author’s hypothesis that protein and energy malnutrition during disease is associated
with an activation of the inflammatory system, via inflammatory cytokines (e.g., IL-l,
TNF-α, and IL-6), which are involved in the pathogenesis of the cachexia
(Cederholm, et al., 1997). There is an interrelating role between cytokines,
particularly IL-1 and TNF-. Both are associated with elevated REE, satiety, and
decreased body weight. They are also linked with APRP synthesis, induce systemic
immune response (e.g., antibody formation) involving cancer-anorexia via elevated
corticotrophin-releasing hormone (Argiles, et al., 2003; Little, 1991; Roubenoff,
2004). In addition, a majority of the patients studied also suffered from pulmonary
disease and thus hypoxia may have been one mechanism by which to activate the
immune system (Cederholm, et al., 1997). Moreover, the authors also noted that
during most inflammatory disorders, the generation of proinflammatory cytokines is
balanced by production of anti-inflammatory cytokines (e.g., IL-lra, IL- 10, and TGF
1) (Cederholm, et al., 1997) as a means of counter-regulation.

1.12.2.5

LMF (Lipid Mobilizing Factor)

Fat metabolism during cancer cachexia is one of the key tissues affected. This
is the result of increased lipolysis, reduced lipogenesis, increased hepatic secretion of
VLDL (very low density lipoprotein), increased de novo fatty acid synthesis (i.e.,
turnover) and a futile cycle of fatty acids between liver, tumour and adipose tissue
(Tisdale, 2004). Another factor altering fat metabolism is deregulation of lipid
synthesis due to HSL activation (Tisdale, 2004). There exists a novel urinary protein
(LMF) which has a molecular weight of Mr 43000 and is excreted in the urine of
cancer cachexia (McDevitt, et al., 1995). LMF is a tumour-derived hormone, which
appears to stimulate lipolysis in isolated murine epididymal adipocytes, and has an
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amino acid sequence homologous with human Zn-2-glycoprotein (Hirai, et al.,
1997).
The presence of LMF is directly proportional to tumour mass and liver
glycogen depletion (Todorov, et al., 1998). There also exists other urine and serum
factors identical to cachexia inducing factors, which act to depress protein synthesis
and elevate prostaglandin E2 ,which have been detected in mice bearing the MAC16
(Murine colon adenocarcinoma) (Belizario, et al., 1991; Smith & Tisdale, 1993). In
this context, there may be an array of tumour, host-derived factors which act in
synergy to modulate lipid metabolism in cancer cachexia and other diseases.

1.12.2.6

PIF (Proteolysis Inducing Factor)

PIF is a novel glyco-protein (24,000 Da) excreted in the urine of cancer
patients with cachexia (e.g., pancreatic, breast, lung) (weight loss >1.5kg per month),
but not in the urine of non-cachectic cancer anorexic patients (Cariuk, et al., 1997).
PIF is observed in a range of tumour types (e.g., MAC16 colonic adenocarcinoma,
G361 melanoma) but not other conditions (e.g., surgery, sepsis, burns etc.), and
further not associated with serum C-reactive protein concentration (i.e., inflammation
response) (Cariuk, et al., 1997; Lorite, et al., 1998; Todorov, et al., 1998; Wigmore, et
al., 2000). PIF is thought to undergo renal metabolism alterations (Gullu & Marangoz,
1999), and is stored in tumour cells (Cabal-Manzano, et al., 2001).
PIF induces proteolysis directly in vivo (via injection), causing elevated FFA,
glucose, ubiquitin and in vitro. It does not resemble any known cytokines, as its
functional group resides in the carbohydrate moiety (Cariuk, et al., 1997; Tisdale,
2000). PIF also causes significant loss of spleen, soleus and gastrocnemius muscles,
and increased liver weight has been observed (Lorite, et al., 1998). PIF further
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depresses protein synthesis, increases protein degradation in C2C12 myoblasts and
myotubes (Gomes-Marcondes, et al., 2002; Whitehouse & Tisdale, 2003). PIF is
associated with enhanced prostaglandin E2 (PGE2) release (i.e., inhibited by EPA
supplementation, monoclonal antibodies to PIF and EPA, and cytokine anti-sera)
(Cariuk, et al., 1997; McCarthy, 1999), via EPA incorporation into muscle
phospholipids (Smith & Tisdale, 1993).
Similarly, another catabolic factor identified is Azaftig (24kDa proteoglycan),
is present in urine of AIDS patients. Azaftig causes selective depletion of adipose
tissue, and arises from phagocytic cells (Figueroa, et al., 1999). As mentioned, other
catabolic factors exist in conditions other than cancer or AIDS (i.e., sepsis cachexia (Goldberg, et al., 1988), such as the cyto-toxic hormone from tumour periphery
(4,200 – 6200Da) which was observed to depress liver catalase in mice and amino
acid incorporation into proteins, and acts in an immuno-suppressive capacity (Rubin,
2003). Moreover, Trehalose dimycolate is a by-product of mycobacterium
metabolism of Nocardia asteroides, which has a toxic effect causing cachexia and
death, 30 days after the initial injection (10g per day) (Silva, et al., 1988). Lastly,
there is yet to be an identified factor, existing in cardiac cachexia, which induces rapid
weight loss, and thus may prove to be an exciting area of study.

55

1.13 Role of Angiotensin II in CHF Cachexia and Obesity

Angiotensin II is a key molecule in the renin-Angiotensin system. Ang II is
responsible for changes in blood pressure and sodium/ fluid retention (e.g., thirst,
sweat, urine). Upon systemic infusion, Ang II causes weight loss, adipocyte
proliferation and thermogenesis (Hussain, 2003; Porter & Brand, 1993). Ang II links
both cachexia and obesity development, mainly through alterations in fat metabolism.
Advanced heart failure is characterized by increased activation of the reninAngiotensin system and the development of cachexia (Cabassi, et al., 2005).
Increased Ang II modulates lipid metabolism, by increasing interstitial glycerol and
nor-epinephrine levels, resulting in decreased sub-cutaneous and visceral fat (Cabassi,
et al., 2005). Further, Ang II is up-regulated in CHF, via a pressor-independent
mechanism with separate metabolic effects, inducing Cachexia which is independent
of anorexia (Brink, et al., 1996).
The principle prognosis in cardiac cachectic patients is increased activity of
the Angiotensin system and IGF-I. In this instance, Ang II reduces circulating and
skeletal muscle IGF-I yet increases cardiac muscle IGF-I. This in turn elevates the
ubiquitin-proteasome pathway, and apoptosis (Delafontaine & Akao, 2006). It has
been noted that caspase-3 may act in this pathway to induce skeletal muscle
proteolysis which may lead to actin cleavage and increased apoptosis (Song, et al.,
2005). Moreover, Ang II infusion markedly increases protein degradation via
inhibition of the autocrine IGF-I system (Brink, et al., 2001). Age also alters the
degree of Ang II-linked proteolysis. Interestingly, Ang II limits growth in young rats
and induces cachexia in older rats by progressive muscle atrophy and lipolytic effects
(Brink, et al., 2001; Schulze & Spate, 2005). Decreased IGF-I is also observed in pair
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fed controls, confirming the primary effect of Ang II infusion being reduced feed
intake, and increased kidney and left ventricular weights (Brink, et al., 2001). In all,
these effects lead to cardiac cachexia, particularly proteolysis.
Growth hormone and IGF-I have been observed to have beneficial effects on
myocardial function in animal models of heart failure including vasodilatation,
stimulation of cardiac hypertrophy and prevention of apoptosis). ACE inhibitors and
Ang II receptor blockers reduce the risk of developing type 2 diabetes mellitus, and
decrease both ROS production and β- cell dysfunction (Leiter & Lewanczuk, 2005).
This leads to improved insulin sensitivity compared to fructose fed control rats
(Higashiura, et al., 2000).

Like cardiac cachexia, obesity is a result of body weight dysfunction, and is
caused by an excessive energy intake or decreased energy expenditure. This metabolic
imbalance may be caused by hyper-insulinemia linked with obesity which may
accelerate cardiac structural damage via interacting with Ang II and increasing
collagen production and deposition (Kramer, 2006). (Porter, et al., 2003) infused Ang
II systemically and found decreases in body weight and food intake. The decreased
body weight was thought to be caused by increased energy expenditure (i.e.,
thermogenesis, increased UCP1 mRNA expression in Brown Adipose Tissue).
Moreover, (Porter & Potratz, 2004) also observed transient decrease in food intake.
They observed that following cessation of AngII infusion, the rat body weight
continued to decrease most likely due to increased energy expenditure (i.e.,
thermogenesis; UCP1). It is thought that Ang II acts directly on the brain (possibly the
AT1 receptor protein) (Porter, 1999) to affect food intake and energy expenditure in a
manner not related to water intake. In combination, obesity, cardiac failure and
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subsequent cardiac cachexia represent significant contributors to mortality linked by
Ang II.
Weight loss attributable to Ang II infusion could also be caused by elevation
of pro-inflammatory cytokines in the myocardium and plasma (i.e., Interleukin 1,
interleukin 6 and TNF-α). Paulus (2000) correlates the presence of cytokines and
induction of striated muscle mass wasting and cachexia, possibly through elevated
ubiquitin and macrophage activation (Peterson, et al., 2006). In particular, ghrelin
may be a hormone of intense study in future use of this animal model of cardiac
cachexia as it regulates positive energy balance via stimulating food intake and
inducing adiposity (Nagaya et. al. 2001) and be used to treat anorexia-cachexia
syndrome.
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1.14 Role of Ang II in Obesity and oxidative stress
Adipose tissue is an important source of Angiotensinogen; a precursor of Ang
II. Ang II stimulates adipocyte production and the adipocyte release of insulin and
fatty acids (Cassis, 2000). (Porter, et al., 2003) notes that infusion of Ang II causes
body weight loss and satiety, thus Ang II may have a negative feedback regulating
diet induced obesity and fat accumulation. Contrasting this hypothesis, hyperphagia in
rodents induces local formation of Ang II via Angiotensinogen secretion from
adipocytes, promoting adipocyte growth and preadipocyte recruitment (Engeli, et al.,
2003). Thus, Ang II is implicated in development of insulin resistance via interaction
with adipose tissue (Sharma, 2004).
Ang II also is a key regulator of oxidative stress. Hypertension, endothelial
dysfunction and insulin resistance are associated conditions that share oxidative stress
and vascular inflammation as common features. Adiponectin is a modulator of lipid
metabolism and exerts a potent anti-inflammatory activity. Adiponectin is decreased
during Ang II-induced oxidative stress (Hattori, et al., 2005), and in the presence of
increased nitric oxide and super oxygen dismutase (Chabrashvili, et al., 2003).
Oxidative stress in blood vessels can be triggered by an array of vasoconstrictor
mechanisms, (e.g., blockade of nitric oxide synthase). This effect causes
vasoconstriction via bioinactivation of nitric oxide, and by nitric oxide synthase
independent mechanisms (Wilcox, 2002). Paracrine and hormonal factors released
from adipocytes implicate nitric oxide in the pathophysiology of obesity-induced
hypertension. Results from these studies show that Ang II is pivotal in the induction
of oxidative stress. Oxidative stress may be alleviated by dietary intake of
antioxidants (e.g., green tea catechins) and prove useful in cachexia treatment.
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1.15 Animal models of Cachexia
A wide array of animal models have been developed to investigate cancer
cachexia. However, few animal models have examined CHF cachexia. In general the
studies can be divided into those dealing with hormonal levels, alterations in energy
expenditure or nutritional treatment of cardiac cachexia. (Schulze, et al., 2003a)
remarked that CHF is associated with metabolic abnormalities leading to a catabolic
syndrome in advanced stages of the disease (i.e.,increased IGF-I). Decreased local
expression of IGF-I in CHF animals correlates with decreased muscle fibre crosssectional area (e.g., muscle hypotrophy). Other models, using Ang II infusion, induce
CHF have revealed that Ang II increases the rate of nitric oxide synthesis, increase
blood pressure, abdominal temperature, and decreases WAT, body weight, leptin and
circulating IGF-I (Brink, et al., 2001; Cassis, et al., 1998; Schulze & Spate, 2005).
Further work identified that the origin of elevated energy expenditure is attributable to
UCP1 and thermogenesis (Porter, et al., 2003).
In an attempt to develop treatments for weight loss in CHF, (Nagaya, et al.,
2001b) developed a rat model using left coronary artery ligation to induce CHF
cachexia. They infused rat ghrelin, to increased serum GH and IGF-I. The rats treated
with ghrelin proceeded to gain weight, while experiencing higher cardiac output,
inhibition of LV enlargement, and increased LV fractional shortening compared to
control CHF rats. Further, ghrelin attenuates body weight loss in CHF cachexia, while
improving cardiac structure and function (Nagaya, et al., 2001b). Ghrelin has also
been noted to improve insulin resistance, particularly under a high fat diet (Asakawa,
et al., 2003). The development of cardiac cachectic models as distinct from CHF is of
great importance to successfully characterize and treat this disease.
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1.16 Animal models of Right Ventricular Pacing (RVP)
Numerous large animal (e.g., dog, sheep, and swine models) of CHF have
been developed, but few investigate cardiac cachexia. These CHF models imitate the
combined interactions of cardiac dysfunction, neuro-hormonal processes and
peripheral vascular abnormalities, either in naturally occurring CHF or by using
interventions to induce CHF (i.e., tachycardia), leading to a clinical profile similar to
human HF (Power & Tonkin, 1999). Heart failure is mainly due to damage to
ventricular myocardium (e.g., by chronic ischemia) (Power & Tonkin, 1999). As heart
failure is characterized by systolic and diastolic dysfunction, after two and a half
weeks of pacing there is a significant increase in heart rate and left ventricular enddiastolic pressure and systolic wall thickening (Neumann, et al., 1999). Pacing is also
associated with increased plasma nitrate levels, nitric oxide production and plasma
creatinine (Bernstein, et al., 1997).
Ovine hearts are similar to adult human in size and in venous blood drainage
but lack an excessive degree of collateral circulation as found in the dog. The small
heart size of the pig is similar to the human (Power & Tonkin, 1999). Traditionally,
HF is induced via pacing using endocardial or epicardial electrodes at 220 - 250 bpm
(beats per minute) and an end-stage in 1 month. This method rapidly decreases
cardiac contractile function via depression of LV and cardiac output. Further, HF
leads to alterations in cardiac morphology, thinning of ventricular myocardium, atrial
dilatation and cell hypotrophy (i.e., elongation) (Power & Tonkin, 1999), using
modified rapid pacing at 170 – 190 bpm. The canine and ovine heart mimics LV
dysfunction in human patients. Once a model is characterized, treatment can be tested
in vivo.
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1.17 Treatment of Cachexia
1.17.1 Exercise
Regular exercise can mitigate muscle protein wasting, and prevent alteration
of mitochondrial and cytosolic proteins (enzyme activities). Progressive resistance
exercise training predominantly increases contractile protein mass via increased
muscle protein synthetic rate more than muscle proteolysis. The muscle amino acid
balance is increased for up to 2 days after exercise training (Zinna & Yarasheski,
2003). Alteration of the dietary arginine-methionine balance by the use of synthetic Lamino acids inhibits tumour growth, maintaining body weight in cancer cachexia
(Millis, et al., 1998). Resistance training may prove useful (Ardies, 2002) with insulin
treatment reducing insulin resistance, preserving lean mass, as do semi-synthetic
progestational steroids.

1.17.2 Dietary
In an attempt to alleviate cachexia, a number of dietary strategies have been
employed (e.g. oral amino acid ingestion stimulates influx of amino acids into
myocytes and muscle synthesis). The BCAA (Branched Chain Amino Acids)
(leucine, isoleucine and valine) in particular provide amino groups for protein and
carbon skeletons for skeletal muscle energy requirement (Busquets, et al., 2000),
thereby increasing body weight and whole body protein turnover (Tayek, et al., 1986)
and ↓protein degradation (von Haehling, et al., 2007). Several factors contribute to
altered amino acid metabolism in obesity and cachexia including modulation of
dietary intake, increase in BCAA oxidation, net catabolism, reduced protein synthesis
and proteolysis. The latter is possibly activated by tumour or host-derived mediators
causing alterations in amino acid demand and metabolism (Baracos & Mackenzie,
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2006). Lastly, the use of GH supplementation promotes muscle weight gain in
tumour-bearing animals (Bartlett, et al., 1995).
Amino acids are partially oxidized in the liver, converted to glucose, liberating
ATP needed for gluconeogenesis. This oxidation accounts for one half of daily liver
oxygen consumption (Jungas, et al., 1992). Surplus amino acid catabolism limits use
of other substrates for heat production, therefore it does not impact on metabolic rate
(MacLeod, 1997). Decreased fat-free mass causes decreased muscle amino acid due
to efflux from the muscle (Engelen, et al., 2001). CHF patients release taurine from
muscle tissue, whereas control patients have a net uptake of glutamic acid and taurine
(Aquilani, et al., 2005). Exercise in CHF patients releases significant amounts of
phenylalanine, BCAAs; histidine, alanine, but lowers glutamine and taurine uptake
via alterations in intermediary and energy metabolism within myocytes (Aquilani, et
al., 2005).
Cachexia stimulates the consumption of large amounts of energy and amino
acids obtained via skeletal muscle catabolism with worsening prognosis leading to
morbidity and increased elevated energy expenditure (Tisdale, 2002). However,
artificial nutrient supplementation has been observed to be ineffective (Bozzetti, et al.,
1999) as hyper caloric feeding is thought to induce weight gain primarily as fat
deposition.
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1.17.3 Anabolic hormones
In some instances, nutritional intervention of cachexia using a high calorie or
high - protein supplement fails to correct energy or protein imbalance (Tisdale, 2004;
Wigmore, et al., 2000). Satiety plays a major role in decreased food, and thus energy,
intake. In carcinomas of the gastrointestinal region, satiety may be a physical, not
neurohormonal, obstacle to resumption of appetite. The synthetic prostaglandins (e.g.,
medroxyprogesterone acetate) may be used to improve appetite and weight gain
(Simons, 1998), increasing energy intake of protein, fat, and carbohydrates, but also
increasing fat mass which is correlated to energy intake and hypothalamic synthesis of
NPY (Simons, 1998). The blockage of type 3 serotonergic receptors by MPA can
improve anorexia in cancer-affected animals by stimulating appetite and influence
satiety (Edelman, et al., 1999), and improvement in protein deposition (Edelman, et
al., 1999; Frayn, 1991). Meloxican, (i.e., a cyclooxygenase-2 inhibitor) suppresses
MAC16 tumour growth and, combined with the actions of PIF, completely suppresses
tumour growth (Hirai, et al., 1997; Hussey & Tisdale, 2000) .
Growth Hormone Receptor Protein (GHRP) improves LV function and
cardiac remodelling in CHF rats and inhibits CHF Cachexia development, (i.e.,
increases body weight and suppreses cardio-myocyte apoptosis) (Xu, et al., 2005).
Interestingly, cancer cachexia, can be suppressed via supplement with increased
carbohydrate calories and EPA and DHA (Docosahexaenoic Acid) which antagonize
weight loss and tumour growth (Tisdale, 1991). Further, the addition of amino acid
supplementation assists to elevate protein synthesis in cancer cachexia (Bozzetti, et
al., 2000). Moreover, fish oil contains EPA and DHA, and this supplementation
significantly increases the proportion of total n-3 PUFA’s in ventricular membrane
phospholipids compared with saturated fats (Leifert, et al., 2000). Thus

64

supplementation of EPA and DHA stabilizes weight in pancreatic cancer via
inhibition of the ubiquitin proteasome pathway (Tisdale, 2004). This inturn increases
protein intake, decreases REE, and attenuates PIF induced muscle catabolism (Barber,
et al., 1999; Cariuk, et al., 1997).
Other compounds, (e.g. Clenbuterol (2-adrenoceptor agonist)), can treat mice
which suffer from dystrophic muscle degeneration, thus opposing muscle weakness
and hypotrophy (Zeman, et al., 2000). Further, human GH has been used to increase
muscle mass (i.e., elevated energy expenditure and fat oxidation), and thus may be a
good candidates for cachexia treatment (Lange, et al., 2000). Anti-cytokine treatment
(e.g., anti-TNF-α) may be another successful treatment method (Morley, et al., 2006).

1.18 Diet induced Obesity, Reactive Oxygen Species and
Antioxidants
Obesity alone is the cause of 11% of cases of cardiac failure in men and 14%
of cases in women in the United States (Galinier, et al., 2005). Being overweight or
obese has become highly prevalent in Western countries and is rapidly reaching
epidemic proportions in the developing world (Sharma & Chetty, 2005) and is linked
to mild hypertension (>158mm Hg) and oxidative stress (Dobrian, et al., 2001). Thus,
a link exists between obesity, CHF and possibily cardiac cachexia. Obese patients
shunt lipid into the skeletal muscle, liver and pancreatic β-cells with the degree of
lipid infiltration into skeletal muscle and liver highly correlated to insulin resistance
and adipocyte hypertrophy (Heilbronn, et al., 2004). Preventative treatment appears to
be the most appealing method to control these series of diseases.
Antioxidants (i.e., reducing agents also known as ‘thiols’ or ‘polyphenols’)
impede oxidation and protect against cardiovascular disease (Lam, et al., 2007).
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Oxidation reactions (e.g., respiration) are pivotal for life but may also be damaging.
Reactive Oxygen Specoes (ROS) and reactive nitrogen species, include hydrogen
peroxide (H2O2), hydroxyl radical (·OH), superoxide anion (O2−), nitric oxide (NO*)
which are all beneficial (eg. fight infectious agents, cell signalling in tumour cells apoptosis) and also detrimental (e.g., damage to lipids, membranes, proteins and
DNA) to health (Valko, et al., 2007).
Examples of antioxidants are glutathione, vitamin C, and vitamin E as well as
enzymes such as catalase, superoxide dismutase and various peroxidises with their
absence causing inhibition of the antioxidant enzymes, oxidative stress and finally
apoptosis (Vertuani, et al., 2004). Organisms have a complex network of antioxidant
metabolites and enzymes that prevent in unison oxidative damage to cells (i.e., DNA,
proteins and lipids damage) (Vertuani, et al., 2004). Other antioxidants are found in
numerous beverages and foods (e.g., cocoa, coffee, green tea, apples, berries).
Lastly, feeding of a high fat diet to mice induces hyper-glycemia, hyperinsulinemia and obesity (i.e., palm oil diet) with a fish oil diet mediating decreased
body weight and increased proton influx in rat liver mitochondria. A major cause of
obesity associated insulin resistance is the high fat (saturated) content of the western
diet (Ikemoto, et al., 1996). As already discussed, fish oil also alleviates tumour
growth and cachexia, in cancer cachexia and possibly obesity as well.
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1.19 The role of anti-oxidants in the treatment of diet induced
Obesity
Obesity is associated with oxidative stress and mitochondrial ROS
dysfunction. In a study by (Dong, et al., 2007), they investigated the effect that
metallothionein (scavenger of free radicals) had in a high-fat diet (> 3 months)
induced myocardial and mitochondrial dysfunction. The high-fat diet mice displayed
increased ROS production (i.e., western blot analysis – enhanced phosphorylation of
nuclear factor Foxo3a without changes in Foxo3a, Foxo1a, pFoxo1a, whereas these
changes were negated by metallothionein, with the exception of pFoxo3a. Thus,
metallothionein may protect against high-fat diet–induced cardiac dysfunction
possibly via associated with up regulation of PGC-1 and preservation of increased
mitochondrial integrity. In a study by (Yuan, et al., 2001), the researchers observed
that the delivery of high doses of salicylates reversed hyperglycaemia, hyper
insulinemia, and dyslipidemia in obese rodents by sensitizing insulin signalling.
(Yuan, et al., 2001), over-expressed IB kinase (IKK) attenuated insulin signalling in
cultured cells, whereas IKK inhibition reversed insulin resistance. These authors
concluded that the inflammatory process in the pathogenesis of insulin resistance in
obesity could be attributed to the IKK pathway as a target for insulin sensitization.

1.19.1 Cocoa and Obesity
Cocoa (Theobroma cacao) is rich in specific antioxidants, (i.e., polymer
procyanidin), similar to those found in vegetables and tea. Antioxidants may defend
against ROS formation, oxidation of LDL-cholesterol and support heart disease
protection (Weisburger, 2001). The cocoa bean contains ~0.2% caffeine with the main
methylxanthine compound in cocoa being theobromine ~ 2.5% by weight (Langley-
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Evans, 2000). Theobromine has potent anti-oxidant and anti-bacterial effects (Matsui,
et al., 2005). Cocoa intake has been noted to reduce cholesterol, fatty acid biosynthesis. Cocoa ingestion with a high fat diet decreases weight gain in mice (Matsui,
et al., 2005). Further, plasma leptin concentration and white mesenteric adipose tissue
are also decreased, possibly via UCP2 thermogenesis (Matsui, et al., 2005). This
effect may be the synergistic action of both procyanidin and caffeine. Moreover,
cocoa ingestion has also been observed to increases bone density and bone strength in
older woman (Hodgson, et al., 2008), and thus may be used as a nutritional
supplement in suffers of gender and age related osteoporosis.

1.19.2 Coffee, caffeine and Obesity
Coffee is another commonly consumed beverage worldwide and also contains
caffeine and anti-oxidants like cocoa and green tea. A recent hypothesis suggests
there are 28 different coffee odorants which may be beneficial to stimulate appetite
(Dorri, et al., 2007). In further supporting the role of caffeine in weight loss, (Cheung,
et al., 1988) observed that chronic caffeine treatment increased lipolysis in rat
epididymal adipose tissue. This led to decreased body weight, epididymal fat pad
weight and mean adipocyte diameter when compared with control rats. However,
other researchers; (Bracco, et al., 1995) failed to observe an effect of thermogenesis
and coffee consumption in obese subjects. The degree of bean roasting may influence
the presence and amount of caffeine or type of anti-oxidants present in the coffee,
thus explaining the degree of variation between studies concerning obesity treatment.
Observations of postmenopausal woman with high caffeine intakes have
displayed significantly higher rates of spinal bone loss (>300 mg/d) (Harris &
Dawson-Hughes, 1994; Rapuri, et al., 2001) . However, other researchers (Conlisk &
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Galuska, 2000) hypothesized that caffeine intake was not a significant predictor of
bone mineral density (BMD) after adjusting with linear regression models for
potential confounders (i.e., height, BMI, age, calcium and protein intake, alcohol and
tobacco use).
(Denaro, et al., 1991) observed that increasing caffeine dosage (i.e., coffee)
increased the 24-h area under the curve (AUC) for total sum of FFA. Further, there is
significant increase in plasma FFA (i.e., lipolysis) in habitual coffee drinkers
compared with a control group of non-coffee and decaffeinated-coffee drinkers
(Cocchi, et al., 1983). The anti-oxidant compounds in coffee may also influence
immune function and disease outcomes. High consumption of caffeine-containing
coffee is associated with higher adiponectin and lower inflammatory marker
concentrations (Williams, 2008).
Caffeine is found in green tea, coffee and its metabolites in cocoa. Caffeine
stimulates body fat reduction in a dose dependent manner (0.025 – 0.1%) in rats fed a
high fat diet. This effect is caused via increased catecholamine (epinephrine,
norepinephrine and dopamine) and free fatty acids (Kobayashi-Hattori, et al., 2005).
Lipolysis is induced via elevated catecholamines, leading to stimulation of the
sympathetic nervous system (Kobayashi-Hattori, et al., 2005). Lastly, it has been
observed that caffeine increases noradrenaline and the associated increase in lipolysis
in adipose tissue cells via HSL (Han, et al., 1999).
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1.19.3 Green tea and Obesity
An alternative approach to hypo-caloric diet is addition of antioxidants to
decrease body weight with an iso or hyper-caloric diet. In this thesis, green tea (Thea
sinensis) is used successfully as green tea possesses the monomeric epigallocatechin
gallate (EGCG), theaflavin, polymeric thearubigins, which are polyphenols, and is
one of only 17 Chinese medicinal herbs which display inhibition of fatty acid
synthase (Tian, et al., 2004). Other catechins include epigallocatechin, epicatechin
and epicatechin gallate (Wolfram, et al., 2005). Langley-Evans (2000) found that
green tea infusates possessed approximately 2.5-fold greater antioxidant capacity than
both types of black tea infusates. Intravenous injection of EGCG (catechin found in
green tea) induces weight loss in rats (Wolfram, et al., 2005). Injection of pure green
tea catechins (i.e., EGCG) intraperitoneal acted to reduce food intake, body weight
and decreasing the following hormones levels in blood; leptin, insulin, IGF-I, glucose
and triglyceride (Kao, et al., 2000). The researchers concluded that that the effect of
EGCG was independent of an intact leptin receptor and that EGCG interacts directly
with a section of a leptin-independent appetite control pathway (Kao, et al., 2000).
Lastly, ingestion of TEAVIGO, a green tea extract, reduces blood pressure, type II
diabetes, and supports weight loss (Wolfram, et al., 2005).
As a drink, green tea consumption provides a multitude of benefits including
antiangiogenic, anti-carcinogenic, increases energy expenditure, fat oxidation and
antioxidant activities (i.e., polyphenols; catechins), especially oolong tea (Han, et al.,
1999; Wolfram, et al., 2005). Further, consumption of green tea has been linked to
pancreatic lipase activity inhibition and lipid peroxidation inhibition. This is mainly
due to tea saponin fractions in oolong tea; distinct from caffeine and tannins (Han, et
al., 1999). The galloyl moiety of the green tea catechin suppresses postprandial
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hypertriacylglycerolemia by slowing down triacylglycerol absorption through the
inhibition of pancreatic lipase (Ikeda, et al., 2005).
Green tea extract (containing 25% catechins) induces totals digestive and
pancreatic lipase inhibition at 80mg/g dosage. This inhibits fat digestion, lowers LDL
oxidation and prevents some forms of cancers (Juhel, et al., 2000). It further induces
nor-epinephrine linked lipolysis with oolong tea water extract, decreasing lipid
absorption and posseses hypoglycaemic and hypoinsuliemia effect in KK-Ay mice
(type 2 diabetic and hyper insulinemia mice) after 8 weeks of administration (Miura,
2005). Interestingly, mice fed tea polysaccharides have improved glucose metabolism
in use of cold tea extract (Miura, 2005). This suggests that raw green tea (i.e., placed
in food) may have added potential to induce weight loss and hypoglycaemia. Green
tea influences the increases in adiponectin and LDL particle size in CHF patients
(Shimada, et al., 2004). Plasma adiponectin is suppressed during obesity (Haluzik, et
al., 2004; Shimada, et al., 2004) and smaller LDL is linked to increased plasma
cholesterol, triglycerides and obesity (Suehiro, et al., 1995).
Moreover, a high fat diet supplemented with tea catechins in C57BL/6J mice
reduces weight gain, visceral and liver adipose tissue accumulation. These effects are
achieved by significant increased liver β oxidation / acyl Co A oxidase (hepatic lipid
metabolism) and preventing hyper insulinemia and hyperleptinemia (Murase, et al.,
2002). Green tea further stimulates O2 consumption, BAT and lipid oxidation, hepatic
fatty acid oxidation, energy expenditure, adipocyte differentiation and decreasing
respiratory quotient in humans (Dulloo, et al., 1999; Wolfram, et al., 2005). Green tea
drinkers also enjoy a greater bone density, possibly influenced by flavonoids
(Hegarty, et al., 2000).
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Chapter 2
General Methods and Materials

2.0

Introduction
Three major studies were undertaken; a sheep model of CHF Cachexia via

pace-making implantation, a rat model of weight loss which was induced by 1Sarcosine-Angiotensin II delivered via osmotic mini-pump, and a mouse diet-induced
obesity model with alteration of 2% of diet using different commonly consumed
beverages (i.e., cocoa, coffee and green tea). The purpose of these studies was to
investigate mechanisms that cause changes in body composition to occur in anorexia/
cachexia and obesity.
The general materials and methods used in all three experiments include the
following; general animal details, surgery, analytical methods and experimental
procedures. Details of specific procedures, animal species, breed or age, and feeding
regimes can be found in the respective chapters dealing with each experiment. All
chemicals and reagents used were of an analytical grade. Most reagents were sourced
from Sigma-Aldrich and ICN unless otherwise stated.
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2.1

Animals (Management)
All animals were checked daily for general health and well-being.

2.1.1 Allocation
Animals were allocated randomly to the different treatments. Whenever
necessary, animals were blocked according to their body weight prior to allocation to
avoid significant differences in initial body weight.
2.2.1

Diets
Animals were given standard laboratory chow, lucerne/ hay mix or high-fat

diet, according to the relevant Chapters 3, 4 and 5-7 respectively. Variations of these
diets are specified in the respective chapters.
2.2

Faecal and Urine collection
Within all experiments, individual animals were restrained in their metabolism

cages. Details and box specifications can be found in later chapters.
2.3

Blood Collection
Blood samples were collected using heparin (20 I.U. / mL) (in Chapter 4) or

EDTA (1mg/mL) (in Chapter 3). To separate plasma from blood, the sample was
centrifuged at 5000g for 10 minutes. The blood separated into an upper phase of
straw-coloured plasma and a lower red blood cell layer. The plasma was separated off
the lower red blood cell pellet using a pipette. Plasma was then stored at -20oC
pending analysis.
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2.6.1 Feed Consumption
Feed consumption was measured daily by subtracting feed refused from the
feed offered on the previous day. In the case of the final experiment involving the
development of diet-induced obesity in mice, feed intake was monitored once in 3 – 4
days.
2.6.2 Live-weight
The live weights of rats were measured daily using a balance to a hundredth of
a gram and sheep once in each of the three periods using a balance to a tenth of a
kilogram as outlined in (Chapter 3) – week 0, week 4, and week 8.
2.6.3 Organ Weights
After the animals were culled, the abdominal cavity was opened and emptied
of its viscera and the major organs (i.e., liver, spleen, kidneys, pancreas, lung, heart)
were weighed. In the case of the sheep, visceral, omental and peri-renal fat were
weighed and also the intestines (small and large) were separated, weighed, emptied
and carcass discarded. The mouse and rat carcass’ were weighed and then frozen at –
20oC, pending further processing. When processed, the carcasses were minced twice
in a commercial meat mincer (die cast 10mm) and a representative sample was
obtained and used for chemical carcass analysis.
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2.7

Analytical Procedures

2.7.1 Protein Determination
Protein concentration in urine samples were determined according to (Lowry,
et al., 1951) and in tissue homogenates according to the Biuret method (Fine, 1935)
using bovine serum albumin as a standard. Using the Lowry method, 0.04mL of
sample was added to 0.42mL diluent (1% CuSO.5H2O and 1% NaK tartate.4H2O, 1:1
ratio, then was diluted with 98 volumes of 2% Na2CO3 in 0.1M NaOH) and allowed
to stand for 10 min. Afterwards, an aliquot of Folin-Ciocalteu’s phenol reagent was
added and mixed. The reaction was incubated in darkness at room temperature for 20
minutes, and the absorbance recorded at 750 nm.
The Biuret method was used when determining protein concentrates; 20µl of
sample was mixed with 180µl of Biuret reagent, incubated in darkness for 30min and
read in a micro-titre plate reader (Benchmark BIO-RAD) at 550nm.
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2.7.2 Kjeldahl Nitrogen
Kjeldahl nitrogen was determined using the Kjeltec Auto 1035 following
manufacturer’s instructions. This method is derived from the works of (Kennaway,
1921), and (Stuart, 1936). A portion of dried carcass homogenate sample was
weighed (~ 0.5g) and added to a glass digestion tube. 5mL of concentrated H2SO4
(ACS reagent 98% purity) was added and the tube was heated to 550oC on a
programmed heating block for 1 hour. A selenium tablet was added to catalyse the
reaction. A standard of ammonium sulphate was used to determine accuracy and
recovery. The remaining fluid was titrated against HCl using a boric acid indicator.
To determine protein content, nitrogen % values were multiplied by 6.25. The coefficient of variation for the method was 0.44% of the mean.

2.7.3 Hydroxyproline Analysis
The protocol used was an adaptation of Reddy and Enwemeka (1998). A
hydroxyproline stock solution of 1mg/mL was made to create a standard curve. The
acetate-citrate buffer (pH 6.5) was prepared by dissolving 120g of sodium acetate
trihydrate, 46g citric acid, 12mL acetic acid and 34g of NaOH to 1lt of dH2O. The
Chloromine T reagent (0.056M) was prepared by dissolving 1.27g of chloramine T
with 20mL of 50% n-propanol and brought to 100mL with acetate-citrate buffer. The
1M Ehrlich’s reagent being unstable was made daily using 1.5g of pdimethylaminobenzaldehyde, dissolved in n-propanol/ perchloric acid (2:1 v/v) and
brought to 10mL. To construct the hydroxy-proline standard curve, 10, 7.5, 5, 2.5 and
1.25l of stock were dispensed in 40, 42.5, 45, 47.5 and 48.75l of 4M NaOH,
reaching a final volume of 50mL respectively. In the case of samples 25l of sample
was mixed with 25l of 4M NaOH to hydrolyse the samples via heating in an
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autoclave at 120oC for 20min. To the hydrolysate, 450l of chloramine-T was added
and oxidation proceeded for 25min. Following this 500l of Ehrlich’s reagent was
added and mixed gently before the samples were heated at 65oC for 20min in a waterbath. Absorbency was recorded using a micro-titre plate reader (Benchmark BIORAD) at 550nm.

2.7.4 -Amino Nitrogen Analysis
This method is adapted from the work by (Moore & Stein, 1954). The reagent
solution was made by dissolving 5g of ninhydrin with 0.75g hydrindantin in 187.5mL
of methyl cellosolve (i.e., 2-Methoxyethanol). The solution was stirred gently to avoid
air bubble formation. A volume of 67.5mL of 4N sodium acetate buffer (pH 5.51) was
added. The solution was stored in a dark coloured bottle as the reagent is light
sensitive.
For each volume of plasma analysed, an equivalent volume of ninhydrin
reagent solution was used. A mixture of 50:50 ethanol-water was used as a diluent as
necessary. The capped tubes were shaken briefly (>10 sec) and heated in a boiling
water bath for 15 minutes. The solutions were allowed to cool and were then lightly
shaken and results read in a micro-titre plate reader (Benchmark BIO-RAD) at
570nm.

2.7.5 Glucose
Glucose was measured directly in plasma and urine samples using the glucose
oxidase method, adapted from Middleton and Griffiths (1957). The assay reagent
consisted of the following; 100mM phosphate buffer (pH 7.0), 0.8U/mL POD,
10U/mL GoD and 1mg/mL ABTS. 5µl of sample was dispensed into 195µl of
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glucose oxidase regent in a 200µl microtitre plate well. The reaction was left to
proceed for 20min at 37oC and the absorbance recorded at 430nm.

2.7.6 Ash (Bone Mineral Content)
Two sample types were analysed for ash; carcass and feed. All crucibles with
lids were initially fired at 550oC for 1hr to remove any residual organic matter. The
crucibles were then placed in a desiccator (for 10 minutes) and removed individually
for weighing and samples were placed in them and reweighed. The crucible with
sample was then fired at 550oC for 5hrs. The crucibles were again placed in a
desiccator for 10 mins and removed individually for weighing. The co-variation of the
average is 8.4% for the method.
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2.7.7 Gross Energy
Gross energy (MJ/kg) of feed and carcasses were measured using a PARR
1261 bomb calorimeter (PARR instrument Co. Illinois U.S.A.). Initially the dried
sample was made into a pellet of approximately 0.5g. The pellet was placed in the
bomb and combusted. Benzoic acid standards were also combusted to verify
reproducibility of data. The co-efficient of variation for the method was 0.19% of the
mean.
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2.8.1 Isolation of RNA from liver and muscle tissue
Tissues were collected for the purpose of extracting mRNA for analysis of
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase), uncoupling 2 and UCP 3.
Under anaesthesia, tissue (i.e., liver and skeletal muscle) samples were removed and
placed in RNAlater (Ambion, Inc.). The RNAlater was allowed to perfuse the tissue at
room temperature for 2 hours, and then the tissue was stored at -70oC pending
analysis.
For the extraction of mRNA, ~100mg of tissue was first placed in a manual
homogenizer consisting of a glass Teflon® mortar and pestle containing 1mL of Trizol
reagent (Life Technologies). The tissue was homogenized until it was dissolved into
the liquid reagent. To separate excess protein, fats or polysaccharides, the homogenate
was centrifuged at 12,000g for 10mins at 4oC. The cleared homogenate solution was
transferred to another eppendorph tube and incubated for 5 minutes at ambient
laboratory temperatures (approx. 25oC) for the complete dissociation of nucleoprotein
complexes, 0.2mL of Chloroform was added per 1mL Trizol reagent used and the
eppendorph tube capped and were shaken vigorously for 15 seconds after which the
tube and its contents were allowed to incubate at ambient temperatures for a further 2
– 3 minutes. After phase separation, the upper colourless aqueous phase (containing
the RNA) was removed and placed in an eppendorph tube. To this, 0.5mL of
isopropyl alcohol was added per 1mL of Trizol reagent used and the sample incubated
at ambient temperature for 10 minutes and then centrifuged at 12,000g at 4oC. The
isopropyl alcohol was discarded. The RNA was washed by discarding the supernatant
and washing the RNA pellet with 1mL of 75% ethanol. The sample was vortexed and
centrifuged at 7,500g for 5min at 4oC. Finally, the RNA was redissolved by removing
the ethanol and air drying the RNA pellet for 5min. The RNA precipitate was
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resuspended in DEPC treated water and stored at -70oC pending further analysis (i.e.,
qRT-PCR). RNA yield was determined by measuring absorbance at 260nm, and
purity (i.e., 1:2:1) by the 230nm:260nm:280nm for the amount of carbohydrate,
DNA/RNA, and protein present.
2.8.2 Primer Design
There were four primer pairs designed using published amino acid sequences
of UCP 2 and UCP3 species, using the National Centre for Biotechnology
information (NCBI) website (www.ncbi.nlm.nih.gov) see Fig 2.1. The primers used in
real time PCR were designed and manufactured by Gene Works Pty Ltd (Adelaide,
Australia). The primers were stored at –20oC prior to use. The primer sequences are
shown on the next page in table 2.1.
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Table 2.1

Primers used in RT PCR (sequence, PCR product length, and MW %).

Primer Sequence displayed as Sense first and then anti-sense strand.

Primer Name

Sequence

Rattus norvegicus UCP3

5’ – TTAAGCCTTCAGCCTTCCATC – 3’

Rattus norvegicus UCP3

3’ – AGAGTCCATCCTGTCCTTCC – 5’

Ovis aries UCP3

5’ – AACTGTGGTGAGATGGTGAC – 3’

Ovis aries UCP3

3’ – CCAAAGGCAGAGACAAAGTG – 5’

Rattus norvegicus GAPDH

5’ – TTCAACGGCACAGTCAAGG – 3’

Rattus norvegicus GAPDH

3’ – ATACTCAGCACCAGCATCAC – 5’

Ovis aries GAPDH

5’ – GTTCCACGGCACAGTCAAG – 3’

Ovis aries GAPDH

3’ – GTACTCAGCACCAGCATCAC – 5’

Length (b.p.)

MW%
6292

142

6004
6237

101

6193
5822

117

6015
5798

118

6031
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2.8.3 Primer Preparation
Stock solutions of the primers were prepared via re-suspension of the freezedried oligonucleotide primers in 100μl of dH2O. The absorbance (260nm) was
recorded using a UV-visible spectrophotometer. The concentration (μM) was
estimated using the concentration (μg/mL) by absorbency at 260nm and the molecular
weight of the primer. A working solution for the primer was adjusted to 10μM using
DEPC treated dH2O. Both stock and working primer solutions were maintained at –
20oC when not in use.

2.8.4 One Step Reverse Transcription of mRNA to cDNA and Quantitative
PCR and Melt curve
The iScript One-step RT-PCR kit with SYBR Green was used for reverse
transcription and PCR. A total volume of 25μl was pippeted into each well of a PCR
plate. It consisted of 12.5μl iScript One-step RT-PCR SYBR Green mix, 1μl of the
sense and 1μl of the anti-sense primers, 2μl of ssRNA template, and 7.5μl of
nuclease-free H20 and 1μl of Superscript reverse transcriptase were combined and
mixed by pippetting. The incubation conditions were as follows; 1 cycle of 42oC for
50min (activation of RTase and conversion of mRNA to cDNA), 1 cycle of 95oC for
1min to de-activate RT-ase and activate Taq DNA polymerase, then 60 cycles of 95
o

C (cDNA denaturation), 60 cycles of 58.3 oC (primer annealing and cDNA

extension), and 60 cycles of 72 oC (extension termination). The SYBR Green I dye
was detected at the extension phase at an excitation maximum at 497nm and emission
maxima of 520nm; according to specifications outlined by the manufacturer when
using SYBR Green as a fluorophore. The melt curves were conducted using an initial

83

step of 95 oC (cDNA denaturation) for 1 cycle, and then 80 cycles of 55 oC (primer
annealing) are shown below.
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2.8.5 Melt Curve Results
Melt Curve Graph for UCP2 - SYBR-490 – Sheep Liver

Melt Curve Graph for GAPDH - SYBR-490 – Sheep Liver
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Melt Curve Graph for UCP3 - SYBR-490 (Rat Skeletal muscle)

Melt Curve Graph for GAPDH - SYBR-490 – Rat Skeletal Muscle

2.9

Statistical Analysis
All data were analysed for the mean, and standard deviation, standard error, and used either

univariate or multivariate analysis. Least squares difference, Turkey’s and Bonoforoni tests were
conducted using p‹ 0.05. Other forms of analysis are specified in the respective chapters. The statistical
analysis was processed using SPSS 12.0.1 for Windows (www.spss.com).
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Chapter 3

The Effect of Right Ventricular Pacing (RVP) on Body Weight, and
Body Composition Changes in the Sheep

3.1

Introduction
Cachexia is most commonly considered in the context of cancer. It may occur as a consequence

of a variety of chronic diseases, with most models focusing on tumour based cancer cachexia in
relation to different therapeutic targets (Baracos & Mackenzie, 2006; Emery, 1999; Moe & Armstrong,
1999; Muscaritoli, et al., 2006). The range of animal heart failure models has been mainly employed in
rats and mice. Few attempts have been made in sheep. As a result, no suitable large animal model of
cardiac cachexia presently exists (Rosenthal & Musaro, 2002). While different methods for inducing
cardiac cachexia exist, generally most models stimulate weight loss in adipose tissue and skeletal
muscle, decrease energy intake, and increase energy expenditure. Thus, there is a need for the
development of a suitable large animal model of cardiac cachexia which closely mimics the human
cardiac cachexia prognosis.
A number of animal and human studies show that RVP is implicated in the development of
cachexia and that skeletal muscle wasting and elevated energy expenditure are key mechanisms
involved in the development of cardiac cachexia. Numerous large animal models (i.e., dog, sheep, and
swine) of CHF have been developed. These models imitate composite interactions of cardiac
dysfunction, neuro-hormonal processes and “peripheral vascular abnormalities”, which utilize naturally
occurring interventions to induce CHF (Power & Tonkin, 1999), which may be used to study cachexia.
Various models of RVP exist (Dzemali, et al., 2007; Marcelli, et al., 2007), however the issue of
cachexia and, more particularly, skeletal muscle wasting should receive more attention as it is often the
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end-point of CHF. Pro-inflammatory cytokines play a central role in the pathogenesis of cardiac
cachexia (Sharma, et al., 2001). As a consequence, defining a suitable animal model for the study of
possible treatment methods is an important goal for the study of the pathophysiology of cachexia and
use of a model to study possible treatment methods. Another factor effecting the investigation of
cachexia diagnosis and prognosis is a lack of general definition. (Coletti, 2008) described that the
prevalence of cachexia is underestimated, misdiagnoses and a range of conflicting data are reported. A
common disadvantage of many animal models of cachexia is that very few reproduce clinical settings
(e.g. poly-medicated patients) and many lack human inflammatory responses (Coletti, 2008).
A large proportion of CHF and cardiac cachexia studies have employed the rat to establish a
model (Delafontaine & Brink, 2000; Schulze, et al., 2003b). Due to the similartity of sheep to humans
in cardiac profile, sheep were chosen for this model as (Cissik, et al., 1991) observed many similarities
with the human heart (e.g., heart rate, cardiac output, and arterial, pulmonary artery etc.) and the ovine
hearts are most similar to human in adult size (Power & Tonkin, 1999). There has been development of
an ovine model of left ventricle dysfunction to study the pathogenesis of cardiac remodelling (Hasnat,
et al., 2003). Given the close similarities between the human and sheep heart it is suggested that the
two have matching cardiac physiological parameters which make sheep a suitable animal for the study
of cardiac cachexia induced by RVP.
This study was initiated upon the preliminary observations by Dr. John Power (Pers.
Comm.)(Baker Medical institute, Melbourne, Australia), who observed loss of thoratic skeletal muscle
in sheep following mechanical RVP. The present study explores the use of a RVP system to
characterise the physiological responses to different rates of pacing in the adult sheep to induce cardiac
cachexia development.. To fully characterise the effects of RVP, a wide range of plasma physiological
markers, energy kinetics and gene expression were made in addition to body weight and food intake
observations. Skeletal muscle UCP 2 mRNA (Uncoupling Protein 2) was measured to explain any body
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weight or composition changes that may be linked to associated oxidative stress and elevated energy
expenditure (e.g., addressing proton leak and mitochondrial inefficiency) (Boss, et al., 2000; Pecqueur,
et al., 2001). The present study tested the hypothesis that a steady increase in RVP (as described in
Chapter 3.2.7) for at least 8 weeks would induce CHF Cachexia in wethers.
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3.2

Materials and Methods

3.2.1 Animals
All sheep (n = 13) used in the experiments were adult (Merino x Border Leicester) wethers. In
the pair-fed group there were n = 6. In the RVP group there were n = 7 sheep. The animals were
selected as having similar body weight and age. The weight ranges for the animals were between 45 –
55kg. The sheep were sourced from VIAS (Victorian Institute of Animal Science), Werribee. Prior to
experimentation, animal ethics committee approval was granted (VIAS, Werribee).

3.2.2 Housing
The wethers were accustomed to feed and cage constraint for at least 1 week before
commencement of the baseline metabolic study. Throughout all studies, sheep were maintained in
metabolic cages (1.2m x 1.6m x 1.0m respectively). The sheep were housed at temperate temperatures
in an enclosed shed.

3.2.3 Diets
The ewes were offered an oaten chaff/lucerne chaff mixture (1:1) (Freemans, Fremantle WA).
The sheep were offered 1.8kg/d which is above maintenance for a 40kg sheep for both RVP (Right
Ventricular Paced) sheep (n = 6) and pair fed controls (n = 7, with n = 1 withdrawn after week 1 due to
illness). The sheep were fed twice daily with Ad libitum access to water.

90

3.2.4 Faecal and urine collection
At the commencement of the study (baseline), week 4 and week 8 periods, a metabolic study
was performed over 7 days. Bags were placed under the metabolism cages (perforated in one corner to
drain any contaminant urine) and faeces were collected into bags and weighed. A 500g sub-sample of
faeces per sheep per period was collected and 1mL/kg 37% formaldehyde (w/v) was added and a
homogeneous sub-sample frozen at -20oC was collected for further analysis. Urine was collected in
buckets under the metabolism cages and then 5mL of concentrated sulphuric acid was added per litre of
urine collected. A daily 200mL sub-sample was collected and frozen at -20oC. Other parameters
recorded were; live body weight (kg), feed consumed (kg) and water consumed (L). The faeces were
air-dried in a fan forced oven at 60ºC and dry weight recorded. The faeces were ground into a fine
powder. The energy content was determined using a bomb calorimeter (see Chapter 2.7.1.1). Also the
nitrogen content of feed, faeces and urine were determined via the Kjeldahl method (refer to Chapter
2.7.2).

3.2.5 Nitrogen balance
The nitrogen balance was determined by analysing the nitrogen concentration of the feed,
faeces and urine, conducted using the Kjeldhal apparatus (see Chapter 2.7.2).
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3.2.6 Body weight
The live weight of the wethers was recorded to the nearest kilogram at baseline, week 4 and
week 8, using a measuring scale.

3.2.7 Surgery and Pacemaker implantation
After baseline week 0, initial surgical preparation included the installation of a RV pacing lead
and pacemaker. The surgical operations were performed by Dr. John Power and Dr. Melissa Byrne.
The wethers were paced at 190 bpm. pacing threshold for 3 weeks. Next, the RV was paced at 210
bpm. and four-fold pacing threshold for another five weeks.
3.2.8 Catheters
The wethers were surgically prepared with indwelling catheters 8cm in both jugular veins;
carotid artery and iliac vein (12-14cm). The size of the catheters were (9mm id and 11mm ed). On
every second day of the study, the catheters (carotid, left and right jugular (contra lateral) and iliac
veins) were flushed and kept patent. They were flushed in the following manner; the catheter line
outside the animal’s body was clamped off with cushioned ended artery forceps. The catheter was
flushed once with sterile saline (~2mL), and withdrawn to clear the catheter with fresh blood. Next the
catheter was flushed again with sterile saline (3mL) and filled with 2mL of EDTA (3g/L).
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3.2.9 Blood collection
Blood samples were collected from the sheep at baseline, week 4 and week 8, when performing
the palmitate and tyrosine infusions. The time intervals for blood collection were 0, 160, 170, 180, 240,
270 and 300min following the commencement of infusion. Blood samples (9mL) were obtained from
three vessels; carotid artery, jugular vein and iliac vein for separation of plasma. An additional sample
at time 0 was collected to prepare serum. The blood was allowed to clot at room temperature for 4
hours then kept at 4oC overnight before separating serum.
The serum was removed and stored at –20oC pending further analysis. The blood for plasma
was collected into vacutainer containing EDTA and was stored on ice immediately following
collection. Within 1hr the blood was centrifuged at 3000g for 15min at 4oC and plasma yielded. The
plasma was removed and stored at –20oC pending further analysis.

3.2.10 DEXA (Dual X-Ray Absorptiometry)
In preparation for the DEXA analysis, sheep were shorn one week prior to measurements being
taken. The sheep were anaesthetised with (0.8L/min of 2-5% halothane) and the animal was artificially
respired. The animal was scanned with the DEXA. Bone Mineral Area (BMA) (g/cm2) (using lumbar
vertebrae), BMC (bone mineral content), lean tissue and fat mass were determined for the whole body,
leg and lumbar vertebrae. The DEXA machine was calibrated using the chemical composition of sheep
carcass.
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3.2.11

Palmitate Infusate - Preparation and infusion
The infusate was prepared one day prior to infusion and was kept at 4oC pending use. The [9,

10 -3H] Palmitate (72μCi) (ICN) was added to 3 mg of cold (non-radioactive - carrier) palmitate and 10
l of 4M KOH. After the mixture solubilized it was dried under a gentle stream of nitrogen. The K+
soap was dissolved in 10ml of warm saline (600C), and was incubated for 30 min at 600C. After the
solution had dissolved, it was filtered through a 0.22 m filter (Millipore) into 15ml of sheep plasma
freshly prepared from the animal. Warm sterile saline was added to dilute the final volume to 50ml.
The palmitate entry rate was determined by continuous infusion technique. [9, 10 -3H]-labelled
palmitate was infused at a rate of 20.53nCi per min for approximately 3 h using a syringe pump at
0.15ml infusate/min. All glassware was autoclaved and aseptic conditions maintained at all times.

3.2.12

NEFA Extraction and analysis for palmitic acid
To 1mL of plasma on ice, 100l (1nCi) of internal standard ([1-C14] Palmitic acid) was added

to determine recovery of extracted NEFA. After mixing plasma gently by inversion, 6mL of Dole’s
reagent (isopropanol: heptane: 2N H2SO4, 40:10:1, (v/v/v)) was added and vortexed. A further 2mL of
heptane was added and mixed, then 1mL of distilled water was added and vortexed. The upper phase
was transferred to a clean tube and 2mL of heptane was added and the extraction repeated. The lower
phase containing non-lipid substances was added to a scintillation vial and counted. The pooled
heptane fractions were extracted with 3mL (3% K2CO3: ethanol: iso-amyl alcohol (40:59.6:0.4, v/v/v))
and the upper heptane phase was discarded. The lower phase containing NEFA as K+ soaps was
washed twice with 3mL of heptane. The NEFA is extracted back into the heptane by adding 3mL of
heptane to the aqueous alcohol solution and acidifying with 3 drops of 27N H2SO4. After mixing and
allowing phase separation, the heptane layer was transferred to another extraction tube. The alcoholic
aqueous phase was extracted with a further 2mL heptane. The pooled heptane layers were evaporated
to dryness under a gentle stream of nitrogen. The NEFA’s were converted to methyl esters by refluxing
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in 2mL 5% H2SO4 in methanol (60C for 2 hr). 2mL of heptane was added and mixed followed by
1mL of 4% NaCl. After mixing, the methyl esters of Palmitic acid were transferred to a scintillation
vial. The lower phase was washed with another 2mL heptane and the pooled heptane fractions dried
under a stream of nitrogen. The FA methyl esters were reconstituted in 25l of heptane. 0.5ul of this
sample was reserved for GLC (gas liquid chromatography).

3.2.13.1

Non-esterified free fatty acids concentration

The determination of non-esterified free fatty acid concentration in plasma was conducted using
the NEFA C (ACS-ACOD Method) commercially produced by Wako, Osaka, JAPAN. Following the
manufacturer’s guidelines, 10l of sample was added to 65µl of colour reagent A in a microtitre-plate
well and mixed via pippetting. The mixture was allowed to incubate at 37oC for 10 minutes. After
incubation was complete, 125l of colour reagent B was added and again the mixture was allowed to
incubate at 37oC for 10 minutes. The optical density was measured at 550nm, a standard curve drawn
and NEFA concentration determined, using palmitic acid as a standard.
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3.2.14

Organ weights
At the completion of the experiments, sheep were killed by opening the thorax and excising the

heart whilst the animal was under anesthesia. The organs were removed from the culled animal and
dried of excess blood with paper toweling. The organs were weighed and their mass recorded for heart,
spleen, pancreas, kidney, lungs, liver and gall bladder. The rumen and intestine were initially weighed
full of digesta and then emptied of their contents and re-weighed; determining digesta weight. In
addition the visceral adipose tissue (omental, peri-renal and mesenteric) was weighed.

3.2.15

Palmitate turnover

The specific radioactivity of palmitate was calculated using the following equation;

__(2200/ 14C cpm) x 3H cpm___
nmoles of palmitate in 1mL palmitate
Palmitate R, (pmol/kg/min) = [U-"C] palmitate infusion rate (pmol/kg/min)/ plasma palmitate APE.

3.2.16

Glucose

Glucose concentration of plasma was determined using the glucose oxidase method (see Chapter
2.7.5).
3.2.17
Alpha-amino nitrogen
-amino nitrogen concentration of plasma was determined as outlined in Chapter 2.7.4.
3.2.18
Uncoupling Protein Expression
Please refer to Chapter 2.8.5
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3.2.19

Statistical Analysis
The body weight was analyzed using one-way repeated measures ANOVA. Data for organ

weights, plasma α-amino nitrogen, and glucose were analyzed using a one-way ANOVA. The DEXA
data, feed intake, creatinine, nitrogen balance, NEFA and palmitate turnover were analyzed using
multivariate analysis. ANOVA and LSD (least squares difference) were analyzed at p<0.05 and
p<0.01. These analyses were conducted using SPSS Version 12.

3.2.20

Experimental time course and procedure

Baseline

Week 1 - 3

Week 4 – 7

Week 8

Sheep acclimatized to feed

Surgery

Nitrogen balance

Nitrogen balance

Nitrogen balance

Pacemaker implantation

DEXA & Body Weight

DEXA & Body Weight

DEXA & Body Weight

Pacing at 190 bpm

Pacing at 210 bpm

Palmitate turnover study

Catheter implantation

Palmitate turnover study

and housing

Palmitate turnover study

Organ weights recorded
Samples collected for plasma
(NEFA, glucose, amino
nitrogen)
UCP2mRNA analysis
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3.3 Results
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Figure 3.1

Progressive live body weight over an 8 week period for PF (Pair fed) and RVP (Right ventricular paced). Data displayed as mean ± standard error.
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3.3.1 Body Weight
When viewing the progressive body weight over the 8 weeks (Figure 3.1) for both groups, there
was no significant difference between treatments.
3.3.2 Organ Weights
From Tables 3.1 - 3.2, and Figure 3.2 - 3.4, with comparision with the pair fed group, the RVP
group displayed a decrease (p<0.05) in pancreas (39%) and an increase (p<0.05) in visceral adipose
tissue weight (23.7%) on a per kg basis. The heart (29%), pancreas (33%), and visceral adipose tissue
(23.7%) (in the RVP group) as a percentage of live weight basis were increased (p<0.05) in comparison
to the pair-fed control.
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Table 3.1

Organ Weight and body weight (kg) for RV paced and pair-fed control sheep at 8 weeks
Organ (kg)

PF (kg)

RVP (kg)

Heart

0.52±0.06 (6)

0.65±0.04 (7)*

Spleen

0.212±0.01 (4)

0.298±0.05 (6)

Kidney

0.225±0.01 (6)

0.296±0.04 (7)

Lung

1.1±0.08 (6)

1.27±0.12 (7)

Liver

1.37±0.04 (6)

1.56±0.11 (6)

Pancreas

0.064±3.9 (5)

0.038±9.6 (7)*

S. Intestine (full)

0.88±0.02 (4)

0.75±0.11 (3)

S. Intestine (empty)

0.67±0.99 (4)

0.55±0.11 (3)

L. Intestine (full)

5.14±0.39 (4)

5.98±0.26 (3)

L. Intestine (empty)

1.84±0.12 (4)

1.85±0.17 (3)

Rumen (full)

9.8±0.58 (4)

10.96±0.4 (5)

Rumen (empty)

3.1±0.1 (4)

3.4±0.2 (5)

Visceral Fat

3.02±0.4 (4)

4.08±0.3 (4)*

Live Body Weight

66.2±2.0 (6)

60.0±3.8 (7)

*

The results are displayed a mean± standard error (number of observations). Signifies a significant difference between treatments p <0.05.
S. = Small and L. = Large

100

Table 3.2

Organ Weights as a proportion of live body weight (kg); PF Controls and RVP sheep at 8 weeks
Organ (kg)

PF controls

RVP

Heart

0.79±0.07 (6)

1.08±0.05 (7)*

Spleen

0.32±0.03 (4)

0.5±0.1 (6)

Kidney

0.34±0.02 (6)

0.53±0.01 (7)

Lung

1.68±0.16 (6)

2.24±0.34 (7)

Liver

2.07±0.03 (6)

2.72±0.34 (7)

Pancreas

0.1±0.008 (5)

0.059±0.012 (7)*

S. Intestine (full)

1.3±0.22 (4)

1.11±0.21 (3)

S. Intestine (empty)

1.0±0.13 (4)

0.81±0.21 (3)

L. Intestine (full)

7.7±0.68 (4)

8.67±0.19 (3)

L. Intestine (empty)

2.77±0.24 (4)

2.67±0.18 (3)

Rumen (full)

14.61±0.7 (4)

17.7±1.4 (5)

Rumen (empty)

4.46±0.24 (4)

5.5±0.64 (5)

Visceral Fat

4.49±0.4 (4)

5.78±0.3 (4)*

The results are displayed a mean± standard error (number of observations).
*
Signifies a significant difference between treatments p <0.05.
S. = Small and L. = Large
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Figure 3.2
Heart and Visceral Fat (as a percentage of body weight). Data are expressed as mean±standard error. *Signifies a significant difference between
treatments p <0.05.
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Figure 3.3

Visceral fat (Kg). Data are expressed as mean±standard error. *Signifies a significant difference between treatments p <0.05.
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0.1
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PF control
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Pancreas

Figure 3.4

Pancreas (per Kg). Data are expressed as mean± standard error. *Signifies a significant difference between treatments p <0.05.
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Table 3.3

DEXA – Body Composition Data at initial (Week 0), week 4 and week 8 (terminal) for both PF and RVP

Tissue

initial (Week 0)

PF (Week 4)

RVP (Week 4)

PF (Week 8)

RVP (Week 8)

BMA (cm2)

1.35±0.03 (13)

1.4±0.08 (6)+

1.3±0.08 (6)

1.5±0.04 (6) +

1.4±0.1 (6)

Ash (kg)

1.65±0.03 (13)

1.7±0.1 (6)

1.5±0.1 (6)

1.8±0.3 (6)

1.9±0.2 (6)

Adj. Fat (kg)

8.73±1.6 (13)

9.7±1.7 (6)

9.2±1.8 (6)

7.9±2.1 (6)

9.4±2.8 (6)

Adj. Lean (kg)

38.6±3.7 (13)

43.9±3.5 (6)

36.5±4.4 (6)

44.4±4.9 (6)

38.4±3.6 (6)

Adj. Total (kg)

54.1±3.3 (13)

60.7±2.4 (6) +

51.5±6.8 (6)

61.1±6.7 (6)

52.8±6.3 (6)

BMA (kg) leg

0.21±0.01 (13)

0.21±0.01 (6)

0.19±0.01 (6)*

0.19±0.02 (6)

0.2±0.01 (6)*

BMC (kg) leg

0.21±0.01 (13)

0.22±0.02 (6)

0.18±0.02 (6)*

0.24±0.07 (6)

0.2±0.02 (6)*

Fat (kg) leg

0.93±0.18 (13)

0.92±0.15 (6)

0.98±0.19 (6)

0.58±0.03 (6)

0.82±0.46 (6)

Lean (kg) leg

5.9±0.5 (13)

6.4±0.9 (6)

5±0.6 (6)+

6.4±0.7 (6)

5±0.3 (6)+

Total (kg) leg

7.0±0.45 (13)

7.6±0.8 (6)

6.2±0.7 (6)+

7.4±0.7 (6)

5.9±0.3 (6)+

The results are displayed a mean± standard error (number of observations).
The Fat, Lean and Total are all adjusted (Adj.) values, adjusted with chemical composition of carcass. Hunter T.E. (2000).
*
Signifies a significant difference between treatments at a level of p ≤ 0.05
+
Signifies there is an interweek significant difference in the same treatment.
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At the end of the study (refer to Table 3.2), the RVP group displayed increased (p<0.05) visceral fat. In all weeks (refer to Table 3.3),
the pair fed group displayed a significant inter-weekly increase in BMA. Further, in week 4 the RVP group displayed decreased (p<0.05)
BMA, and lower BMC (p<0.05) and lower lean leg content in the leg (week 8). Lastly, the RVP group showed a decreasing trend in total leg
mass (kg).
From Table 3.4 there is no difference in feed intake or nitrogen balance between the two groups. However, there is an increased
(p<0.05) inter-weekly difference between week 0 and week 4 for feed intake for both the pair-fed and RVP group.
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Table 3.4

Feed intake (g/d) and Nitrogen balance (g).
Week 0

Week 4

Week 8

PF

RVP

PF

RVP

PF

RVP

Feed intake g/d

147469 (13)

143570 (13)

165175 (6)+

161970 (6) +

166075 (6)

163369 (6)

Nitrogen Balance (g/7d)

-72.6 (13)

-62.6 (13)

-112.8 (6)

-82.6 (6)

-102.8 (6)

-92.6 (6)

The results are displayed a mean± standard error (number of observations).
+
Signifies there is an inter-week significant difference in the same treatment.
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Table 3.5

Arterial Venous Difference (mM) for α-amino nitrogen at week 8.
Pair Fed

RVP

Arterial Venous Difference
0.230.037 (6)
-0.750.036 (6)*
The results are displayed a mean± standard error (number of observations).
*
Signifies a significant difference between treatments at a level of p ≤ 0.05
Table 3.6

Glucose concentration in the carotid artery and the iliac vein at week 8.
Metabolite
Pair-Fed
RVP
Carotid Artery (Glucose)
2.90.184 (6)
3.2.0.16 (6)
Iliac Vein (Glucose)
3.10.36 (6)
2.90.29 (6)
The results are displayed a mean± standard error (number of observations).
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Table 3.7

Turnover Data (Palmitate) (µmol/min/kg) and plasma NEFA (Non-esterified fatty acid) concentration.
Week 0
Week 4
Week 8
Pair-Fed
Pair-Fed
RVP
Pair-Fed
Palmitate Turnover
2.460.5
3.60.5
3.620.4
2.20.5
NEFA (mM)
0.3050.035
0.30.04
0.320.03
0.2830.04
Energy Expenditure per period (MJ)
n/a
48.94.3
40.32.41
367.26
The results are displayed a mean± standard error (number of observations).
*
Signifies a significant difference between treatments at a level of p≤0.05

RVP
1.90.5
0.310.04
54.59.66*

Relative mRNA expression

0.7

0.65

0.6

0.55
PF

Figure 3.5

RVP

Comparative gene expression of uncoupling protein 3 in skeletal muscle (SKM) in sheep at week 8 in PF and RVP. The results are displayed a mean± standard
error (number of observations). Units are arbitrary units (Gene of interest/ house keeping gene; GAPDH).
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The RVP sheep displayed a significant negative loss of  - amino nitrogen (Figure 3.5) from the
hind-limb via the iliac vein in comparison to the pair fed controls. Further, glucose concentrations are
not different at week 8 (Fig. 3.5 and 3.6).
From table 3.7 it can be seen that there is no significant difference in palmitate turnover or
plasma NEFA concentration (mM). However during week 8, the RVP group display elevated (p<0.05)
energy expenditure. There was no change in UCP3 gene expression in skeletal muscle between groups
(Figure 3.5).
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3.4 Discussion
It was hypothesized that right ventricular pacing is a useful method to achieve a suitable large
animal model to study cardiac cachexia. This aim was successfully achieved, as the present study
demonstrates that there was wasting of skeletal muscle and decreased body weight (non-significant)
following RVP in sheep. There is a significant decrease in leg lean mass and BMC in the RVP group
yet an increase in visceral fat to that seen in pair-fed control sheep. In all weeks, the PF group
displayed a significant inter-weekly increase in BMA. There was no difference in feed intake, nitrogen
balance, plasma NEFA, palmitate turnover between the two groups, yet a significant negative loss of α
- amino nitrogen from the hind-limb in the RVP gorup. However during week 8, the RVP group
display elevated energy expenditure yet no change in UCP3 gene expression in skeletal muscle
between groups.
Increased visceral fat mass and decreased lean tissue of the arms and legs are hallmarks of CHF
cachexia in humans. These findings suggests that a change in the activity of lipogenic hormones and
muscle catabolic factors is present, thus altering fat metabolism. Mechanistically, research in
malnourished humans with cachexia, shows that elevations of pro-inflammatory cytokines TNF-α, IL1β and IL-6 (Cederholm, et al., 1997) promote cachexia and alters fat metabolism (Tocco-Bradley, et
al., 1987).
In agreement with the primary hypothesis, the present study has found that at week 8 there was
an increase in body weight (66kg versus 60kg) (figure 3.1), however, due to the large standard error, a
statistical difference was not observed. A consideration is the number of animals in the study. With a
greater number of subjects, a longer observation period (e.g., 12 – 15 weeks) this standard error would
be reduced. In addition, due to the increased visceral fat pad, the animals externally appeared of
comparable weight, but had an altered body composition. Heart failure patients have been noted to
develop anemia and lower BMI (Colin-Ramirez, et al., 2006), and cardiac hypertrophy (Korstjens, et
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al., 2002). A proposed mechanism causing this lean leg atrophy, could be due to anemia, as there would
be less oxygenated blood supply to skeletal muscle and thus reduced bundle size. Conversely, chronic
and rapid ventricular pacing has been observed to produce congestive heart failure and increased body
weight in dogs (Howard, et al., 1988). The animals in this study were offered a standard amount of feed
each day (i.e., pair fed to RVP sheep), however in other studies animals ate ad libitum, thus explaining
the differences in findings (i.e., if the control animals were able to eat more they may have gained more
weight, thus a statistically significant heavier body weight and possibly more profound changes in body
composition as well). The body weight results support an earlier study which suggested that visceral
and subcutaneous abdominal adipose tissue were more significant predictors of the development of
CHF than overall total body obesity (Nicklas, et al., 2006). The significance of these findings
demonstrates that neither skeletal muscle growth, not body weight,was dependant on feed intake, and
other catabolic factors need examination to explain involuntary weight loss during RVP.
It was also predicted that during and after RVP, the heart would undergo enlargement. Cardiac
hypertrophy was a key result of RVP in sheep in the present study. In a similar study examining CHF;
heart and lung weights as a proportion of live body weight were found to be greater in mass (Evans, et
al., 2003), particularly the heart and kidney mass. In the present study, the heart mass was increased as
a percentage of body weight in accordance with (Verduyn, et al., 2001) who observed left ventricle and
right ventricle hypertrophy after 19 days of atrio-ventricular block (CAVB) in dogs, as did Levett, et
al., (1994), when studying atrial hypertrophy in dogs. Moreover, (Chow, et al., 1990) induced right
ventricular pacing in pigs and found significantly greater heart weight-to-total body weight ratio after 7
days. Cardiac hypertrophy was greater in the RVP group, which was linked to significant up-regulation
of inducible nitric oxide synthase, which inhibits mitochondrial complex IV, resulting in a bioenergetic
defect and a possible indicator of CHF (Brookes, et al., 2001). Interestingly, Azelnidipine suppresses
cardiac hypertrophy via down regulation of superoxide production, thus reducing cardiac oxidative
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stress, inflammation and fibrosis (Yamamoto, et al., 2006). This may prove to be a suitable form of
treatment for cardiac hypertrophy, rectifying not just cardiac, but tissue oxidative damage and stress.
Changes in organ weights, particularily the heart, are highly important as the heart regulates cardiac
output and blood pressure. Alterations in these two parameters may further worsen prognosis of
cachexia via imbalance of pro-inflammatory hormones.
Loss of lean tissue and BMC in RVP sheep were clear signs of cachexia. Lean tissue and BMC
loss are well-established effects of cardiac cachexia (Berry, et al., 2000; Norrelund, et al., 2006).
Additionally, Anker, et al., (1999) found that cachectic CHF patients had significant wasting of adipose
tissue, in addition to lean tissue and bone mineral tissue in arms and leg region. In the present study,
there was no adipose tissue-related wasting, and conversely there was visceral adipogenesis. A
proposed mechanism of decreased BMC in this study, reduced bone mass, is a common factor in heart
failure, and is induced via lower serum vitamin D and secondary hyperparathyroidism (Berry & Clark,
2000). Decreasing bone density will contribute to the increased fatigue experienced by patients with
CHF cachexia.
Despite the changes in body composition, it may have been interesting to have offered the sheep
an Ad libitum feeding program. Thus, it could be suggested the levels of the appetite regulating
hormones NPY and leptin were not suppressed or elevated, repsectively during the 8 weeks of RVP.
However, without direct measurement of these compounds, conclusions relating to the action of these
hormones would be speculative. The mechanism by which energy intake is controlled in cardiac
cachexia is thought to be through ghrelin. Ghrelin may prove to be a useful method of treatment to
restore BMI through improved appetite (Akamizu, et al., 2007; Coletti, et. al. 2008), as does
clenbuterol (i.e., promotes weight gain via lean mass) (George, et al., 2006). Some researchers
(Palmieri, et al., 2008) have found that heart failure in elderly patients with a left ventricle ejection
fraction < 45%, had lower body mass index, adipose mass, fat-free mass, and lower 24-hour calorie

112

intake than participants with normal ejection fraction (>55%). It could be suggested that the sheep in
this study had unaltered plasma ghrelin levels and higher ejection fraction (i.e., ≥55%) as body
composition was not greatly disturbed during pacing. Also there was negative nitrogen balance in both
groups with no difference between groups.
Consistent with these suggestions, the decrease (p<0.05) in leg lean tissue (kg) in the RVP
sheep in week 4 and week 8, suggests that there may be alterations in oxygen consumption and energy
expenditure. Alterations in body composition may alter absolute peak oxygen consumption and carbon
dioxide production during CHF as observed by (Cicoira, et al., 2001), and is agreement, with findings
by (Toth & Matthews, 2006), and (Piepoli, et al., 2006), who observed significant reduction in muscle
mass in cachectic CHF patients. Notably, elevated REE in CHF patients is linked to increased protein
catabolism as measured by leucine appearance rate (Toth & Matthews, 2006). When considering these
factors, it may be possible to propose that the efflux of leg amino acids seen via measurement of
differences in α-amino acids between the carotid artery and iliac vein is linked to elevated oxygen
consumption.
There are studies which suggest that gastrointestinal impairment during CHF leads to nutritional
deficiencies of vitamins and minerals (i.e., Zinc, Selenium) via reduction in dietary intake, leading to
decreased absorption due to gastrointestinal oedema (Cohen, et al. 2006; Witte, et. al. 2006). In
agreement, the present study shows that there was a larger increase in the amount of intestinal digesta
seen in the RVP group, which may indicate mild gastrointestinal system impairment in CHF, causing
malnutrition (Krack, et al., 2005). Alterations in digestive absorption may have altered protein
metabolism and thus influenced loss of lean tissue.
RVP did not cause a significant difference in nitrogen balance between groups, but in both the
RVP and pair fed groups there was negative nitrogen balance. However, it was hypothesized that any
weight loss by the RVP sheep would also be partially due to increased energy expenditure. In various
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studies conducted by (Aquilani, et al., 2005; Bernstein, et al., 1997; Howard, et al., 1988),they suggest
that either CHF experimental subjects or patients experience higher total energy expenditure, negative
calorie and nitrogen balance, blood urea nitrogen and increased creatinine release. In contrast, this
study did not find evidence for increased plasma NEFA and also palmitate turnover as seen by the
previously mentioned investigators. In this light, it is possible to propose that during this study the
catabolic and anabolic factors were not imbalanced to the degree necessary to cause significantly
negative nitrogen balance in RVP sheep (e.g., skeletal muscle catabolic factors). In the present study,
nitrogen balance was determined via urinary nitrogen excretion and a broader analysis of nitrogenbased compounds in plasma and urine (e.g., urea) may have been more reflective of the reduction in
lean leg loss.
It would be expected that any loss of lean tissue would alter the A-V difference of amino acids
plasma profile. Interestingly, there was elevated hind limb release of α-amino nitrogen via the iliac
vein, and it is apparent from the DEXA analysis (Table 4.3) that this release accounts for the
significantly lower lean leg mass in week 4 and week 8 of the experiment which agrees with a study by
(Norrelund, et al., 2006). Infusion of intravenous amino acids may suppress amino acid catabolism in
the hind limb as per (Chaloupecký, 1997). In addition, other authors have demonstrated significant
changes in aterio-coronary venous difference of various plasma amino acids during CHF (Aquilani, et
al., 2005; Brodan, et al., 1978; Engelen, et al., 2001). However, despite analysis of carotid and iliac αamino nitrogen it may be more useful to examine the individual plasma amino acid (especially
branched chain amino acids) profile and turnover which may yield more answers in regard to the lean
tissue loss seen in this study. The addition of a third group with BCAA supplementation may also be
useful to observe whether this treatment may assist to treat the lean tissue loss.
The present study showed no evidence of altered glucose profile (i.e., hyperglycaemia). This is
in agreement with a study conducted by (Swan, 1994). However, CHF patients in that study had
significantly higher mean fasting insulin concentration. On the other hand, the findings of the present
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studies do not agree with those of (Suskin, 2000 ) who observed hyperglycaemia and hyperlipidemia in
CHF pateints. Supporting this hypothesis, permanent RVP has been observed to be associated with
modifications in glucose metabolism (Preumont, et al., 2005). Conversely, Beaufort-Krol et al. (1999),
observed significantly lower arterial glucose concentration in lambs with aorta-pulmonary shunts,
associated with decreased glucose production rate, glycogenolysis, and not through gluconeogenesis or
hormonal control. Moreover, Norrelund et al. (2006) observed insulin resistance in CHF cachexia due
to decreased glucose oxidation, which may be linked to left ventricular geometry (Leichman, et al.,
2006). It may be suggested that the unaltered plasma glucose levels suggests that insulin production
and sensitivity were unaffected in this model of RVP. In a further study of this model it would be
advantageous to perform analysis for insulin, and a glucose tolerance test (GTT) measurement, which
may further characterize glucose and insulin metabolism in this model.
Altered palmitate turnover has been demonstrated in CHF (Lommi, et al., 1998). Interestingly,
(Lommi, et al., 1998), observed significantly higher FFA turnover and FFA oxidation in following an
overnight fast human subjects experiencing CHF. However, in the present study there was no change in
adiposity. Both (Lommi, et al., 1998) and (Norrelund, et al., 2006), observed elevated FFA levels
(33.3% increase) in conjunction with elevated fat oxidation and muscle fat utilization. In addition,
(Aquilani, et al., 2005), observed that at rest, arterial FFA concentration as well as FFA release were
higher in CHF than in control patients Murray et. al., (2004) observed abnormal energetic activity in
heart failure patients that correlated inversely with plasma FFA concentrations. The present study did
not show any changes in plasma NEFA or palmitate turnover as there was no change in overall body
adiposity. However, there was accumulation of visceral adiposity.
The present study demonstrates clearly that RVP at 180bpm for 8 weeks causes elevated energy
expenditure. Further, (Lommi, et al., 1998), observed higher rates of energy expenditure in the CHF
patients than in the non-CHF patients. Interestingly, the correction of anaemia in CHF cachexia also
elevates REE and tissue oxygenation (Vaisman, et al., 2004). Moreover, there is a trend towards
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increasing UCP 3 in skeletal muscle (+8%) in the RVP group. Various studies have shown a link
between plasma FFA and elevation of UCP’s in different tissues (e.g., UCP2 mRNA in heart) thus
explaining the increase in energy expenditure (Guo, et al., 2006). Overall, increasing trend for UCP3
mRNA expression seen in the skeletal muscle samples in this study may result from reduced oxidative
damage. Dietary intake of enzyme Co-Q10 or selenium may prove to decrease UCP2 mRNA and cause
oxidative damage during RVP induced CHF (Littarru & Tiano, 2007);, possibly rectifying any lean
tissue or weight loss observed in this study. In a future study there is a need to analyse all major tissues
which contribute to energy expenditure (i.e., hepatocytes) for UCP and other proteins that regulate
energy expenditure, and thus explain the elevation in energy expenditure seen in this model. The results
of the present study relate to the characterization of a novel model of RVP induced cachexia
development in sheep, as those proposed in cancer cachexia (Rosenthal & Musaro, 2002).
The limitations of analysis in this study include the ceasing of the pacing and weight
measurements before a significant change in body weight could be observed. The study could have
been continued until a significant difference could be observed and wasting established in this model.
Also an increased number of animals would have assisted to decrease the standard error in body weight
measurements. DEXA could have been confirmed with the use of chemical carcass analysis.
Further,the inter-organ amino acid analysis would have yielded vitial information regarding the BCAA
and other specific amino acids which may be altered during weight loss associated with CHF. A
glucose tolerace test would have indicated the presence of type II diabetes. Muscle biopsy of wk 0, wk4
could have shown the trend in UCP2 and also liver analysis of UCP2 and UCP3 might have provided
information about energy expenditure changes in the liver. Other genes that regulate fatty acid
synthesis and catabolism could have also been analysed and add to the understanding of fat catabolism
in Cachexia. The analyses mentioned would be necessary to provide extra information for publication.
In conclusion, the present study shows that RVP for 8 weeks, reduces body weight via induced
leg muscle atrophy and elevated energy expenditure and this study has provided the basic framework
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for the characterization of RVP induced CHF cachexia of a large animal model. There is further
investigation needed using this model to examine abnormalities in protein and energy expenditure in
cardiac cachexia.
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CHAPTER 4
Effects of [1-Sarcosine] – Angiotensin II Infusion on Body Weight and
Composition in the Rat
4.1

Introduction
Recent research suggests that CHF is best characterized as a dynamic disorder of many

organ systems; including the myocardial, neuro-hormonal, immune, vascular, gastrointestinal, renal
and musculoskeletal systems (Azhar, 2006). Previous researchers have characterized CHF with a
high proportion of patients experiencing intense wasting, known as cachexia (Toth & Matthews,
2006). The pathogenesis of cardiac cachexia differs from anorexia as there is an increase in energy
expenditure and skeletal muscle wasting despite calorie and protein intake. Overall there is a
general lack of suitable animal model (Busquets, et. al., 2004; Héliès-Toussaint, et al., 2005), and
thus need for their development. The majority of studies examining energy expenditure in cachexia
has been conducted in humans and offers limited understanding of specific mechanisms involved
(Poehlman, et al., 1994; Toth, et al., 1997; Toth, et al., 2006).
Moreover, Brink, et al., (1996) and Brink et al. 2001 reported a rat model of Ang II infusion
induced CHF which also resulted in weight loss. IGF-I was implicated as a key mechanism involved in
the development of CHF in this model of wasting (Brink, et al., 1996). In support, numerous
experiments (Brink, et al., 2001; Porter, et al., 2003; Song, et al., 2005) detail a possible mechanisms
causing the weight loss. The mechanisms suggested were decreased circulating IGF-I, causing
decreased lean mass and increased protein degradation via blockage of the autocrine IGF-I system. In
addition, (Cassis, et al., 1998) also observed decreased circulating levels of IGF-I, but documented
unchanged feed intake, and increased blood pressure. In addition, they also detected a rise in thermal
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infrared abdominal surface temperature and decreased white adipose tissue indicating to elevated
energy expenditure based on an Ang II dose-based relationship for weight loss. Further, (English,
1999) hypothesized that increased sympathetic neurotransmission in interscapular brown adipose tissue
is a possible mechanism of weight loss. Moreover, (Porter, et al., 2003) induced CHF and weight loss
using Ang II infusion and concluded that the weight loss was attributable to reduction in feed intake
and an independent component (i.e., IGF I or UCP 1 thermogenesis). However, to date, no studies have
effectively investigated the exact origin or the function of proteins responsible for the elevated energy
expenditure. The study described in the previous chapter (Chapter 3) validated the use of RVP pacing
in a large animal model to test whether there was evidence of wasting and weight loss. The present
study used Sarcosine-Angiotensin II (N-methyl glycine-Angiotensin II) to induce CHF wasting instead
of Ang II due to it being a potent analogue, which has a higher affinity for the AT1 receptor than Ang
II (Bihoreau, et al., 1993; Cordopatis, et al., 1994) thus potentiating its effect. In the present study, the
degree of wasting was observed and if there was an elevation in energy expenditure with adult female
Sprague Dawley rats being infused to SAR-Ang II for a period, and then observed for catch up growth
during a recovery phase.
Porter, et al., (2003) suggested a role of UCP1 in BAT (i.e., thermogenesis), but this did not
explain elevation of energy expenditure in other tissues, particularly the liver (i.e., site for
controlled energy expenditure and cross-talk with adipose tissue) (Uno, 2006). Thus, investigation
of UCP levels in these tissues needs further attention. Evidence has arisen which shows that UCP’s
may have a role in cachexia (Bing, et. al., 2002; Bing, et al., 2006), and thus are candidates for the
unexplained increase in energy expenditure. The principle hypotheses of the present study is that
exposure to SAR-Ang II results in the development of body weight loss of both adipose tissue and
skeletal muscle. Further, this wasting is caused by increased energy expenditure. Increased energy
expenditure is a result of UCP 2 and UCP3. UCP2 is a marker of inefficiency in mitochondrial
energy production and regulator of ROS (Chu & Leung, 2007). Wasting in rats was measured using
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body weight and end-point body composition and metabolite measurements. It is hypothesed that in
this study, infusion of AngII for a 5 day period would induce CHF Cachexia via increased energy
expenditure caused by UCP2 in the skeletal muscle and that the rats will recover in the postinfusion stage
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4.2

Materials and Methods

4.2.1 Animals
All rats used in the experiments were adult females of the Sprauge Dawley strain. The initial
weight range for the animals was 250 – 350g. The rats were sourced from the Dept. of Zoology, The
University of Melbourne, Melbourne, Australia. Prior to experimentation, animal ethics committee
approval was granted for the experimental procedures (La Trobe University) (01/22L). Thirty three rats
in total were used for the experiment (11 pair-fed control, 12 Ad libitum and 10, [1-Sarcosine]Angiotensin II infused rats). Four days prior to surgery the rats were placed in metabolic cages so they
could acclimate to their surroundings. The [1-sarcosine]-Ang II infused rats were fed ad libitum and the
sham operated control rats were pair-fed after the performance of initial surgery. Daily measurements
of body weight, faecal excretion, feed intake (g), volume of water consumed (mL) and the volume of
urine excreted (mL) were recorded. The measurements were recorded in three different periods (4 days
prior to surgery – ‘Pre-infusion’; day of surgery and five days after surgery – ‘infusion period’, and day
7 to 14 – ‘Recovery’ (Depicted as a 4, 6 and 8 day intervals) The faeces and feed were dried and
weighed for further analyses to determine the energy content and moisture content as outlined in the
general methods (Chapter 2) and in the sections below.

4.2.2 Housing
Throughout all studies, rats were maintained in metabolic cages (890 x 560 x 560 mm). The rats
were housed at a constant 21oC±1 oC environmental temperature.
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4.2.3 Body Weight
Daily live weights for the rats were determined using a balance being measured to 1/100th of a
gram.

4.2.4 Food and Water
The rats were fed a range of feeding regimes. [1-sarcosine] - Ang II rats were allowed to eat Ad
lib, controls were pair-fed to the [1-sarcosine] - Ang II group and an additional Ad lib control group.
The diet was a barastoc rat chow ration (Ridley Agriproducts Pty Ltd. Vic. Aust.).
The rats were supplied with an Ad libitum water supply. Both feed and water intake were measured on
a daily basis.

4.2.5 Faecal and urine collection
Urine was collected under the metabolic cage into a volumetric cylinder containing 25µl of
concentrated sulphuric acid to reduce ammonia loss. Faeces were collected into a tray below the
metabolic cage. Both urine and faeces were frozen at –20oC until analysis was performed.

4.2.6 Surgery and Osmotic Mini Pump Implantation
Before surgery, the operating table was washed with 70% ethanol and all apparatus needed
were autoclaved (dry). Each osmotic mini-pump (Alzet model 2001) was filled with 200l of SARAng II. The SAR-Ang II was infused at a rate of 500ng/kg live body weight/min (1.0l of infusate per
hour ± 0.03µ l). The Angiotensin was dissolved in saline that was acidified with 0.01M acetic acid. The
solution was then pumped through a 0.22M filter to ensure the sterility of the infusate. The pump was
filled using a blunt end syringe, and then the flow modulator inserted. After the pump was prepared the
rat was initially given anaesthesia. The rat was allowed to rest for 5 minutes before the anaesthesia took
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effect. The rat was laid on its stomach and the hair above and below the scapulae was shaven (~2cm
each way). The surgical area was swabbed with 10% hibitaine, and then betadine (1% w/v iodine).
Initially, the rat was tested for pain sensation by pinching the tail. If no response was evident the
surgery proceeded. An incision was made adjacent to the site chosen for pump placement (midscapular). A haemostat was inserted into the incision site under the skin, with the subcutaneous tissue
being spread-opened using the jaws of the haemostat, creating space for the pump. The filled pump was
inserted into the incision site. It was inserted with the flow modulator facing away from the incision
site and the wound closed using Michel clips (10 x 3mm) and a suture (2.0 Dexon). The rat was
allowed to rest on a heat pad until it recovered from the effects of anaesthesia.

4.2.7 Anaesthesia
Prior to surgery rats were administered either an intra-peritoneal (lower left quarter) injection of
anaesthetic (60mg/kg Ketmine (100mg/mL) and 12mg/kg Xylazine (20mg/mL) or 150µl of a 5mg/mL
intra-muscular injection (i.e., hind-limb) of Zoletil. A 23 gauge x 1” needle with 1mL syringe was used
for anaesthesia administration.

4.2.8 Catheterisation
Rats were anaesthetized as previously mentioned (section 4.2.7.). Once the animals were under
the influence of the anaesthesia the ventral midline was cut open using surgical scissors, exposing the
peritoneal cavity. The descending aorta and inferior vena cava (iliac vein) were separated via teasing
the membrane attaching them with a hemocrit. A 23 gauge needle x 1” needle with tubing (100mm
length) attached to a 1mL syringe was used to withdrawal blood. Next the portal vein was located and a
curved 23 gauge x 1” needle was inserted at least 1cm into the vein. Lastly the renal vein was located
by removing peri-renal adipose tissue and again the needle was inserted 1cm into the vein. The venous
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blood was collected very slowly with little pressure as to avoid contamination of arterial blood crossing
organ beds.

4.2.9 Blood and organ sample collection
Blood samples (1mL each) were obtained from a various vessels; portal vein, iliac vein, renal
vein and an arterial blood sample of 2mL from the descending aorta. The samples were collected into
syringes containing 5µl of 2500 IU/mL (12.5U total) of heparin. The openings to the vessels were
closed using a drop of adhesive glue, and the organs removed to be weighed; liver, kidney, heart,
spleen, lungs, and carcass. The blood was immediately centrifuged at 8000 g for 15 mins at 4C to
obtain plasma. The plasma was stored at -70C to await further analysis. In addition, tissue samples of
skeletal muscle, heart, spleen, liver and adipose tissue were placed in 1mL RNAlater, and then frozen
at –70oC. These samples were used in mRNA analysis. After the blood and organ samples were
collected the rat was culled by excision of the heart.
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4.3

Analytical Methods

4.3.1 Carcass Homogenization and moisture content
Whole carcasses were emptied of their viscera and the major organs were weighed. The carcass
was weighed and then frozen at –20oC. The carcass and organs were diced frozen into small cubes (10
x 10 x 10mm approx.) and then homogenized twice using a meat grinder (Porkret, Czek Rep.) (2mm
die cast size). A sub-sample of each rat homogenate was then dried at 60oC until weight became stable
to determine moisture content. The dried carcass powder was then sealed in an airtight plastic bag and
stored at –20oC pending further analysis.

4.3.2 Organic Matter Determination, Ash and AIA
For organic matter determination, ashing and AIA methods please refer to section 2.7.7. and
2.7.8. respectively in Chapter 2.

4.3.3 Kjeldhal Nitrogen (Crude Protein)
Crude protein for body composition of the rat carcass was determined using the Kjeldhal
method. The dried homogenate was ground into a powder and approximately 0.5g was used for protein
analysis. For details of this procedure please refer to section 2.7.2 in Chapter 2.

4.3.4 Adipose Tissue Determination using Soxhlet apparatus
The dried homogenized carcass tissue was placed in filter paper (Whatman 541), folded and
fastened with a paper clip. The parcel was then placed in an oven for 24hrs at 70oC to remove residual
H2O and placed in a desiccator. The parcel was weighed and then placed in a soxhlet apparatus. The
solvent mixture used for fatty acid extraction was absolute chloroform: absolute methanol (2:1). In an
optimization experiment, an 8 hour extraction period was sufficient to remove all fat from the parcel.
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The co-efficient of variation was 8.16% for this method. The variability may be due to insufficient
homogenizing of carcass tissue rather than accuracy of the method.
4.3.5 Blood Metabolites
For details of methods concerning α-amino nitrogen, and NEFA please refer to section 2.7.3 in
Chapter 2.
4.3.6 Energy Expenditure per period
The energy expenditure per period was calculated using the following equation;

Energy Expenditure = Food Intake (MJ) – (Final Carcass (MJ) / Initial Carcass (MJ))

4.3.7 Uncoupling Protein mRNA expression
For details of method used for the analysis of UCP2 and UCP3 mRNA expression, please refer
to section 2.9 in Chapter 2.
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4.4 Results
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Initial weights were similar in all groups. During the infusion period, the SAR-Ang II group
displayed rapid weight loss (p<0.05) compared to the Ad libitum and pair-fed groups. During the postinfusion period, the Ang II group’s body weight gradually increased from day 10 in line with the pairfed group, however there was no significant difference. This re-gain may have been due to catch-up
growth (Figure 4.1).
The SAR-Ang II group displayed lower (p<0.05) % fat content when compared to the control
group. There were no other differences observed in any of the body compositional parameters
displayed in Table 4.1, thus the weight change was consistent over the composition of skeletal muscle
and adipose tissue portion of the carcass in respect to the pair-fed group. However, the infusion of Ang
II into the rat rapidly produced a significantly negative body weight change (g/d) as outlined in Table
4.1, in comparison to the pair-fed and control groups. When energy expenditure was expressed per
gram of body weight the Ang II rats had a siginifacnt higher expenditure than both the control and pairfed rats. However, when expressed per gram of skeletal muscle the Ang II group was significantly
higher (p<0.05) than only the pair fed group.
Ang II infusion resulted in negative body weight change (p<0.01) (both per gram % of initial
body weight) (Table 4.2) and per (g) body weight, in comparison to both the pair fed and control rats,
and further decreased carcass adipose tissue in comparison with the control which did not further
decrease. Thus, changes in body composition were related to calorie restriction and not the effects of
SAR-Ang II; however, an additional component of pair-fed independent weight loss is yet to be
elucidated. Energy expenditure on a per gram basis was increased (p<0.05) in the SAR-Ang II group
compared with the control and pair fed and when expressed on a per gram body protein only with the
pair-fed group (Table 4.1).
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Table 4.1

Body Composition at end of infusion period. Energy expenditure expressed as g of body weight and g of body protein.

Carcass Component
Ash (Bone)%
Fat %
Protein content (Muscle) %
Carcass GE (MJ/kg)
Carcass Water %
EE per g body weight (MJ)
EE per g body protein (MJ)

Control
5.5±1.3 (4)
46.4±3.13 (4)
53.5±3.4 (4)
25.5±3.4 (4)
60.75±1.33 (4)
0.007±0 (4)
0.013±0.001 (4)

End-Infusion Period
Ang II
7.5±0.89 (4)
25.1±3.91 (4) ‡
60.8±2.2 (4)
22.9±0.63 (4)
59.91±1.17
0.009±0.001 (4)* ‡
0.016±0.001 (4)*

Pair Fed
7.7±0.83 (4)
33.1±2.59 (4)
60.2±1.2 (4)
24.4±0.59 (4)
59.29±0.75
0.006±0.001 (4)
0.01±0.001 (4)

Results are presented as means ± standard errors. ‡Ang II vs. Control. *Ang II vs. Pair-fed p<0.05
N.B. The protein % includes a proportion of the Carcass Water %

Table 4.2

Initial, final body weight, feed intake, and change in tissue per period – infusion period

Carcass Component
Initial Body Weight (g)
Final Body Weight (g)
Change in Body Weight (g)
Change in Body Weight (%)
Feed intake in Period (g)
Water Intake (mL)

Control
292.4±11.7 (8)
294.7±9.4 (8)
2.34±3 (8)
1.0±1.1 (8)
100.43±3.91 (8)
40.3±3.5 (8)

End-Infusion Period
Ang II
292.4±8.1 (5)
244.9±11.4 (5)*‡
-47.41±8.01 (5)*‡
-16.3±2.9(5)*‡
55.1±8.87 (5)*
45±5 (5)

Pair Fed
299.6±11.9 (7)
277±9.2 (7)
-22.54±4.7 (7)*
-7.3±1.3 (7)*
55.66±6.45 (7)*
29.3±6.45 (7)

Results are displayed as mean  standard error (number of observations). * signifies p<0.05 (Ang II vs.
Control) and ‡ signifies p<0.05 (Ang II vs. PF)
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2.50

‡

2.00

1.50

1.00
Control

AngII

Pair fed

Treatment

Figure 4.2
Total Energy Expenditure during the infusion period; Ang II, Pair - Fed and Controls.
Values are presented as means for the four animals ± standard error. ‡ Ang II vs. Pair-fed p≤0.05
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Table 4.3

Organ weights (g). Results are displayed as mean  standard error (number of observations).

Organ

Control

Infusion Period
Ang II

PF

Control

Post-Infusion Period
Ang II

Liver

8.52±0.69 (4)

9±0.69 (4)

9.1±0.69 (4)

8.52±0.69 (4)

10.3±1.05 (4)

8.9±1.05 (4)

Kidney

2.1±0.41 (4)

2.02±0.1 (4)

2.2±0.1 (4)

2.1±0.41 (4)

2.4±0.15 (4)*

1.9±0.15 (4)

Heart

0.86±0.82 (4)

0.95±0.06 (4)

1.0±0.06 (4)

0.86±0.82 (4)

0.9±0.09 (4)

0.89±0.09 (4)

Spleen

0.5±0.55 (4)

0.54±0.06 (4)

0.54±0.06 (4)

0.5±0.55 (4)

0.79±0.1 (4)

0.46±0.1 (4)

Lungs

1.07±0.18 (4)

1.23±0.14 (4)

1.68±0.14 (4)

1.07±0.18 (4)

1.42±0.21 (4)

1.33±0.21 (4)

Carcass

257± 6.24 (4)

203±10 (4)*‡

224±20.2 (4)*

266±6.4 (4)

210±10.6 (4)*

220±28.5 (4)*

PF

*Control vs. treatment p<0.05 and ‡ Ang II vs. Pair-Fed p<0.05
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As seen in Figure 4.2, the estimated energy expenditure during the infusion period for the SARAng II group is higher (p<0.05) compared with the pair-fed group. From Table 4.3, the SAR-Ang II
group displayed lower body and carcass weight (g) during the infusion period when compared with
both the control and pair-fed groups. The pair-fed group displayed lower (p<0.05) carcass weight in
comparison to the control group. However, in the post infusion period both the SAR-Ang II and pairfed group displayed lower (p<0.05) carcass weight in comparison to the control group.
The effect of SAR-Ang II infusion on organ weights is shown in Table 4.3 and Figures 4.3 –
4.5. The weights of liver, kidney and heart expressed as a percentage of body weight are presented in
Figures 4.4 and Figure 4.5 and 4.6 respectively. In the infusion period, the kidney was the only organ in
the pair fed group to display lower mass (g) (p<0.05) when compared with the control group. However,
when the organs were expressed as a percentage of body weight (Figure 4.4 and 4.5) the liver in the
SAR-Ang II group was higher (p<0.05) in the infusion period when compared with the pair-fed and
control group and both the pair-fed and SAR-Ang II group had a larger (p<0.05) liver mass as a
percentage of body weight when compared with the control group in the post-infusion period.
Moreover, the kidney as a percentage of carcass weight was larger (p<0.05) in the SAR-Ang II group
in both the infusion and post infusion period in comparison to both the pair-fed and control group.
Lastly, during the infusion period, the heart weight as a percentage of carcass weight was larger
(p<0.05) in both the SAR-Ang II and pair-fed group when compared to the control group.
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PF

Control

Post-Infusion Period

Liver weights as a percentage of total carcass weight. Values are presented as means for ± standard error.
*Control vs. treatment p<0.05 and ‡ Ang II vs. Pair-Fed p<0.05
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Heart weight as a percentage of total carcass weight. Values are presented as means for ± standard error.
*Control vs. treatment p<0.05 and ‡ Ang II vs. Pair-Fed p<0.05

135

0.85

*
*

Relative Expression
to GAPDH

0.8
0.75
0.7

0.65
0.6

0.55
0.5
Control

AngII

Pair fed

Treatment

Figure 4.6

Uncoupling Protein 3 (UCP3) (Skeletal Muscle) of Control, Angiotensin II (Ang II), PF, relative to the mRNA expression of the
house-keeping gene (GAPDH)
Signifies p<0.05 (Ang II vs. Control) and ‡ signifies p<0.05 (Ang II vs. PF)
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When examining Figure 4.6, it is apparent that there is increased (p<0.05)
UCP3 mRNA expression in the SAR-Ang II group and Pair-fed group in comparison
to the Control group.

137

4.5

Discussion
The purpose of the present study was to investigate mechanisms of wasting caused by

SAR-Ang II infusion in the female Sprague Dawley rat. To further extrapolate out the effect of
SAR-Ang II on metabolism, energy expenditure was determined from feed intake and carcass
composition and the levels of UCP 3 mRNA were determined in skeletal muscle. Initially, body
weight was used as a measure of wasting. However, more invasive techniques were required to
examine the carcass component affected by wasting.
It was hypothesized that infusion of SAR-Ang II would cause noticeable weight loss,
partially due to reduced feed intake which was also seen in the pair-fed group, but a newly
identified component of weight loss was observed. This portion of weight loss is independent of
anorexia as seen during the infusion period, and contrasts with body weight changes in the pair-fed
group. The weight loss was balanced between all three components of body composition; muscle,
fat and bone. This is a highly significant result and suggests that a component of weight loss may be
attributed to elevated metabolic activity. Decreased body weight agrees with the majority of studies
utilizing Ang II infusion to induce weight loss and has generally been attributed to loss of appetite,
decreased food intake and, thus, lowered energy intake (Brink, et al., 1996; Porter, et al., 2003;
Porter, et al., 2004). However, increased energy expenditure that may cause weight loss
independent of anorexia needs further elucidation.
In the present study, there is evidence to suggest that a component of weight loss in the
Ang II group may be due to increased energy expenditure. This result is agreeable with a study by
(Porter, et al., 2003) who suggests that systemic infusion of Ang II decreases body weight and food
intake via increased energy expenditure (i.e., thermogenesis, increased UCP1 mRNA expression in
Brown Adipose Tissue), while (Porter, et al., 2004) also observed that inter-cerebral ventricular
infusions of Ang II produced transient decrease in food intake. A decrease in food intake was also
seen in this study. The relevance of this finding is that Ang II directly reduces feed intake and thus
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affects body weight (i.e.,, via calorie restriction), yet there is an increase in energy expenditure on a
per g body weight basis.
Interestingly, in the Ang II infused group the rats ate half as much feed as the Ad libitum
controls, and still had greater energy expenditure (+20%). Even more striking is the fact that the
pair fed control group had an average body weight of 277.9g and the Ang II group had an average
body weight of 244.9g at the end of the infusion period or 11.8% less than the pair fed controls.
However, the Ang II rats had a total energy expenditure of 22.7%. In an attempt to inversely
correlate weight loss with increased energy expenditure, there is a difference of 10.9% exists, where
this energy may have been dissipated due to a futile cycle such as increased activity of uncoupling
proteins. This is a highly significant finding as calorie intake by CHF cachexia patients is not soley
responsible for weight gain/loss, yet an independent factor is present. Thus, this metabolic factor
could be a function of weight regulation and not a summative factor of body weight in cachexia as
per calorie intake or physical activity.
Even more interesting, when the energy expenditure was expressed per gram of body
weight, the Ang II rats had a siginifacnt higher expenditure than both the pair-fed and control rats
(29.65% and 33.12% respectively). The same trend exists for the energy expenditure expressed on a
per gram of body protein, however the percentages change (pair-fed 32.8% and control 17.4%) and
the difference with the control group is not significant in comparision to the Ang II group. These
findings suggest that a mathematical equation could be written to predict energy expenditure based
on the body’s percentage of skeletal muscle (inverse relationship). It would be assumed that the
degree of adipose tissue would also impact on this relationship and it would not be entirely linear.
This work requires further examination. Further, the pair-fed rats were only 11.8% heavier at day 5,
however they had a skeletal muscle energy expenditure of ~33% less than the Ang II rats. These
results directly suggest that the Ang II rats had skeletal muscle energy expenditure comparable to
the Ad lib control group even though they ate 50% less. These measures are conclusive proof that
Ang II directly elevates energy expenditure, particularly within skeletal muscle. The investigation
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of genes involved in protein turnover and energy expenditure would add to the knowledge gained in
this study and give greater insight into the regulation of energy expenditure in Ang II induced
weight loss.
Although differences in energy expenditure between the groups of rats may contribute to the
difference in degree of weight loss, other research suggests that Ang II acts directly on the brain
(possibly through the AT1 receptor protein - (Porter, 1999) to affect food intake and energy
expenditure in a manner not related to water intake, as water intake was increased in the SAR-Ang
II rats, contradicting (Cassis, et al., 1998). In the first few days of infusion there was indeed an
increase in water consumption, but steadily followed with diminished food intake.
It was also hypothesized that, due to increased energy expenditure, there would be a large
degree of skeletal muscle atrophy, yet also adipose tissue loss. In contrast to the control group rats,
the Ang II rats did display decreased carcass adipose tissue, possible due to reduced (~50%) feed
intake. However, the degree of adipose tissue loss may not be explained solely using the
hypophagia hypothesis. These findings agree with Cabassi, et al., (2005) who postulated the
hypothesis, that Ang II to be a regulator of lipid metabolism as after Cabassi, et al., (2005) infused
Ang II in rats for 12 days results in higher sustained interstitial glycerol. The higher norepinephrine
levels, stimulated reduced adipocyte diameter in subcutaneous and visceral (retroperitoneal and
epididymal) fat tissues, possibly via sympathetic activation and beta-adrenergic-receptor
stimulation. The results of the present study show that infusion of SAR-Ang II in female Sprague
Dawley rats causes wasting of both adipose tissue and skeletal muscle, due to change in levels of
catabolic hormones regulating these tissues.
The present study has found that infusion of SAR-Ang II does not specifically induce
skeletal muscle wasting, but rather whole body wasting. Mechanisms to explain skeletal muscle
wasting are proposed by (Brink, et al., 2002; Brink, et al., 1996; Delafontaine, et al., 2000; Song, et
al., 2005) who observed a link between the activation of the renin-Angiotensin system. Further, it
has been observed that skeletal muscle-specific wasting is due in part, due to decreased levels of
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circulating and skeletal muscle IGF-I, while Song, Li et al. (2005) solely observed decreased
activated caspase-3 and ubiquitin ligases atrogin-1 in skeletal muscle. These studies focused more
on skeletal muscle than adipose tissue metabolism. Lastly, (Delafontaine & Akao, 2006) suggest
that Ang II plays more of a role in muscle wasting leading to cardiac cachexia and that IGF-I is a
key candidate in the pathway of wasting. The development of wasting and cardiac cachexia in this
study was characterised by an equal decrease in total body weight, adipose and skeletal muscle
tissue.
The reduction in body weight can be partially attributed to reduced feed intake. This has
been observed previously by (Cassis, et al., 2002) who observed hypophagia in Ang II infused rats.
The hypophagia accounted for 63% of the effect of Ang II on body weight, yet the AngII infusion
did not influence systolic pressure, water intake, or oxygen consumption. The results of the current
study support the findings of (English, 1999), who proposed a weight loss effect attributable to the
actions of elevated noradrenaline (NE) release from inter-scapular brown adipose tissue
sympathetic nerve terminals. This weight loss is also associated with lipolysis as Ang II infusion
invokes higher sustained interstitial glycerol and norepinephrine levels (Cabassi et. al. 2005).
Consistent with a number of studies by (Cassis, et al., 1998) and (Weisinger, et al., 2007), increased
energy expenditure displayed in Figure 4.3 and elevated UCP3 seen in Figure 4.9, contribute to
weight loss. This increased energy expenditure may involve action by hormonal (NE, IGF-I, leptin)
and cellular signalling (UCP’s) leading to decreased adipose and skeletal muscle tissue. The
regulation may arise from the mitochondria to influence catabolism of skeletal muscle and adipose
tissue, supplying much needed substrate for elevated energy expenditure.
The elevated energy expenditure seen in the Ang II group agrees with the findings of other
authors (Toth, et al., 1994; Toth, et al., 2006), who all observed elevated energy expenditure in CHF
and CHF cachectic patients. This elevated energy expenditure could be attributed to a combination
of elevated hormonal levels (i.e., leptin and epinephrine). Porter and Potratz (2004), showed that
intra-cerebroventricular infusions of Ang II increased energy expenditure in older rats as evidenced
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by increased UCP-1 mRNA expression in BAT (i.e., elevated thermogenesis), but may be due to
other metabolic regulatory factors possible (i.e., UCP 2 or UCP3. Moreover, (Cassis, et al., 1998)
observed that with the use of thermal infrared imaging, increased abdominal surface temperature in
Ang II infusion, being possibly due to thermogenesis in WAT and BAT contained in the viscera. In
addition, (Cassis, et al., 2002) , observed that oxygen consumption was transiently decreased on day
1 of Ang II infusion followed by a rebound increase over a 28 day period. It would be expected that
the increased energy expenditure would have increased oxygen demand in line with (Cassis, et al.,
2002).
(Poehlman, et al., 1994) observed resting metabolic rate to be ~18% higher in CHF patients
than in pair fed controls when indexed per kilogram of fat-free mass. This finding supports the
hypothesis that reduced energy intake does not translate to reduced energy expenditure and, in fact,
that energy expenditure increases causing negative energy balance and weight loss from both
skeletal muscle and adipose tissue. This finding and the supporting hypothesis negate other
observations which suggest that the suppression of feed intake may also counter-act the elevated
energy expenditure leading to potentially lower energy expenditure than upon re-feeding (FormanHoffman, 2006)
It was proposed that the heart weight in the SAR-Ang II group would increase with infusion
time and indeed it was observed in this study (p<0.05) compared with the pair fed and control
group. This finding is supported by an observation by Huentelman, et al., (2005) who showed that
infusion of 200 ng kg-1 min-1 Ang II for 4 weeks resulted in a significant increase in the heart
weight to body weight ratio. Further, the liver hypertrophy seen in the Ang II group agrees with
Belin, et al., (2006), who observed that liver weight is increased (p<0.05) during left ventricle
myofilament dysfunction in the rat (Brink et al. 1996).
Moreover, the increasing trend of UCP’s mRNA expression in skeletal muscle via systemic
infusion of Ang II agrees with findings by Porter et al. (2003), who observed decreased body weight
was due to elevated energy expenditure in BAT (i.e., elevated mRNA expression of UCP1;
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thermogenesis UCP in BAT) (Porter et al. 2003). Although UCP1 was not measured in the present
study, UCP3 has been described to be expressed in skeletal muscle and WAT and thus be a more
direct measure of ‘metabolism leak’ in these tissues. Ang II group experienced underfeeding, which
led to an increase rather than a decrease in REE, with a parallel increase in UCP3 in skeletal
muscle. The human skeletal muscle is a significant site of whole-body energy expenditure in lean
individuals. It has been observed that there is no significant change in UCP3 mRNA levels in
skeletal muscle pre- and post-under feeding (Seevaratnam, et al., 2007). Another UCP’s or an
energy futile cycle may be influencing energy dissipation (e.g., glycolytic pathway influencing
proton leak) (Beauvoit, et al., 1993).
The role of UCP’s has been documented in other forms of wasting (Bing, et al., 2000;
Busquets, et al., 2005) and the total weight loss observed may be attributed to the increased UCP
activity. Further investigation is needed to identify tissue specific elevations in UCP’s. Further, high
plasma glucose and Ang II lead to significant ROS production. In turn UCP-2 mRNA expression is
elevated and reverses these effects and thus regulating intracellular ROS production (Park, et al.,
2005). This implies that the role of UCP’s in chronic disease is detoxification of free radicals
(Sanders, 2004). This observation is further supported by Guo et al. (2006) who observed that UCP
2 mRNA is upregulated 2.8 fold in CHF and to counteract ROS generation. Lastly, the liver is a
major site of energy expenditure and thus UCP 2 expression (e.g., liver and SKM proton leak of the
rat accounts for 15-20% of BMR (Rolfe, et al., 1997; Rolfe, et al., 1999), however during this study
there was too much variation in results for liver UCP2 and hence this analysis was not reported and
should be repeated with a higher number of observations.
In summary, the present study demonstrated that infusing of SAR-Ang II impairs appetite,
and reduces body weight via wasting that may be partially explained by elevated energy
expenditure possibly induced by UCP. This finding is akin to previous reports from rat studies
(Porter, et al., 2003; Porter, et al., 2004; Rolfe, et al., 1997; Rolfe, et al., 1999). The wasting
proceeds in a cumulative daily dosage and when infusion of AngII ceases there is some degree of
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weight re-gain. There are many actions of SAR-Ang II that could have contributed to the wasting in
this model of CHF, however not all mechanisms were fully investigated in this study. One
mechanism to mention is that UCP’s may be one link in a complex cascade which governs energy
expenditure and thus weight loss in chronic illnesses such as CHF. Thus, in order to increase the
certainty of conclusions, all future studies must use this study as a guide and endeavor to examine
all possible mechanisms that may underlie energy expenditure using gene expression analysis. In
conclusion, this study highlight the need for continued use of this model to determine origin of
elevated energy expenditure and key regulators of specific body weight components and possible
treatment methods.
All limitations mentioned were caused by lack of funding and time.The limitations of this
particular study include not being able to confirm body composition measurements using DEXA,
the inability to measure region carcass composition using DEXA and thus observe any specific
region of the carcass which wastes faster (e.g. hindlimb). Also to continue the post infusion period
until the rats body weights caught up to the pair fed group . Next, energy expenditure could have
been confirmed using whole body calorimetry. The gene analysis using RT-PCR could have
included other tissues such as adipose tissue and liver for UCP2 analysis. Also other genes
responsible for fat metabloism (fatty acid synthase and lipase) and skeletal muscle catabloism
(ubiquitin pathway) could have been measured, and shed light on how the rats lost weight as both
fat and skeletal muscle. Lastly, in order to publish the study, the analysis mentioned in the
limitations of the study and further gene analysis needs to be conducted to confirm the genes
responsible for the increased energy expenditure and also the fat and skeletal muscle catabolism that
caused the weigh loss in the rats.
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Chapter 5

Prevention of Diet Induced Obesity in C57BL/BJ Mice with the
Addition of Green Tea but not with Cocoa or Coffee to a High Fat
Diet
5.1

Introduction
The study detailed in Chapter 4 investigated how the infusion of SAR-Ang II induced CHF

and associated wasting. It also attempted to address the origin of elevated energy expenditure in
cardiac cachexia. The possible causes for both cachexia and obesity may arise from the same
genetic regulation of key energy metabolism proteins (e.g., UCP2 and UCP3) (Dulloo & Samec,
2001). From this perspective, the study of body growth, composition and energy expenditure in
obesity may also shed light on mechanisms that are also involved in RVP or SAR-Ang II induced
cardiac cachexia.
Obesity is widely accepted to be the imbalance of energy intake and energy expenditure,
which influences the development of insulin resistance (Murase, et al., 2002). Obesity is also a
factor contributing to cardiovascular risk profile and significant mortality (Wolfram, et al., 2005).
Previous research suggests that the risks of developing obesity are reduced by feeding green tea
catechins in the diet (Murase, et al., 2002). The thrifty phenotype hypothesis proposes that poor
nutrition early in life results in development of type 2 diabetes and the metabolic syndrome which
are associated with obesity (Hales & Barker, 2001). Thus, feeding correct amounts of polyphenol
compounds in the diet may affect the development of disease later in life or reduce its probability of
development.
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The development of obesity using a long-term animal model of high fat feeding in mice is
quite common, particularly using the CJBL57 mouse strain (Surwit, et al., 1995). The pathogenesis
of obesity in this mouse model is associated with increased weight and adipose tissue as a
percentage of carcass weight. The intracellular triglyceride content is increased in skeletal muscle
during insulin-resistant states (e.g., obesity or high-fat feeding in mice). Decreased lipolysis is
currently implicated as a key mechanism involved in the development of obesity (Kim, et al., 2003).
Consumption of green tea is known to increase lipolysis.
Green tea is a commonly consumed beverage worldwide (i.e., global consumption of 0.12L/
annum/ person), with a multitude of health benefits from its consumption ranging from its rich
polyphenol (i.e., catechin) content to the relaxing effects (i.e., theanine) (Graham, 1992). There is
rapidly growing evidence supporting the use of anti – oxidants and related compounds to prevent or
to be used as therapies to treat diet-induced obesity (i.e., Asteraceae, Green Tea, EGCG. (Abid, et
al., 2007; Han, et al., 1999). Polyphenols can be administered to CHF cachexia patients as an oral
supplement in hypertensive humans and animals (Gompf, 2005). On the basis of a wide number of
animal and human studies, green tea catechins have been shown to possess properties which inhibit
deposition of body fat and weight gain leading to obesity, via decreased energy absorption and
increased lipolysis and fat oxidation (Klaus, et al., 2005; Murase, et al., 2002; Murase, et al., 2006).
Typically green tea has been delivered as a beverage in the fluid intake of the diet.
To date, there have been few studies investigating the effects of adding whole food
substances containing polyphenols (e.g., green tea, cocoa powder) directly to food and observing
their effects on the development of diet-induced obesity. Some studies have extracted green tea
catechins from green tea powder and added them to food (Murase, et al., 2002; Raneva, et al., 2005)
to stimulate body weight loss. However, in the present study the inclusion of the whole green tea to
the diet of the animals to replace some of the carbohydrate component makes this particular study
quite novel.
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The present study seeks to test whether the inclusion of cocoa, coffee or green tea; which all
contains polyphenols and caffeine, will provide protection from DIO. It has been observed that the
type of dietary fats used in the diet can dictate the degree of DIO (i.e., different rates of lipid
metabolism and intestinal absorption) (Mori, et al., 2007). Thus butter fat was chosen as it
previously has been used to induce DIO (Darlene et al., 2006). In consideration of the altered
glucose and fat metabolism that occurs in obesity, this study will also explore the possible
interactions between plasma metabolites and the development or suppression of body weight gain
and increased adipose tissue in the carcass composition.
The principle hypotheses tested in this study is that the feeding of green tea in a high fat diet
results in development of an obesity protective physiology. This may be the result of elevated
lipolysis (catechin induced) and use of these liberates fatty acids as fuel for oxidation attributable to
increased energy expenditure. Further, organs (i.e., liver), may change in weight due to release of
hepatic triacylglycerides and thus lead to reduced liver weight (Bose, et al., 2008). The effect of
feeding different polyphenol containing foods in adult mice was observed by measure of body
weight, and its composition for a 16-week period.
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5.2

Materials and Methods

5.2.1 Animals
The animals were the C57BL/6J mice (obesity prone). They have been compared with other
mouse models of obesity to characterise their phenotype. There were four groups of n = 12/ group.

5.2.2 Diets
There were four diets composed. The standard diet containing 21% fat, 19% protein, 49%
carbohydrate, 0.15% cholesterol, and a semi-pure rodent diet (Specialty Feeds, WA, Australia). The
other three diets consisted of the standard diet with the exception that they contained 2% of the
following, Bourneville cocoa (Cadbury, TAS, Australia), coffee (Vittoria, NSW, Australia), and
green tea (Good Young, Taipei, Taiwan). For a more detailed outline of dietary composition, see
Table 5.1 below.
Table 5.1

Composition of Feed

Ingredient

Feed Composition

Ingredient

Feed Composition

Sucrose

34.1% (36.1% in

Butter Fat

21%

Methionine

0.3%

control mice feed)
Beverage

2% (w/w) (0% in
control mice feed)

Wheat Starch

15%

Cholesterol

0.15%

Cellulose

5%

TD88137 Minerals

0.14%

Casein (Acid)

19.5%

TD88137 Vitamins

1%

Ca+ Carbonate

1.7%

Antioxidants

0.004%
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5.2.3 Housing
Mice were housed in Perspex boxes (0.7m x 0.25m x 0.25m), with sawdust bedding and one
tissue added for nest building. Bedding was changed every two weeks or when the bedding became
soiled.

5.2.4 Food intake, fluid intake and live weights
Live-bodyweight was recorded on a weekly basis (see Figure 6.1), and food/ water intake on
a thrice weekly basis (see Figures 6.2 and 6.3). The balance used was a AND GX-4000. A six
measurement averaging calculation was used when determining live-bodyweight.

5.2.5 Faecal collection
Faeces were collected at week 8 for determination of energy digestibility. Paper was lined
on the bottom of the mouse box and a sieve was used to filter the faeces from the paper bedding.
The faeces was dried at 85oC to a constant weight, to determine dried weight and then ground for
measurement of gross energy in a bomb calorimeter (PARR, Illinois USA).

5.3

Analytical Methods

5.3.1 Glucose tolerance test
The mice were fasted for 8 hours overnight yet still had access to Ad libitum H2O. The mice
were firstly restrained and a small knick (cut) was made at the terminus of the tail and a blood
sample (5µl) was taken for measurement in a cuvette and placed in a Hemocue analyser
(Ängelholm; SWEDEN) for plasma glucose determination. After the time 0, a blood sample was
taken, (as described above) by slowly massaging a drop of blood from the tail vein and plasma
glucose measured using the Hemocue analyser. A bolus of L-dextrose (20% w/v) was administered
to the mouse and the volume determined according to the mouse live body weight – see equation
below;
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Volume of glucose needed for bolus (µl) = [(Mouse body weight (g)) / 40] x 200
Dosage = 1g per kg body weight

After this point, blood samples were taken in the same fashion as previously mentioned at t
= 30, 60, 90, 120 and 180mins post bolus loading. The points were then plotted on a graph; the area
and the concentration of the plasma glucose were measured. The area under the curve was
determined using Cricket Graph Software (Version 1.0.5)

5.3.2 Dual X-ray Absorptiometry
DEXA measurements were performed with the Norland pDEXA Sabre (Fort Atkinson,
U.S.A.) and the Sabre Research software (pDEXA calibration version 3.9.4). Prior to testing, the
QA (Quality Assurance) and QC (Quality Control) were run to calibrate the machine. Initially,
anaesthesia was delivered intraperitoneal (60mg/kg, 9mg/kg) comprising of ketamine/ xylazine
(~0.1mL). When the mice lost consciousness they were placed on their ventral side and their limbs
were taped to the pDEXA Sabre. The mice were analysed for fat, fat-free, bone mass and results
tabulated as mass (g) and as a percentage of live body weight. The data collected were; BMD (Bone
Mineral Density – cm2), BMC (Bone Mineral Content – g), lean (g) and fat (g).

5.3.3 Anaesthesia
The anaesthesia administered for termination of the mice was Nembutal (200mg/kg dosage).
For anaesthesia used during DEXA please see Chapter 5.3.2.
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5.3.4 Blood and tissue collection
After the mouse was placed under anaesthesia (for dose and volume refer to Chapter 5.3.3)
it was tested for reflex (eye, tail pinch). When unconscious, a lateral incision was made up the
abdominal cavity and the liver, kidney, tail length, and epididymal fat were removed and weighed.

5.3.5 Statistical Analysis
Statistical analysis was conducted using SPSS software (V.12) using a 1 – way ANOVA at a
p<0.05 and 0.01. When an observation was made over a period of time, a repeated measures
ANOVA was performed at a p <0.05 and 0.01.
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Figure 5.1

Progressive live-body weight (g) over an 16 week period for control, cocoa, coffee, and green tea groups. Data displayed as mean
± standard error. Control vs. treatment * p<0.05
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As displayed in Figure 5.1, all groups gained weight over the 16 week period. However,
from week 3, the green tea (2%) group displayed lower (p<0.05) body weight gain when compared
to the control group. There was no difference in feed intake between groups over the 16 week
period (Figure 5.2) or fluid intake (Figure 5.3). As displayed in figure 5.4; the green tea group had
increased (p<0.05) BMD and in Figure 5.5 there is evidence of lower (p<0.05) BMC than the
control group.
There was decreased (p<0.05) body fat (g) in the coffee group and green tea group (p<0.01),
with the green tea group also displaying decreased (p<0.01) total body weight (g) and increased
lean tissue (p<0.05), as seen in Figure 5.6. As shown in Figure 5.7, the green tea group displayed
increased (p<0.01) lean and decreased (p<0.01) fat as a percentage of total body weight.
As observed in Figure 5.8, the coffee and green tea groups displayed lower (p<0.05) BMC in
the hind limb yet only the green tea group displayed lower abdominal BMC (p<0.01) as well. In
Figure 5.9, the green tea group displayed elevated (p<0.01) lean tissue and decreased (p<0.01)
adipose tissue as a percentage of both hind limb and abdominal weight. There was no change in
glucose area under the curve in any of the groups (Figure 5.11).
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Figure 5.2

Food intake (g) over a 16 week period for control, cocoa, coffee, and green tea. Data displayed as mean ± standard error.
Control vs. treatment * p<0.05
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Figure 5.3
Water intake (mL) over a 16 week period for control, cocoa, coffee, and green tea groups. Data displayed as mean ± standard
error (number of observations).
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Figure 5.4

Bone Mineral Density (BMD) for control, cocoa, coffee, and green tea. Data are expressed as either per gram basis or as a
percentage of total body weight. Data are displayed as mean ± standard error. Control vs. treatment * p<0.05.

156

1
0.9
0.8

**

BMC (g)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Control

Cocoa

Coffee

Green tea

Treatment

Figure 5.5

Bone Mineral Content (BMC) per (g). Data are displayed as mean ± standard error. Control vs. treatment * p<0.05, * *p<0.01
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Figure 5.6

Body composition components per (g). Data are displayed as mean ± standard error.

Control vs. treatment * p<0.05, ** p<0.01
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Figure 5.7
Body compositional components as a percentage total body weight. Data are
displayed as mean ± standard error. Control vs. treatment * p<0.05, * *p<0.01.
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Figure 5.8
Bone Mineral Content at Week 16 for control, cocoa, coffee, and green tea groups.
(As a percentage of Hind limb and Abdominal sections). Data are expressed as either per percentage
of hind limb or abdominal weight and displayed as mean ± standard error. Control vs. treatment *
p<0.05, ** p<0.01
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Figure 5.9
Lean as a percentage of either hind limb (% Hind.) or abdominal (% Abdo.) region
for control, cocoa, coffee, and green tea groups. Data are expressed as either per percentage of hind
limb or abdominal weight. Data are displayed as mean ± standard error. Control vs. treatment *
p<0.05, ** p<0.01

% of HIndlimb or AbdomInal Weight

60
55
50
**

45

**

% Hind.
% Abdo

40
35
30
Control

Cocoa

Coffee

Green tea

Figure 5.10 Adipose tissue (fat) as a percentage of either hind limb (% Hind.) or abdominal (%
Abdo.) region for control, cocoa, coffee, and green tea groups. Data are expressed as either per
percentage of hind limb or abdominal weight, and as mean ± standard error. Control vs. treatment *
p<0.05, ** p<0.01
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Figure 5.11
Glucose Tolerance Test - area under curve (cm2). Data are presented as mean
± standard error. Control vs. treatment * p<0.05
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Table 5.2
Liver, Kidney and Epididymal Adipose Tissue as a percentage of body weight. Data is expressed as either per gram basis or as
a percentage of total body weight. Data is displayed as mean ± standard error (number of observations). N.B. EWAT (Epididymal white
adipose tissue), Control vs. treatment * p<0.05, ** p<0.01
Section
Control
Cocoa (2%)
Coffee (2%)
Green Tea (2%)
Liver (% L.B.W.)
6.66±0.54 (12)
6.82±0.47 (12)
6.72±0.40 (10)
5.77±0.24 (12)**
Kidney (% L.B.W.)
1.02±0.03 (12)
1.06±0.04 (12)
1.23±0.07 (10)*
1.08±0.05 (12)
EWAT (% L.B.W.)
5.83±0.42 (12)
5.57±0.47 (12)
5.49±0.37 (10)
5.84±0.54 (12)
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As seen in Table 5.2, the green tea group displayed lower (p<0.01) liver mass
as a percentage of body weight. In addition, the kidney was greater (p<0.05) in the
coffee group as a percentage of body weight. The green tea group displayed higher
(p<0.01) plasma NEFA concentrations (Figure 5.12), whilst there are no changes in
the cocoa or coffee group. There were reduced (p<0.05) plasma glucose
concentrations (mM) (Figure 5.13) in the cocoa group (14.8%) as compared with the
control group.
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Plasma NEFA levels. Data presented as mean ± standard error. Control vs. treatment * p<0.05
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Terminal Plasma Glucose. Data presented as mean ± standard error. Control vs. treatment * p<0.05
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5.4

Discussion
It was proposed in the present study that feeding green tea in the diet would

impede the on-set of DIO (Diet Induced Obesity). The present study showed for the
first time in vivo that feeding green tea in a model of reduces DIO body weight gain,
promotes skeletal muscle deposition and reduces adipose tissue content. The obesityprotective actions of green tea in beverage format without consumption of a high fat
diet has been shown by (Han, et al., 1999), and (Wolfram, et al., 2005).
The proposed mechanism may be a metabolic effect by a compound in green tea
which decreases energy for fat storage (i.e., increased energy expenditure) and
promotes lower body weight gain. Supporting this proposal, it has been suggested that
the weight loss from consuming green tea is due to elevation of metabolic rate
(Komatsu, et al., 2003). It may be that green tea catechins possess fat oxidation
properties, particularly the green tea polymerized polyphenols as seen by (Rumpler, et
al., 2001) in oolong tea or (Dulloo, et al., 1999) in green tea, rather than using caffeine
alone (i.e., coffee group).
It was proposed that the weight inhibition by green tea would be mainly due to
decreased fat deposition. The feeding of green tea with a high fat diet produced a
significant decrease in adipose tissue. (Ashida, et al., 2004) observed that green tea
consumption leads to reduced adipose tissue deposits without change in body weight,
skeletal muscle content, and food or water intake. The feeding of green tea catechins
to induce weight loss has been documented in a number of studies (Chen, et al., 1997;
Kao, et al., 2000). Kao et al., (2000) demonstrated that intra-peritoneal administration
of EGCG induces weight loss. (Chen, et al., 1997) showed that after oral
administration of EGCG very little is absorbed (1.6% of administered amount), and
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thus feeding raw green tea powder versus drinking green tea may possess a digestive
protective mechanism for EGCG absorption.
The results of the green tea group in this study are a direct contrast to the
cocoa group and a previous study by Matsui, et al., (2005), who showed that cocoa
inhibits high-fat diet-induced obesity, by suppressing hepatic fatty acid synthase and
up regulating UCP-2 (thermogenesis factor). Moreover, in the present study only 2%
cocoa (by weight) was added to the diet as opposed to 12% by (Matsui, et al., 2005),
thus a differing dose weight. However, supporting the proposed hypothesis that
feeding cocoa with a high fat diet does not reduce body weight or adipose tissue,
findings from this study agree with findings by (Hasegawa, et al., 1991) (e.g., mice
overeating cookie and chocolate mashed diet developed mild hyperglycaemia, with
relative obesity from 16 weeks of age).
The levels of caffeine and polyphenols in the diets were not analysed and there
is no information regarding dosage. Thus, there is no room to speculate about the
effects of altering dietary quantities of these compounds and how this variation would
affect corresponding adipose tissue or weight loss. To make any further conclusion,
accepted and published nutritional values may be used. However, if one considers that
the cocoa, coffee, and green tea diets all contain caffeine at a constant level it is
possible to suggest that the differences in body weight and composition are due to the
presence of green tea catechins. The presence of caffeine and non-caffeine
compounds (i.e., chlorogenic acid and quinides) in the coffee diet was not sufficient to
inhibit diet-induced obesity, and did not alter glucose metabolism, contradicting
findings by (Greenberg, et al., 2005). However, the present study documented some
weight loss due to fat loss. In agreement with this observation, (Zheng, et al., 2004)
observed that feeding caffeine reduced intraperitoneal adipose tissues and body
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weight and showed that catechins and caffeine work synergistically to prevent
obesity. It is possible that reduced body fat (g) in the coffee group mice may have
been due solely to the actions of caffeine via increased lipolysis in rat epididymal
adipose tissue, epididymal fat pad weight and reduction of mean adipocyte diameter
as documented by (Cheung, et al., 1988), in rats. Thus caffeine alone is a highly
relevant compound when considering increased rates of lipolysis and energy
expenditure for weight loss in obesity.
It was assumed in the present study, that any weight loss would be due to
increased energy expenditure and not decreased feed intake. In the present study,
feeding of green tea did not alter intake of the composite diet. Indeed, the finding of
unaltered feed intake agrees with numerous studies (Yang, et al., 2001) (i.e., oolong
tea), (Raneva, 2005 ) (i.e., green tea catechins) and (Han, et al., 1999), (i.e., oolong tea
powder (5% of diet)). The weight loss and change in body composition in the green
tea group may have been caused by an increase in metabolic rate (i.e., UCP’s).
Similarly, (Hasegawa, et al., 2003) observed that body weight is suppressed whilst
food intake is unaffected during green tea consumption. There was no decrease in
body weight in the coffee group, or feed intake. This may have been due to increased
appetite and thus feed intake. Interestingly coffee odorants have been found to
stimulate appetite (Dorri, et al., 2007) and thus may have increased feed intake and
thus body weight. These results show that feeding a high fat diet with the inclusion of
green tea, but not cocoa or coffee, decreased body weight and fat. The proposed
mechanism for this lipid specific weight loss is caffeine and catechin’s influence on
lipolysis.
Notably, changes in body weight may have had a direct and proportionate
effect on BMD. It can be hypothesized that the absence of a high fat diet and the
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presence of obesity, the BMD of the control mice may have been lower as per the
BMD of the green tea group mice. Green tea directly increased BMD agreeing with
(Devine, et al., 2007; Muraki, et al., 2007; Shen, et al., 2008). These findings suggest
that changes in fat and protein metabolism in mice fed a high fat diet with green tea
may influence bone development. Several studies have suggested that BMD is
negatively influenced by coffee consumption and oxidative stress, and that the intake
of green tea, green tea polyphenols and caffeine can have a positive influence on
BMD development (Devine, et al., 2007; Grassi, et al., 2007; Hegarty, et al., 2000;
Muraki, et al., 2007; Shen, et al., 2008).
It was assumed that cocoa and coffee would have no effect on BMD. The
present study found that there was no change in BMD in the cocoa or coffee group.
As mentioned in the previous paragraph, this unchanged BMD in comparision to the
control animals may reflect higher body weight and body fat. These results support
other studies that show that cocoa flavoured beverage products have been shown to
have no effect on bone density, growth, or size (Gibbons, et al., 2004), and that coffee
(i.e., caffeine) may actually induce higher rates of spinal bone loss (>300 mg/d)
(Harris & Dawson-Hughes, 1994). In contrast, (Conlisk & Galuska, 2000) found that
caffeine intake was not a significant predictor of BMD after adjusting with linear
regression models for potential confounders (i.e., height, BMI, age, calcium and
protein intake, alcohol and tobacco use), nor was it a signifant predictor of BMC
(Wetmore, et al., 2008). In comparision with BMD, green tea mice displayed lower
BMC. These results agree with findings by (Toth, et al., 2005), who observed a
positive association between femur neck bone mass and decreased BMD, and lower
body weight, linked with repetition of diet (Bacon, et al., 2004) .
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In this context of decreased body weight, BMD and BMC in the green tea
group also was aligned with decreased fat (g) and decreased as a percentage of
carcass. Green tea’s lipolytic effects are well demonstrated, decreasing hepatic fat
content, and elevating hepatic β–oxidation (Murase, et al., 2005; Wolfram, et al.,
2005), being possibly due to fatty acid synthesis inhibition (Dulloo, et al., 2000; Tian,
et al., 2004). A proposed mechanism to explain the effect of green tea to protect
against obesity development may be due to decreased visceral fat deposition (Nagao,
et al., 2007), elevated thermogenesis and fat oxidation (Dulloo, et al., 2000; Murase,
et al., 2005) and being partially due to increased faecal lipid and cholesterol excretion
causing decreased fat absorption (Hsu, et al., 2006; Yang, et al., 2000). However,
(Ashida, et al., 2004) suggested that green tea reduces adipose tissue weight without
any changes in body weight, skeletal muscle weight. Further, feed and water intakes
were not altered meaning there was a lypolytic action causing adipose tissue weight.
In the present study, feeding of 2% cocoa with a high fat diet did not inhibit
adipose tissue development. This result contrasts findings by (Matsui, et al., 2005).
They proposed a mechanism for fat loss in cocoa fed mice to be due to decreased
mesenteric white adipose tissue weights via increased energy expenditure (i.e.,
increased hepatic UCP2 mRNA expression). Certainly the difference in actual cocoa
used to formulate the diet (12.5% vs. 2%) and thus the assumed lower polyphenol
content of the present studies cocoa based diet would have caused this difference in
findings.
It has been suggested that chlorogenic acid (present in coffee) reduced glucose
absorption by 6.9%, suggesting that long term use of coffee particularly rich in
chlorogenic acid may reduce body mass and body fat (Thom, 2007), possibly
explaining reduced body fat in the coffee group. However, feeding 2% coffee with a
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high fat diet does not inhibit adipose tissue development. Supporting this hypothesis,
(Lopez-Garcia, et al., 2006) observed that coffee had no effect in changing fat or lean
tissue carcass composition as it had a small reduction in long-term weight gain.
Consistent with this hypothesis, plasma NEFA were also unchanged in the coffee
group.
In a series of studies, it was suggested that cocoa in combination with fructooligosaccharides actually improves calcium absorption (Fukushima, et al., 2006).
However, the presence of cocoa and chocolate (+ methyloxantine theobromine), fed to
mother rabbits causes decreased bone development in progeny and incomplete
ossified bones (Skopinski, et al., 2003; Tarka, et al., 1986). Consistent with this
observation, there was no body weight loss effect of cocoa incorporation into a high
fat diet and any change in BMD or BMC in mice.
In parallel with bone development, increased body weight and fat for the cocoa and
coffee groups, contrast with findings by (Matsui, et al., 2005) and (Shimoda, et al.,
2006). Of a particular note is that both these groups of authors used higher rates of
cocoa (12% versus 2%) and coffee (1% green coffee bean – unroasted) respectively
than the present study. On this basis it is possible to suggest that higher amounts of
anti-oxidants containing beverages fed to mice would have most certainly influenced
body composition outcomes, even though the amount fed may be unrealistic or
extremely bitter in taste.
Prior to investigation, it was hypothesized that feeding green tea would
impede obesity development largely through decreased visceral adipose tissue. In
contrast to the present study, (Wolfram, et al., 2005) observed that a diet rich in
EGCG (1%) in combination with a high fat diet (20% w/w fat and 26% w/w sucrose)
significantly decreased epididymal adipose tissue. A possible explanation for the
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unchanged epididymal adipose tissue in the green tea group, is that there was a higher
levels of sucrose in the diets of mice in the present study (36%) which may have
altered fat distribution and storage in animals.
Numerous epidemiological studies indicate that regular coffee consumption
reduces the risk of developing type 2 diabetes. However, decaffeinated coffee proves
more effective in combating insulin resistance (Shearer, et al., 2007), possibly via
delayed glucose absorption (chlorogenic acid content) (Thom, 2007). Furthermore the
findings of the present study where the mice in the coffee group displayed reduced
(p<0.05) glucose at t = 120mins agree with coffee’s ability to reduce the risk of type 2
diabetes development. However, it must be noted that there was no other significant
changes in respect to the GTT area under the curve.
Studies investigating the effects of green tea consumption show that liver weight
decreases via decreasing hepatic lipid deposition/ triglycerides as EGCG acts to
reduce hepatic weight, fat content and increase hepatic energy status (Bose, et al.,
2008; Fiorini, et al., 2005; Hasegawa, et al., 2003). In agreement, the present study
showed that feeding green tea with a high fat diet reduces liver weight. To further
explain possible mechanisms causing this liver weight change, UCP’s are known to
increase hepatic β-oxidation with feeding of green tea (Murase, et al., 2002), while
(Dulloo, et al., 1999) observed tea catechin ingestion stimulates O2 consumption and
energy expenditure. Thus, elevated hepatic energy expenditure through UCP
thermogenic effect and utilisation of hepatic fatty acid stores may have contributed to
decreased liver weight.
When compared with the kidney mass as a percentage of live body weight, the
coffee group displayed a significantly greater mass at p<0.05 (+17% versus control
group), than all other groups. (Curhan, 1996) proposed that kidney stones may be
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responsible for higher kidney weights in patients with a higher consumption of
caffeinated coffee (+ 10% of normal intake) whereas (Ha, 1998) proposed kidney
hypertrophy being possibly caused by increased blood pressure. In the present study,
higher kidney mass was one consequence of higher coffee intake. This finding may
suggest that coffee intake may exacerbate higher blood pressure with morbid obesity.
Feeding green tea caused a significant elevation of plasma FFA. A recent study
shows that feeding green tea elevates plasma FFA/ NEFA (Murase, et al., 2005),
through increased lipolysis as oolong tea has been traditionally known to have antiobesity and hypolipidaemic effects (Han, et al., 1999), and initiates inhibition of
lipogenesis in adipose tissue (Hasegawa, et al., 2003). This change may be mediated
by glycerol release from fat cells (Mochizuki & Hasegawa, 2004). Thus, in the
present study, this explains why the GTT was unaffected in the green tea group, as
NEFA may have been the chief source of calorie use and thus glucose was not
preferentially utilized. However, in contrast, several studies showed a tri-acyl
glyceride lowering effect of green tea (Ashida, et al., 2004; Serisier, et al., 2008) and
increased GLUT-4 activity. Further work is needed to quantitify the activity of
GLUT-4 and other glucose metabolism enzymes before speculating further.
In this context, it is possible to suggest that the action of green tea may have also
been attributed to the synergistic effect of catechins in green tea. Their summative
relationship has been well documented by a number of investigators (Han, et al.,
1999; Kobayashi-Hattori, et al., 2005). One could speculate that the action of green
tea catechins and caffeine is due to a metabolic sink (e.g., elevated energy
expenditure), and that increased NEFA and decreased body fat are physical
manifestations of this consequence of elevated energy expenditure. In support of this
hypothesis, (Arciero, et al., 1995) postulated that the effect of caffeine may be
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achieved through elevation of metabolic rate and fatty acid availability via lipolysis of
adipocytes and consequent release of catecholamines. On this basis, the present model
could be re-eveluated to investigate the activity of uncoupling proteins, and thus yield
the answer to the high rate of lipolysis as evidenced in the green tea group.
However, despite the effect in the green tea group, there was no change in either
the cocoa or coffee groups in respect to plasma NEFA despite the assumed presence
of caffeine. In one study, there was an observation showing that in conjunction with
exercise, coffee consumption actually reduces lipolytic rate by suppression of
lipolysis (Mougios, et al., 2003). Yet in habitual coffee drinkers significantly elevated
plasma FFA prevails (Cocchi, et al., 1983; Denaro, et al., 1991) indicating an increase
in lipolysis. The results of the present study demonstrate that lipolysis is attributed to
the combined effect of green tea catechins and caffeine in the green tea or solely green
tea catechins. Cocoa does not affect NEFA plasma concentration unlike (Matsui, et
al., 2005), nor does coffee in the context of this dietary model in accordance with
(Mougios, et al., 2003).
This study has found that mice did display decreased plasma glucose in the
cocoa group which agrees with (Tomaru, et al., 2007) who observed that dietary
supplementation with cacao extract containing proanthocyanidins inhibited
hyperglycaemia in diabetic obese mice. However, the unchanged glucose
concentration in the green tea group contradicted findings by (Miura, 2005), who
observed green tea to have hypoglycaemic properties in type II diabetic mice. EGCE
the major active catechin found in green tea acts synergistically with caffeine to
induce thermogenesis and inhibits α-amylase and sucrase activity in rat intestine,
ultimately delaying glucose uptake from rat intestine (Wolfram, et al., 2005).
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In this context, the present study has identified that feeding of a readily
available and inexpensive food ingredient (e.g., 2% green tea) fed to animals on a
high fat diet presents improved health parameters for the morbidity obese or
individuals with high risk of obesity development and who currently consume a high
fat diet. To gain a broader insight into the underlying physiological mechanisms
which may be responsible for the inhibition of obesity development with combined
use of a green tea powder, an investigation into the molecular pathways underlying
catechin effect on energy and protein metabolism is crucial for more accurate dosage
and dietary implementation.
In conclusion, the results of the present study indicate that feeding of 2%
green tea in a high fat diet, reduces body weight by decreasing adipose tissue (e.g.,
stimulation of lipolysis; plasma NEFA elevation), promoting skeletal muscle mass,
and increased hepatic β-oxidation (e.g., increased basal metabolic rate), via the
synergistic effect of catechin and caffeine. Nevertheless, there is growing evidence to
suggest that compounds found in food may also alter feeding behaviour (Scott, et al.,
2008) and thus obesity development/ and successful weight loss. A summative
discussion of this thesis in the next chapter will try to highlight the importance of
viewing diseases such as obesity and cachexia in context of an inter-relationship
rather than as separate conditions.
All limitations mentioned were due to lack of funding and time. The limitations of this
study include the inability to conduct DEXA over three time points in the 18 weeks. A
baseline and mid-way point would have been useful to determine each mouse’s
change in body weight and also at which point in the study any obesity protection
from consuming green tea in particular occurred. Also it would have been useful to
measure the total anti-oxidant capacity of the plasma and also the anti-oxidant
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capacity of each feed. In doing so, direct conclusions relating to the presence of
antioxidants and weight loss could have been made. It is possible that even though the
dosage of raw material is 2% of the total feed, the amount of polyphenol in that 2%
may have (1) varied between the different diets, and (2) the presence of different
polyphenols may have either (3) no effect or a (4) direct weight loss effect. These
analyses mentioned as limitations would be necessary to complete provide extra
information for a publication. Also, gene analysis to describe what caused the loss of
weight in the green tea group even though their feed intake remained constant would
be necessary. I would propose analysis of skeletal muscle and liver analysis of UCP2
and UCP3. Also I would analyze fatty acid synthase and oxidation pathways by
analyzing fatty acid synthase (mRNA), leptin and adiponectin levels in plasma.
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Chapter 6
6.1

General Discussion

Overview
The general aim of this thesis was to characterise two novel models of

congestive heart failure cachexia. In both instances, previous models were established
for CHF but not CHF cachexia. In addition, to compare the effects of body wasting in
these two models, to a model of diet induced obesity which was studied last. The
development of DIO was examined to study the effects of consuming different antioxidant containing beverages (e.g., green tea) in feed and observe changes in body
weight and composition.
The overall focus of this work was on the role of UCP 3 in skeletal muscle
energy metabolism in cardiac Cachexia, and UCP3 was responsible for increased
energy expenditure during CHF cachexia, and the role of green tea to block
development of DIO. Specifically, it was hypothesised that reduction in feed intake
due to CHF would cause weight loss (e.g., skeletal muscle) and this hypo-caloric feed
intake would lead to the increase in UCP’s, and in combination, decrease body weight
independent of pair-feeding. It was further hypothesised that the inclusion of 2%
green tea in a high fat diet would prevent development of DIO in mice.
A pilot sheep study of CHF was firstly developed, to characterize the rate of
pacing and degree of muscle wasting that would occur, and secondly to observe any
changes in feed intake that may underlie this weight loss. The diet and pacing regime
were successful in the first study to induce wasting of lean leg tissue in the sheep. The
next animal study investigated the role of SAR-Ang II in inducing weight loss and
increased energy expenditure.
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Lastly, the third study investigated the effects of feeding different beverages
which were assumed to contain polyphenols on body composition changes in a mouse
model of DIO (e.g., chow, high-fat diet).

6.2.

Body composition response to RVP
Right ventricular pacing is long established as a method to induce congestive

heart failure (Montgomery, et al., 1992). In the present study there was decreased
weight to some degree through decreased leg lean mass. However, some propose that
the CHF disease progression does not affect body composition (Ingle, et al., 2007),
however, feed intake may be reduced (Vaisman, et al., 2004) and have a significant
effect on the energy homeostasis in the induction of congestive heart failure in the
sheep. There was no change in feed intake in the first study condudcted in this thesis,
but there was increased energy expenditure and leg lean tissue loss. Similarly, the
effect of pacing on energy expenditure is a matter of dispute (Farrell, et al., 2001;
Poehlman, et al., 1994) as different investigators observe it to be either lower or
higher in CHF patients displaying Cachexia.
In the first experimental study of this thesis, the body composition altering
effects of RVP pacing in the sheep on a normal lucerne and oat chaff diet were
determined and the effects on energy expenditure and inter-organ movement of amino
acids investigated. Firstly, there was lean leg tissue wasting. This lead the project to
examine probable cause and the results of this work demonstrated that pacing for
180bpm for 8 weeks causes increased energy expenditure. Furthermore, this increase
in elevated energy expenditure was found to be independent of total calorie intake
(e.g., sheep were pair fed).
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Although some studies have shown that RVP causes elevation of energy
expenditure and palmitate turnover (Lommi, et al., 1998), the present study found no
evidence to suggest that the pacing regime had any effect on palmitate turnover or
energy expenditure regulation. On the contrary, the RVP sheep had a negative body
weight growth, even while experiencing slightly higher energy expenditure especially
at week 8. This finding supports the hypothesis that RVP in sheep leads to weight loss
and increased elevated energy expenditure, and rejects findings by (De Sousa, et al.,
2002), who observed unchanged skeletal muscle metabolism in heart failure with
voluntary activity. A possible cause of increased energy expenditure with only a slight
change in body weight may have been higher amino acid (i.e., leucine) turnover as per
observations by (Toth & Matthews, 2006). On the basis that the present RVP model
causes lean tissue loss in the leg with slight weight loss, and increased energy
expenditure, the model can be accepted for use in the study of muscle atrophy in RVP.
In the second component of the first experimental study, there were changes in
organ weights and body adipose tissue deposits in the RVP sheep. Numerous
reviewers have outlined the complex alterations in organ weights and adipose tissue
that occur during CHF Cachexia (Krack, et al., 2005; Schulze, et al., 2005). (Wittels
& Spann, 1968), observed gross hypertrophy of the left ventricle and reduced
oxidation of long-chain fatty acids in CHF. This finding agrees with the present
studies findings which demonstrate that during CHF there are alterations in adipose
tissue metabolism (e.g., adipocyte proliferation/ suppression of fatty acid oxidation)
and the animal actually become more ‘obese’. To benefit future studies, this study
successfully identified important issues surrounding the experimental design, namely,
use of a higher number of animals (for less variability), chemical composition of
carcass to validate DEXA measurements, and analysis of other tissues for genes
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involved in the regulation of energy metabolism. In this regard, the first experimental
study of this thesis has been shown to be a valuable animal model for the study of
CHF Cachexia. In summary, the use of mechanical pacing was discontinued for the
next study, and a smaller animal model using hormone induced heart failure was used
so more invasive measurements could be made.

6.3

Response of rat body weight and composition to infusion of

SAR-Ang II
A number of animal studies has shown that infusion of Ang II induces heart
failure and weight loss. The infusion of SAR-Ang II into Sprauge Dawley rats
induced CHF and weight loss which is partially due to reduced feed intake and a
smaller component that is independent from feed intake, arising from a metabolic
factor (i.e., elevation in muscle and hepatic proton leak), like those observed by Cassis
et al. (1998) (i.e., thermogenesis). Porter et al. (2003) notes that the elevation of
thermogenesis is due to increased UCP1 in BAT. The renin-Angiotensin system is
responsible for maintaining renal and organ perfusion and blood pressure (von
Haehling, et al., 2007). However, very little is known about the origin of elevated
energy expenditure and body compositional changes during the CHF wasting. The
study described in Chapter 4 of this thesis is the first to directly investigate the effects
of infusion of SAR-Ang II on body weight, body composition and, importantly,
whether UCP3 in the skeletal muscle is largely responsible for elevated energy
expenditure in the adult Sprauge Dawley rat. The findings presented in this work
demonstrate that infusion of SAR-Ang II for a 5 day period is associated with more
rapid body weight loss than observed in the pair fed group. This indicates that weight
loss in the SAR-Ang II infused rats cannot be solely explained by reduction in feed
intake. After examining weight loss by body composition, there was no specific
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catabolism of the three components of body composition (i.e., muscle, fat, bone) to
waste away. The weight loss was uniform across all three components. In this study,
different methods of calculating body composition were used, which also aided in the
estimation of energy expenditure. The SAR-Ang II rats had increased energy
expenditure when corrected for body weight and more significantly when corrected
for body protein. This finding indicated that the SAR-Ang II rats have a component of
metabolism which is uncoupled from oxidative phosphorylation (e.g., increased
proton leak from the inner mitochondrial membrane). After measuring UCP3 in the
skeletal muscle in both studies there was no significant difference between treatment
group and pair-fed group, even though energy expenditure was increased. It is
concluded that UCP3 in skeletal muscle are not responsible for the uncoupling of
phosphorylation in the two models mentioned above. Further, the infusion of SARAng II directly induces heart failure and cardiac hypertrophy when compared with
pair-fed control rats. This hypertrophy and thus increased cardiac output would have
contributed to increased energy expenditure when compared to the pair-fed control
group, thus explaining part of the body weight loss caused by increased energy
expenditure.
This is the first evidence which shows that UCP 3 is not responsible for
elevated energy expenditure in SAR-Ang II infused rats. Notably, the absence of
increased UCP3 in the presence of SAR-Ang II induced CHF does not suggest that
UCP’s are not involved in elevation of energy expenditure, but calls for a more
serious study of all genes that regulate energy metabolism in key metabolic tissues
(e.g., liver, skeletal muscle, adipose tissue and heart). In addition, other tissues such as
the liver should be studied as it is the primary site for a bulk of physiological energy
metabolism. This is in contrast to other models of Ang II induced heart failure which
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cite UCP1 and thermogenesis to be responsible for some of the increased energy
expenditure (Porter & Potratz, 2004). In the present study, accelerated weight loss and
elevated energy expenditure occurred only when SAR-Ang II was infused, not in pair
feeding. In this context, the combined influence of the Ang II pathway to cause
fullness and increase metabolism can be identified as the primary cause of wasting.
However, the wasting was not discriminate to a certain part of the body composition
which contradicts previous findings showing that Ang II specifically causes muscle
specific.
The present study also investigated the recovery of rats after the cessation of
SAR-Ang II infusion. It was hypothesised that after cessation of infusion, the rats
would not regain weight to the same degree as the pair-fed individuals. Consistent
with the present body of literature, re-feeding during and after the cachectic episode is
not able to assist an individual to entirely re-gain as weight lost that occured during
cachexia or particularily aging sarcopenia (Roberts, et al., 1994). Furthermore, in
direct contrast, individuals with anorexia nervosa forced fed were able to regain
weight previously lost (Thiels, 2008). On the other hand, the present study has found
that increased appetite after cessation of SAR-Ang II infusion was not sufficient to
produce full re-gain growth. Overall, these findings suggest a possible mechanisms
for satiety in cardiac cachexia by exposure to SAR-Ang II infusion.
The presence of cardiac hypertrophy suggests that there was CHF present.
However, further studies are required to properly test this hypothesis. The
measurement of blood pressure or analysis of cytokine hormones (e.g., BNP or TNFα), which correlated with increased blood pressure in CHF would be necessary to
confirm this theory. (Pan, et al., 2004) have reviewed aspects of this hypothesis using
CHF patients and found that TNF-α was quite useful as a marker to predict the
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prognosis of CHF. Likewise, future studies using the present animal model could
utilise feed supplements/ dietary modulation or exercise treatment to test whether
supplementation of BCAA nutrition with omega-3 fatty acids and resistance training,
may assist the rats to gain weight in the recovery period. Since green tea catechins
have been used as dietary supplements in the use of promoting muscle deposition,
they too could be used to blunt the sharp decline in body weight in the SAR-Ang II
group during infusion. Also there is need for further study to identify key diagnostic
markers of cardiac cachexia in this model. Decreased feed intake and body weight,
and increased water intake, together do not fully describe fully cachexia. Screening of
blood metabolites or gene analysis (i.e., fat and skeletal muscle metabolism markers)
may be necessary to fully characterize the prognosis of the condition. One example
may be using a radio-labelled leucine tracer as described by (Toth & Matthews, 2006)
and examine protein turnover. In relation to direct rises in energy expenditure, it is
possible to using indirect calorimetry as per (Cassis, et al., 2002), or abdominal
temperature or hepatic UCP mRNA expression.
To fully characterize the role of Ang II in cardiac cachexia, further work is
necessary to examine the activity of Ang II receptor signaling pathways and their
influence to regulate energy expenditure. A wide variety of studies has demonstrated
that Ang II works on a number of molecules to affect feed and water intake (Volmert,
et al., 1991) and energy expenditure (Porter, et al., 2004). An investigation into the
tissue specific expression of UCP’s or other regulators of energy expenditure (e.g.
other UCP’s) and the activity of these key molecules is warranted to provide a more
complete characterization of Ang II actions in both central and peripheral tissues to
affect weight regulation.
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6.4.

The influence of green tea catechins on obesity regulation
In an extension of the two preceding animal studies investigating cardiac

cachexia, an animal model of DIO was used to compare a different syndrome of body
weight dysfunction and also for this DIO model to act as a precursor for heart failure
(i.e., morbid obesity). This study was very unique in that anti-oxidant containing
substances were delivered in the feed and not traditionally in the beverage format to
correct dysfunction in body weight homeostasis caused by excessive calorie intake
(e.g., fat and carbohydrates). Custom diets were made containing a realistic amount of
antioxidant containing beverage (i.e., 2% or 20g in 1kg). The difference in body
weight and composition was closely studied with measures of NEFA and plasma
glucose. Overall, the results of the DIO study found that adding green tea to a high fat
feed directly prevented mice from developing obesity.
Moreover, whilst conducting the diet induced model of obesity it was shown
that the addition (i.e., 2%) of green tea in feed of mice reduced weight gain. No single
polyphenol was identified to be attributable for the weight gain protection mechanism;
however other authors suggest ECGC as been the most potent adipolytic catechin
present in green tea (Diepvens, et al., 2007). Among the tissue-specific effects that
were observed, feeding of green tea with a high fat diet appeared to have had the
greatest effects on reducing adipose tissue and promoting skeletal muscle. Therefore,
feeding 2% green-tea with a high fat diet actually protects against adipocyte
deposition (e.g., via increased lipolysis, reduced fat absorption and suppression of
lipogenesis) and promotes skeletal muscle growth. A possible mechanism to describe
this hypothesis is that green tea has been found to limit weight regain after weight loss
as green tea offsets the expected reduction in energy expenditure with decreased
weight as energy expenditure is a function of lean mass (Diepvens, et al., 2007).
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It is important to recognize that only a limited number of possible diets could
be selected as the number of animals used for the study exceeded n = 60 animals. A
chow based dietary treatment group may also have proved valuable to study the
comparisons between the effects of green tea on a normal dietary versus obese regime
as well. In this context, the present results indicate that eating any polyphenol
containing beverage (other that green tea) in conjunction with a high fat diet had a
relatively small impact to impede weight gain in DIO. Rather than causing modest or
slight changes in body weight or composition, feeding of other beverages (i.e., cocoa)
actually rivaled that of the control diet and was associated with extreme adiposity.
Future, studies may benefit from this model as Japanese green tea powder has been
shown to promote lean mass deposition and opens the door way to a whole series of
experiments which identify the pathways catechins act on to drastically change body
composition and energy expenditure.
Obesity is also linked to behavioural traits such as anxiety or depression.
There is a correlation between the amount of adipose tissue and anxiety. Behaviour
may impair an individual’s ability to make informed dietary selection and quantities
eaten, due to compulsive eating behaviour disorders and may contribute to comorbidity of chronic depression and heart failure, thus possible cardiac cachexia
(Bousoño M, 2008 ). This is an area of research which requires further examination
and explanation of the inter-relationships with physiological outcomes of obesity and
primary causes (e.g., dietary education, correcting habits and attitudes to food and
lifestyle).
It is important to note, that both coffee and green tea contained caffeine which
is a known stimulator of adipocyte metabolism (e.g., mobilization, turnover and
oxidation) (Acheson, et al., 2004) and also elevates energy expenditure (Bracco, et al.,
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1995). The variation within the chosen animals comprising the group to loss or regain weight and body weight composition may represent an idea for further
investigation. The proposed study could tailor specific polyphenols, and a
corresponding dose rate for a particular commencing phenotype (e.g., maybe assess
the individuals body weight and body composition prior top recommending a certain
polyphenol compound to prevent further diet induced obesity). Biomarkers may be
used as tools to combat different weight altering diseases. A patient’s individual
susceptibility to develop obesity or cachexia may be diagnosed using screening of
biomarkers. It would be advantageous to catagorize individual polyphenol’s efficacy
to induce a greater response to weight loss or body composition modulation per the
individual’s needs and patient health history, age, body composition. Simply
prescribing a polyphenol containing food to all obese individuals is a haphazard
approach to treatment. Dietary intake, rate of absorption of macro-nutrients and the
proceeding metabolic processes until excretion all differ among individuals, thus gene
expression of key pro-obesity genes may offer insight into a patient’s ability to lose
weight or inhibit weight gain given a certain polyphenol and dietary treatment.
In a review by (Spencer, et al., 2008), a number of factors surrounding this
hypothesis are discussed. Analysis of the patient’s diet for polyphenols, their reoccurrence in blood and urine would need a high level of specificity. Individuals often
self-report diet and have different cooking methods, so the biomarker relationships
would require clear framework for understanding these and other (e.g., impact of
alteration at cooking, kinetics of absorption, polyphenol metabolism and excretion
phase of the particular biomarker) factors (Spencer, et al., 2008). It may be possible to
have a mathematical model where different numerals are assigned to different foods
to describe their polyphenol function capacity to influence body weight. Based on
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previous investigation, the inter-relationship between those foods containing
polyphenols and those foods which may have opposing effects could be studied and a
relationship could be derived. This relationship could predict the prognosis of weight
loss and the precise quantification of polyphenol containing beverages to be used to
gain the desired effect. The type and quantity of polyphenol may change as body
weight is lost and body composition changes in line with blood metabolites.
If the level of green tea remains constant and the diet is low in fat, this dietary
program may have only caused a modest decrease in body fat content and increase in
plasma NEFA as can be observed if the mice were consuming a chow diet. However,
if this dietary program is exposed to a high-fat diet, it would become more prominent,
as this dietary program may greatly accelerate the lipolytic response of DIO, as can be
seen in the green tea group of mice. This hypothesis is consistent with an emerging
consensus on the direct action of green tea catechin with lipolytic enzymes and
suppression of lipogenic enzymes, which suggests that rather than directly causing
weight loss; green tea catechins facilitate anti-adipocyte influences (Murase, et al.,
2002) and supports skeletal muscle growth after injury (Bordoni, et al., 2002).
Secondly, a decrease body weight in obesity (e.g., adipocyte number and size)
suggest that there is a reduction in oxidative stress in peripheral tissues. It has been
proposed, that increased oxidative stress during obesity is linked to a multitude of
other effects, arising from impairment of mitochondrial function in skeletal muscle
and is indirectly caused by insulin resistance and enhanced oxidative stress (Bonnard,
et al., 2008). This particular hypothesis supports green tea catechin’s ability to inhibit
TNF-α expression and thus inflammation, oxidative damage and inhibit tumourpromoting activities of epidermal growth factor and NF-κβ (Huber, et al., 2003;
Lamson, et al., 2001). It may be assumed that a decline in mitochondrial function may
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induce slower metabolism, but the mitochondria may still uncouple respiration via
UCP’s and thus impede obesity development (e.g. green tea group). This hypothesis
agrees with Dulloo, et al., (2000) who suggests that the main weight modulation effect
of green tea is its thermogenic effect, generally attributed to its caffeine content (i.e.,
sympathetically released noradrenalin), stimulating hepatic β-oxidation activity
(Kobayashi-Hattori, et al., 2005).
Overall, the observations made in the study have identified a number of key
pathways that can be accepted and focused for future research; metabolic regulators of
energy expenditure, lipolysis, lipogenesis, mitochondrial oxidative stress and
biomarkers for efficacy of polyphenol use in treatment of obesity and cachexia.
Caution must be warranted to investigate all levels of the study as the whole body
changes must marry with metabolite levels and changes in gene expression. To test
this hypothesis it will be necessary to measure oxidative capacity of the plasma, liver
and muscle primary cell culture-lines, gene analysis of oxidative stress and protein
function directly. Further, the levels of the native and introduced antioxidants should
be analyzed and release of any factors that may be lipolytic should be observed to
further understand the exact pathways (Garcia-Diaz, et al., 2008; Penfornis, et al.,
2005).

6.5. Concluding Remarks and Future Directions
The principal goal of this thesis was to characterize models of cardiac
cachexia to identify possible mechanisms by which the progression of the condition
leads to satiety, weight loss (e.g., skeletal muscle) and compare them to DIO, to
develop morbid obesity, a known precursor of CHF. The studies discussed in this
thesis work have achieved the aims and were successfully developed models for
further exploration of cardiac cachexia as a result of mechanical of hormonal induced
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CHF. Furthermore, these studies identify elevated energy expenditure as a key
mechanism through which weight loss was greater than feed intake and were not
attributed at a molecular level to UCP3 in skeletal muscle. Further, the use of green
tea in a high fat diet clearly displayed that the development of DIO could be
prevented, and thus can also be used as a treatment for weight gain and promotion of
skeletal muscle in cachexia. It is apparent that in both conditions there was body
weight dysfunction and notable changes representing views from different ends of the
spectrum of body weight, and composition.
These changes in body weight and composition highlight possible alterations
in the regulation of anabolic and catabolic hormones and tissue response to different
fuel substrates, their storage and utilization. Further, the work showed that catechins
in conjunction with caffeine may be a means of reducing oxidative stress which may
be a fundamental cause of obesity. Overall, the results presented in this thesis have
identified a number of metabolite and molecular changes in animals with CHF
induced cachexia. These findings demonstrate the need to study the inter-related
mechanistic pathways which may be the underlying causes of body weight
dysfunction, which lead further researchers to study the basis of mitochondrial control
of both cachexia and obesity.
All limitations mentioned in this thesis were caused by lack of funding and time in
particular. In discussing future directions that may be undertaken in each study, the
main goal would be to complete the relevant analysis to a level in which data could be
submitted as a publication(s). In Chapter 3, the study would have to be repeated with
equal number of sheep to confirm beyond week 8, when wasting occurs by loss of
lean leg tissue and body weight in particluar. The inter-organ amino acid analysis
could be perfomed to examine whether there is specific loss of certain amino acids
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(e.g., BCAA) such as hindlimb. Further analysis of UCP2 and UCP3 in the liver with
other genes involved in energy regulation may prove useful to explain the exact
pathways for elevated energy expenditure and weight loss in CHF cachexia. This also
could be applied to the studies in Chapter 4 and Chapter 5. In Chapter 4, a group of n
= 3 rats per group could be used to confirm body compositional changes using a small
animal DEXA. Not only could the body composition be studied at different time
points but also the exact moment of weight loss and gain and what tissues are
involved would be invaluable information. Also the study in Chapter 5 could be
included in the future study and the post-infusion AngII rats could receive a chow diet
with green tea added. The green tea catechins may stimulate skeletal muscle growth
and suppression of adipose tissue re-growth. In Chapter 5, the amount of polyphenol
in the feed could be quantified and a dose trial conducted (i.e. 0, 1, 2 and 5% green tea
in a high fat diet performed). This would confirm whether a higher level of green tea
dosage would result in faster and more pronounced obesity protective effect in mice
consuming a high fat diet with green tea. Overall there is a need to conduct some
further work to confirm findings and publish work.
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