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ABSTRACT
Obesity currently affects more than a quarter of the Australian population, and is a risk
factor for developing a range of disorders including insulin resistance, hypertension, and
dyslipidaemia, known collectively as the metabolic syndrome. The ACE-Inhibitor captopril
has been shown to have an anti-obesity effect in rodents, yet this weight loss effect is not
evident in humans. As the Australian diet contains a level of salt above the
recommendations, it is possible that a high salt intake is interfering with the weight loss
potential of captopril in humans. A range of foods also contain natural ACE-Inhibitory
compounds, such as herbs and spices, and may offer a natural alternative for the treatment
of obesity. The aims of this thesis included the investigation of the anti-obesity potential of
captopril and ACE-Inhibitory herbs and spices, and their interaction effect with dietary salt.
In the first study the interaction effect of captopril and dietary salt on body weight was
explored in C57BL/6J mice on a high fat diet. The study consisted of 10 treatment groups;
five levels of saline with or without 0.1 mg/ml captopril. In the second study culinary herbs
and spices were screened for ACE-inhibition levels using an ACE activity assay, and herbs
and spices rich in ACE-Inhibitory compounds were further selected for in vivo investigation.
The interaction effect between the herb and spice mix with dietary salt on body weight was
investigated in C57BL/6J mice on a high fat diet composed of two levels of salt with or
without 0.8% (w/w) herb and spice mix. In the final study the effect of two herb and spice
mixes, one high in ACE-Inhibitory compounds (HighACEI) and one low in ACE-Inhibitory
compounds (LowACEI), on body weight was investigated in an intervention study on obese
and overweight humans.
The results of the first study identified a range of dietary salt intakes, from 0.061 g/day to
0.086 g/day, which allowed for weight loss in response to captopril treatment.
Upregulation of SIK2 mRNA expression in adipose tissue was identified as a potential
mechanism underlying weight loss changes. The second study identified four herbs and
spices high in ACE-inhibition activity; amla, cinnamon, cloves, and oregano, and four low in
ACE-inhibition activity; black pepper, ginger, red chilli powder, and turmeric. The mix of
herbs and spices rich in ACE-Inhibitory compounds induced weight loss in mice; however,
weight loss was evident regardless of dietary salt level. The final study showed that the
HighACEI herb and spice mix did not have an anti-obesity effect in humans, but rather an
anti-hypertensive effect, also, that the LowACEI herb and spice mix reduced body fat mass
and serum triglyceride levels.
These studies collectively show ACE-Inhibitory compounds to have potential as treatment
for obesity, with captopril, but not herbs and spices, showing an interaction effect with salt.
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OUTLINE OF THE THESIS
This thesis consists of a literature review (Chapter 1), 3 experimental chapters (Chapters 3,
4, and 5), and a general discussion and summary chapter (Chapter 6). The first
experimental chapter, Chapter 3, investigates the effect of 5 dietary salt levels on captopril’s
anti-obesity effect in C57BL/6J mice, and a potential mechanism underlying body weight
changes. Chapter 4 shifts to the investigation of a herb and spice mix high in ACE-Inhibition
activity and the interaction effect with dietary salt intake. Chapter 5 investigates the effect
of the herb and spice mix high in ACE-Inhibitory compounds in obese and overweight
participants in an intervention style study. The effect of a herb and spice mix low in ACEInhibitory compounds is used as a control. Chapter 6 summarizes significant findings of the
3 experimental chapters in the thesis, and relates the findings to current literature.
Chapter 1 reviews the current literature on obesity, insulin resistance, and the metabolic
syndrome in relation to molecular pathways, and gives an insight into the gaps in the
knowledge regarding the effect of the pharmacological ACE-Inhibitor captopril, a commonly
prescribed anti-hypertensive, and herb and spice ACE-Inhibitory compounds on these
metabolic disorders. The literature review introduces salt as a possible regulator of the
anti-obesity potential of captopril. The chapter gives an insight into the gaps in the
knowledge which the thesis aims to address. A summary of the current study is given.
Chapter 2 covers generic materials and methods used throughout the research, and is
referred to throughout the thesis.
Chapter 3 explores findings on the level at which salt turns the captopril anti-obesity
“switch” on. This was achieved by monitoring body weight changes in C57BL/6J mice in
response to captopril treatment and a range of salt levels in the diet. Other aspects related
to obesity including feed and fluid intakes, gene expression, protein expression, and plasma
hormones and metabolites were analysed aiming to identify a potential pathway
responsible for the effect of salt and captopril on weight loss.
Chapter 4 investigates natural alternatives to captopril; herbs and spices rich in ACEInhibitory compounds identified using an ACE activity assay. The chapter shows the
outcomes of the selected herbs and spices on obesity in C57BL/6J mice and uncovers the
lack of an interaction effect with salt when these herbs and spices are used as treatment of
obesity. Changes in body weight, feed and fluid intakes, and gene expression are reported.
Chapter 5 explores the potential of herb and spice supplements to reverse obesity and
other factors of the metabolic syndrome including hypertension and hypertriglyceridaemia.
xiii

The research is conducted as a 6 month intervention preliminary clinical trial in obese and
overweight humans using two herb and spice mixes, one high in ACE-Inhibitory compounds
and one low in in ACE-Inhibitory compounds.
Chapter 6 covers a general discussion of the complete findings presented in the thesis in
relation to current literature. The potential for captopril and dietary salt reduction to be
utilized as anti-obesity treatment and the potential of herb and spice supplementation in
treatment of disorders of the metabolic syndrome are summarized. Potential mechanisms
underlying the results from the individual studies are summarized. Methodological
limitations of the studies and directions for future research are explored, and conclusions of
the thesis are made.
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CHAPTER 1

Introduction
Data released by the ABS in 2012 showed 28.3% of Australia’s population to be classified as
obese (ABS, 2012). When the figures of obesity and overweight persons in Australia are
combined, more than 60% of the population is currently affected (ABS, 2012). The direct
annual cost of overweight and obesity in Australia in 2005 was estimated at $21 billion
(Colagiuri et al., 2010). The metabolic syndrome is a cluster of at least three defined
metabolic disorders including central obesity, insulin resistance, hypertension, and
dyslipidaemia and is a high level risk factor for the development of diabetes, stroke, and
heart attack (WHO, 2005). With obesity affecting over a quarter of the population, and
being a risk factor for developing all other disorders of the metabolic syndrome (Huang et
al., 1998; Schelbert, 2009), it is the main focus of the individual metabolic disorders in this
thesis.
The development of obesity is complex and involves environmental and genetic factors (Qi
& Cho, 2008). Molecular pathway changes in relation to the development of obesity, link
obesity with insulin resistance/type 2 diabetes. Captopril has recently been shown to have
an anti-obesity effect as well as improve insulin sensitivity in rodents (Weisinger et al.,
2009). The pharmacological ACE-Inhibitor captopril is currently used as an antihypertensive, and works by inhibiting activity of the renin-angiotensin system (Swartz et al.,
1980). This anti-obesity and insulin sensitizing potential of captopril (Weisinger et al.,
2009), combined with the anti-hypertensive effect of captopril (Swartz et al., 1980),
suggests potential for captopril as treatment for obesity and the metabolic syndrome.
Despite the evidence of an anti-obesity effect of captopril in rodents (Mattson & Krauski,
1998; de Kloet et al., 2009; Weisinger et al., 2009; Premaratna et al., 2011; Kalupahana et
al., 2012), there is little evidence of a weight loss effect in humans. A potential cause for
the lack of a weight loss effect in humans in response to captopril treatment may be due to
an interaction effect with dietary salt, as salt is known to also regulate the activity of the
renin-angiotensin system (Taub, 2010), and it is reported that a low salt diet potentiates the
anti-hypertensive effect of captopril (Swartz et al., 1980). Hence, a low salt diet may also
potentiate captopril’s anti-obesity effect also. Considering the typical Western diet contains
approximately 3,330 mg/day of sodium (USDA, 2010b), and that the National Health and
Medical Research Council (NHMRC) recommends an intake of less than 1,600mg/day of
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sodium (NHMRC, 2006) it is possible that a diet high in salt interferes with the anti-obesity
potential of captopril in humans.
Although the possibility of captopril being used in pharmacotherapy of metabolic syndrome
is promising, more research needs to be conducted to determine the potential interaction
effect with salt and what level of intake allows for the anti-obesity effect of captopril.
As with other drugs, captopril does have a range of side effects (Gavras & Gavras, 1988). A
range of herbs and spices has been reported to have comparatively high levels of ACEInhibitor capacity (Nyman et al., 1998; Barbosa-Filho et al., 2006). Natural alternatives to
pharmacological treatment of obesity and the metabolic disorder may include the use of
herbs and spices selected for their ACE-Inhibitor properties. The potential for herbs and
spices rich in ACE-Inhibitors to be used as treatment of metabolic syndrome should be
investigated.
This review covers the topic of obesity in relation to molecular pathway changes which
occur in the development and reversal of obesity. The link between these changes and
insulin resistance is discussed. The potential for the pharmacological ACE-Inhibitor captopril
to treat obesity and insulin resistance is examined in combination with other disorders of
the metabolic syndrome. Dietary salt is reviewed regarding recommendations, typical
dietary intake, sodium related disease states, and the potential for an interaction effect of
salt with captopril. Herbs and spices rich in ACE-Inhibitory activity are introduced as
potential natural alternatives to pharmacotherapy for metabolic syndrome. Furthermore,
the review examines a range of herbs and spices and their reported effects on disorders of
metabolic syndrome. Finally, the review poses several hypotheses as an introduction to the
experimental chapters.

Obesity
Obesity is a common metabolic disease defined by body mass index (BMI) or waist
circumference (WC). BMI is a calculation of weight (kg) divided by height (m²). The World
Health Organization defines overweight and obese persons as those with a BMI >25 kg/m2
and >30 kg/m2 respectively (WHO, 1998). Alternatively, females with a waist circumference
between 80-87.9 cm and males with a waist circumference between 94-101.9 cm are
classified as overweight, and a waist circumference greater than 88 cm and greater than
102 cm, for females and males respectively, classifies the individual as obese (WHO, 1998;
Cameron et al., 2003).
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Obese individuals are at an increased risk of developing hypertension (Huang et al., 1998),
heart disease, insulin resistance, type 2 diabetes, and dyslipidaemia as well as a range of
cancers (Schelbert, 2009). When obesity is paired with insulin resistance, common in the
obese phenotype, the risk of coronary heart disease is even higher (Abbasi et al., 2002).

Aetiology of obesity
Obesity, no longer viewed simplistically as a dietary energy surplus, is a complex disease
involving a combination of environmental and genetic factors (Qi & Cho, 2008). Dietary
factors involved in obesity development, the physiology and endocrinology of adipose
tissue, and the molecular pathway changes in obesity are discussed.

Dietary factors in obesity
Excessive energy intake is no longer considered to be the only factor in the obesity
equation, also taken into account is the macronutrient composition of our diets.
Macronutrient imbalances, such as overconsumption of fat (Astrup, 2001) or high glycaemic
index (GI) carbohydrates (Scribner et al., 2007), have been attributed to obesity
development. Dietary recommendations commonly prescribed in prevention and treatment
of obesity include consuming a diet consisting of low GI, high fibre carbohydrates, low in fat
- especially saturated fats (Riccardi & Rivellese, 2000), with a variety of fruit and vegetables
(Krauss et al., 1996).
Although a reduced carbohydrate diet (contributing 37% of total calories) with a high intake
of fat (41% of total calories) was shown to reduce body weight in obese participants
compared to a low calorie, low fat diet (33% of total calories) (Samaha et al., 2003), the type
of fat consumed is also important. A diet high in polyunsaturated fats, in particular those
derived from fish, has been shown to be anti-adipogenic in comparison to other fats
(Ruzickova et al., 2004).
Dietary recommendations for obese patients also include a reduced sodium diet (Krauss et
al., 1996; He et al., 1999), due to highly significant correlations between BMI and blood
pressure (Modan et al., 1985).
Finally, to minimize adipocyte hypertrophy and proliferation, energy intake should be in
balance with energy expenditure (Spiegelman & Flier, 2001).
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Adipose tissue
Adipose tissue is the main storage unit for excess energy in the form of triacylglycerol (Frayn
et al., 2003), and is also now known to act as an endocrine organ producing and secreting a
large range of proteins, termed “adipokines” (Trayhurn & Wood, 2004), which work to give
feedback in relation to energy stores (Frayn et al., 2003). There are two forms of adipose
tissue; white adipose tissue (WAT) and brown adipose tissue (BAT) and these two forms
have major differences in their physiology (Leff & Granneman, 2010).
Due to the complexity of the physiology and endocrinology of adipose tissue this will be
discussed in more detail in the following section.

Adipose tissue physiology
WAT acts as a storage unit for excess energy in the form of triglycerides (Frayn et al., 2003),
which can be broken down in response to energy demands in times of fasting (Hull & M.M,
1966). BAT, on the other hand, breaks down fat stores in response to cold (Hull & M.M,
1966) by thermogenesis, releasing energy as heat (Leff & Granneman, 2010). This process is
due to the action of the uncoupling protein 1 (UCP1), which is upregulated in response to
cold and downregulated in response to fasting (Boss et al., 1997)
Lipid droplets are condensed in the WAT and dispersed in BAT, whereas capillary networks
are denser in BAT than WAT due to the metabolic demand for oxygen in mitochondria (Leff
& Granneman, 2010). Adipocytes are but one constituent of the adipose tissue, others
include preadipocytes, macrophages, fibroblasts, and mast cells (Leff & Granneman, 2010).
WAT is stored as visceral fat tissue as well as subcutaneous fat tissue (Leff & Granneman,
2010), and subcutaneous fat tissue can be further identified as superficial and deep
subcutaneous adipose tissue (Deschenes et al., 2003). In obesity hyperplasia occurs mostly
in subcutaneous adipose tissue, but hypertrophy of fat cells occurs in both subcutaneous
and visceral adipose tissue (Drolet et al., 2007). Autophagy is a process which regulates
lipid droplet biogenesis and breakdown, and Kovsan and colleagues (2011) showed visceral
fat to have a higher expression of the genes and proteins involved in autophagy including
light chain 3-I (LC3I) and light chain 3-II (LC3II) (Kovsan et al., 2011).
Only WAT is responsible for the release of leptin, a hormone which is positively correlated
to WAT mass and works in a negative feedback loop to suppress the desire for food intake
(Fantuzzi & Mazzone, 2007). Hormones produced in and secreted from adipocytes are
termed adipokines (Trayhurn & Wood, 2004). As there are many adipokines and other
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factors released from adipose tissue (Lago et al., 2007) only select adipokines will be
discussed.

Adipose tissue endocrinology
Two adipokines released from the adipocyte, and commonly noted in relation to obesity
and insulin resistance, are adiponectin and leptin which correlate, negatively and positively
respectively, with waist-to-hip ratio in humans (Staiger et al., 2003). These adipokines are
secreted from the adipose tissue in larger quantities comparatively to other adipokines
(Miller et al., 2011), and, hence, will be discussed in relation to their role in adiposity, insulin
sensitivity, and appetite. Also the role of non-esterified fatty acid metabolites in obesity will
be discussed as a marker for dysfunctional fatty acid regulation.

Adiponectin
Adiponectin release from adipocytes is related to levels of adiposity (Ukkola & Santaniemi,
2002), and, as this adipokine plays a role in improving insulin sensitivity (Maeda et al., 2002)
and reducing inflammatory cytokines (Kim et al., 2007), it highlights the importance of
reducing adiposity in order to reduce type 2 diabetic outcomes.
Adiponectin is an anti-inflammatory adipokine (Fasshauer et al., 2004), which functions to
improve insulin sensitivity in skeletal muscle tissue and suppress insulin sensitivity in
adipose tissue (Maeda et al., 2002). Levels of adiponectin are negatively correlated with
levels of adiposity and insulin resistance (Ukkola & Santaniemi, 2002), and a significant
increase in plasma adiponectin is seen in response to weight loss (Coppola et al., 2009).
A commonly used mouse model for diet-induced obesity (DIO) is the ob/ob mouse, a strain
which lacks the adipokine leptin and consequently is hyperphagic and in turn
hyperglycaemic (Lindstrom, 2007). These mice rapidly develop obesity and become insulin
resistant (Lindstrom, 2007). The ob/ob mice also display low levels of adiponectin and this
is suggested to be due to an increased level of hypoxia in adipose tissue (Ye et al., 2007). In
a study by Kim and colleagues (2007) ob/ob mice overexpressing adiponectin were created
by transgenic manipulation. Although these ob/ob mice overexpressing adiponectin
displayed a significant increase in body fat, surprisingly they showed an improvement in
glucose, insulin, and triglyceride (TGL) levels, along with an increase in peroxisome
proliferator-activated receptor-γ (PPARγ) expression. The author suggested that the role of
adiponectin is to increase fat deposits in adipocytes rather than the more harmful storage
within the liver and muscle. The study also showed the animals to have reduced systemic
inflammation in response to increased adiponectin levels, signified by a significant reduction
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in interleukin 6 (IL-6) and tumour necrosis factor α (TNFα). Ob/ob adiponectin transgenes
had a more efficient energy metabolism, shown by the decreased amount of food
consumed per kg of body weight and reflected by an increase in body weight. The ob/ob
adiponectin transgenes, despite being morbidly obese, also had a decreased mortality rate
(Kim et al., 2007).
The aforementioned study highlights the importance of adiponectin as an anti-inflammatory
adipokine, but the findings relating adiponectin to increased body weight opposes the
majority of findings relating to adiponectin. A range of studies shows adiponectin to
negatively correlate with obesity (Berg et al., 2002; Yang et al., 2002) and adiponectin to
increase in the presence of weight loss (Kopp et al., 2005; Coughlin et al., 2007).
The unexpected fat mass gain attributed to adiponectin in the study by Kim and colleagues
(2007), may possibly be due to interactions between leptin and adiponectin, whereby the
absence of leptin allows adiponectin to induce weight gain, as leptin would normally reduce
energy intake in response to an increase in adipocyte size (Fantuzzi & Mazzone, 2007).

Leptin
Leptin levels, as opposed to adiponectin, positively correlate with adiposity (Fantuzzi &
Mazzone, 2007). Despite the suppression of appetite (Stephens et al., 1995), and increase
in fatty acid oxidation and glucose uptake in normal conditions (Minokoshi et al., 2002),
resistance to the effects of leptin is often the case in obese conditions (Lin et al., 2000).
Leptin, first identified in 1994 (Zhang et al., 1994), is released in response to adipocyte
hypertrophy (Fantuzzi & Mazzone, 2007). In response to fasting, leptin levels decrease,
which is sensed by the hypothalamus, and causes appetite stimulation (Schwartz et al.,
1996) in order to restore energy balance. Similarly, an increase in leptin suppresses
appetite, and the mechanism of action is the increased production of neuropeptide-Y in the
hypothalamus (Stephens et al., 1995).
Leptin also has a role in stimulating fatty acid oxidation and increases glucose uptake
(Minokoshi et al., 2002). Leptin has been shown to mediate an increase in fatty acid
oxidation by phosphorylation, and hence activation, of the α2 subunit of 5´-AMP-activated
protein kinase (AMPK) (Minokoshi et al., 2002). This increase in fatty acid oxidation takes
place in the muscle tissue (Minokoshi et al., 2002).
Obese individuals are shown to have higher levels of leptin in comparison to lean individuals
(Sinha et al., 1996; Heptulla et al., 2001). However, leptin administered in the presence of
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hyperinsulinaemia was shown to improve insulin activity and increase glucose uptake
(Barzilai et al., 1997). Pharmacotherapy treatment of obesity involving administration of
leptin has shown to be effective in the obese deficient in leptin (Farooqi et al., 2002),
however, obese individuals tend to show high leptin levels, due to leptin resistance (Lin et
al., 2000). In the presence of obesity, leptin resistance appears to result in a reduced level
of suppression of the appetite in response to leptin (Lin et al., 2000). Furthermore, leptin
also reportedly elevates blood pressure (Shek et al., 1998).
These factors suggest leptin administration to be an ineffective treatment for obesity in
individuals who have normal/high leptin levels.

Metabolites
Non-esterified fatty acids
Non-esterified fatty acid (NEFA) fatty acid levels are suppressed postprandially in response
to insulin release (Frayn, 2002), but in obesity insulin has a reduced capacity to stimulate
this suppression (Ong & Kern, 1989). Raised NEFA levels as seen in obesity are a factor in
the progression of lipotoxicity (Weinberg, 2006), leading to cellular stress and the eventual
apoptosis of β cells (Unger & Orci, 2001). The dysfunction of fatty acid regulation in obesity
is hence a factor in the progression of diabetes.
Lipolysis of stored triglycerides release NEFA’s and glycerol and is initiated in response to a
decrease in energy stores as occurs during fasting (Klein et al., 1986). These free fatty acids
(FFA) can then be broken down to produce energy via fatty acid oxidation (Giudicelli et al.,
1977). Following consumption of a fatty meal, plasma triglyceride levels increase and NEFA
levels decrease and it has been suggested that these changes postprandially may be
regulated by hormone-sensitive lipase (HSL) and lipoprotein lipase (LPL) (Frayn, 2002).
Insulin rapidly suppresses the release of NEFA from adipose tissue after a meal and
concurrently stimulates fatty acid esterification, by suppressing HSL, and activating LPL
respectively (Frayn, 2002). The adipose tissue’s level of NEFA secretion is now noted to play
a major role in regulation of glucose secretion from the liver, with both NEFA and glucose
secretion increasing in times of fasting (Frayn, 2002). Dysfunction of fatty acid regulation is
shown by the lack of adipose tissue response to insulin after a meal (Ong & Kern, 1989),
thus higher levels of NEFA postprandial.
Insulin has been shown to significantly increase the activity of adipose tissue LPL after a
meal in lean participants, but has failed to significantly increase the activity of adipose tissue
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LPL after a meal in obese participants (Ong & Kern, 1989). Dysfunction of fatty acid
regulation is shown to result in a significantly higher level of plasma NEFA’s in obese
humans and animals in comparison to lean (Heptulla et al., 2001; Ferguson et al., 2007).
High levels of NEFA, as found in obesity, are often seen in conjunction with accumulation of
triglycerides in non-adipose tissue and is termed lipotoxicity (Weinberg, 2006). Lipotoxicity
is a state which has been shown to precede development of diabetes in Zucker rats (Unger
& Orci, 2001). This was attributed to apoptosis of β cells due to cellular stress (Unger &
Orci, 2001), as loss of β cell mass due to apoptosis was shown in type 2 diabetics (Butler et
al., 2003). Lipotoxicity in the Zucker rats was also shown to induce cardiomyopathy (Unger
& Orci, 2001).

Molecular pathways of obesity
There are many molecular pathways involved in the development of obesity; however, the
pathways which regulate the cyclic AMP response element binding protein (CREB) will be of
focus. This is due to the role of CREB activity as a link between obesity and insulin
resistance. The autophagic process, which regulates lipid biogenesis and breakdown
(Kabeya et al., 2000), along with the role of uncoupling proteins (UCP) in thermogenesis (Liu
et al., 2003), insulin release (Zhang et al., 2001; Costford et al., 2006), and lipid uptake
(Costford et al., 2006), are also discussed as common molecular links between obesity and
insulin resistance.

CREB activity
The role of CREB in relation to upregulation of genes involved in gluconeogenic (Herzig et
al., 2001), lipogenic (Du et al., 2008; Yoon et al., 2009), and stress response pathways (Hai
et al., 1999; Qi et al., 2009) will be discussed. The molecular pathway preceding CREB
activation involving the proteins salt-inducible kinase 2 (SIK2) and the co-activator
transducer of regulated CREB activity 2 (TORC2 or CRTC2) are described. This pathway
operates in a similar manner in both adipose and liver tissue; however, the basal state of
CREB activity and the outcomes in these tissues vary slightly (Koo et al., 2005; Du et al.,
2008). The obese and insulin resistant conditions also alter the state of CREB activity
(Horike et al., 2003; Qi et al., 2009), thus highlighting dysfunction of this pathway in
response to, and possibly preceding, these conditions.
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The role of CREB
The cyclic AMP response element binding protein (CREB) is a nuclear transcription factor,
meaning its activation/inactivation regulates the transcription of genes downstream (Lonze
& Ginty, 2002). Activation of CREB precedes activation of many pathways, including the
gluconeogenesis (Herzig et al., 2001), lipogenesis (Du et al., 2008; Yoon et al., 2009), and
stress response pathways (Hai et al., 1999; Qi et al., 2009). CREB regulates expression of
gluconeogenic genes including peroxisome proliferator-activated receptor-γ coactivator 1,
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) in the
liver (Herzig et al., 2001) and these genes are upregulated in the liver in response to fasting
(Haase et al., 2011). CREB also has a role in regulating expression of the lipogenic genes
including fatty acid synthase (FAS), and acetyl-CoA carboxylase (ACACA) in the liver (Yoon et
al., 2009) and adipose tissue (Du et al., 2008), and stress response genes such as the
activating transcription factor 3 (ATF3) (Hai et al., 1999), which suppresses adiponectin and
the glucose transporter 4 (GLUT4) in adipose tissue (Qi et al., 2009).

CREB activation by SIK & TORC
CREB activation is regulated by the phosphorylation states of the salt-inducible kinase 2
(SIK2) and the co-activator transducer of regulated CREB activity 2 (TORC2 or CRTC2)
(Screaton et al., 2004). CREB is activated by phosphorylation at the Ser133 site (Lonze &
Ginty, 2002) which may occur in response to the translocation of TORC2 from the cytoplasm
to the nucleus (Screaton et al., 2004). Activated SIK2 is responsible for anchoring TORC2 in
the cytoplasm and preventing TORC2 from activating CREB (Screaton et al., 2004). SIK2
anchors TORC2 in the cytoplasm by phosphorylating TORC2 at the Ser171 site (Dentin et al.,
2007). Family members of TORC2 include TORC1 and TORC3, and although TORC1 and
TORC2 are very similar proteins and respond in a similar manner, TORC3, despite
similarities, does not (Screaton et al., 2004).
Where TORC2 is inactivated by
171
phosphorylation at Ser (Dentin et al., 2007) TORC1 is phosphorylated at Ser151 (Altarejos
et al., 2008).
Phosphorylation of liver SIK2 at the Ser587 residue deactivates SIK2 and disables SIK2 from
anchoring the TORC protein, by phosphorylation, in the cytoplasm (Dentin et al., 2007).
Upon translocation of the de-phosphorylated TORC protein to the nucleus, activation of the
CREB-dependent luciferase reporter genes occurs, alternatively, Ser358 phosphorylation of
SIK2, and hence activation of SIK2, initiates the exportation of TORC2 from the nucleus to
the cytoplasm (Dentin et al., 2007).
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Role of CREB and SIK activity in adipose and liver tissue
Under basal conditions TORC1 and TORC2 remain sequestered in the cytoplasm (Screaton et
al., 2004), and in response to fasting TORC proteins (1 and 2) are translocated to the
nucleus in hepatocytes (Koo et al., 2005) stimulating CREB activity (Screaton et al., 2004)
and gluconeogenic pathways (Herzig et al., 2001). This suggests SIK2 expression/activity is
decreased in liver tissue in response to a fasting state. However, in response to prolonged
feeding of a high fat diet in mice, the level of CREB activity is upregulated in adipose tissue,
and is a suggested mechanism underlying the sequential development of diet-induced
obesity and insulin resistance (Qi et al., 2009). In response to insulin resistance CREB
activity is also upregulated in liver tissue, represented by the increase in gluconeogenic
gene expression (Herzig et al., 2001). This overactivity of CREB is reportedly due to hepatic
ER stress (Wang et al., 2009). This indicates that in response to a prolonged high fat diet,
SIK2 activity is likely downregulated, and protection from diet-induced obesity and insulin
resistance may occur in response to increased SIK2 activity in liver and adipose tissue.
Increased expression of SIK2 has been shown to occur due to nutrient deprivation in a 3T3L1 cell line, possibly in order to inhibit lipogenesis during times of low energy (Du et al.,
2008). Du and colleagues (2008) showed SIK2 overexpression in WAT adipocytes to reduce
expression of lipogenic genes including FAS and ACACA genes (Du et al., 2008). This
research represented SIK2 activation by the presence of phospho-TORC2; the
phosphorylation states of SIK2 were not reported. A similar effect of SIK expression in
lipogenesis was shown in liver cells, whereby the lipogenic genes FAS and ACACA were
shown to be downregulated in hepatocytes over-expressing SIK1 (Yoon et al., 2009), an
isoform of SIK2 (Katoh et al., 2004). However, once again phosphorylation states of SIK1
were not reported.
Conflicting evidence into the outcomes of SIK2 overexpression comes from work involving
db/db mice. Db/db mice develop obesity, fasting hyperglycemia, and hyperinsulinaemia
and are used as a type 2 diabetes model (Kobayashi et al., 2000). Researchers showed that
db/db mice displayed overexpression and activity of SIK2 in WAT, which reportedly resulted
in Ser789 phosphorylation of the insulin receptor substrate (IRS)-1 (the equivalent to Ser794
phosphorylation of the human IRS-1) (Horike et al., 2003). The Ser789 phosphorylation of
IRS-1 is detrimental to insulin sensitivity and the author suggested a role for overexpression
of SIK2 in eventual progression of insulin resistance (Horike et al., 2003).
However, in support of the aforementioned study by Du and colleagues (2008), Qi and
colleagues (2009) showed CREB to be overactive in adipose tissue in obese mice, increasing
expression of ATF3 and in turn reducing adiponectin and GLUT4 expression (Qi et al., 2009).
Down regulation of CREB activity in adipocytes, shown in dominant negative CREB
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transgenic mice, resulted in increased insulin sensitivity, reduced tissue inflammation, and
protection from hepatic steatosis (Qi et al., 2009). Due to the regulation of CREB activity by
SIK2 (Screaton et al., 2004), it could be anticipated that an increase in SIK2 activity would
have had a similar effect.
Despite conflicting evidence, these findings show an important role for SIK1/2 in the
regulation of gluconeogenesis and lipogenesis. Based on the aforementioned studies, in an
obese insulin resistant state, activity of CREB is potentially upregulated and SIK2 activity
downregulated, possibly in both adipose and liver tissue. A diagrammatic summary of the
suggested role of SIK2 in gluconeogenesis (hepatocytes) and lipogenesis (hepatocytes and
adipocytes) is shown below in Figure 1.1.
Knockout of TORC1 is linked to obesity, infertility, hyperphagia, and insulin resistance
TORC1, a protein with similar function to TORC2 (Screaton et al., 2004), when knocked out
in C57BL/6 mice resulted in obesity and infertility, with the KO mice consuming a
significantly greater amount of food and showing reduced energy expenditure (Altarejos et
al., 2008). Altarejos and colleagues (2008) also reported significantly increased levels of
circulating glucose, insulin, triglycerides, and leptin in the TORC1 knockouts. The study
showed hyperphagia, increased adiposity, and insulin resistance to be evident in even the
heterozygous TORC1+/- mice. Interestingly, ob/ob mice were also reported to display an
increase in the inactive phosphorylated form of TORC1 in the hypothalamus (Altarejos et al.,
2008). It appears that although inactivity of TORC proteins reduces lipogenesis in adipose
tissue there is importance for the activity of this protein in other tissue in maintaining a
healthy body weight.
Collectively, these findings show the importance of TORC1/TORC2, SIK1/SIK2 and CREB
activity in maintaining glucose homeostasis, insulin sensitivity, triglyceride production, and
body weight.

11

Hepatocyte cytoplasm

Hepatocyte cytoplasm

P

P

SIK2 Ser587 (inactive)

SIK2 Ser358 (active)
P

TORC2
(dephosphorylated)

TORC2 Ser171

P

nucleus

CREBphSer133 (active)

CREB (inactive)

nucleus

↑Gluconeogenic gene expression

↓Gluconeogenic gene expression

Adipocyte cytoplasm

Adipocyte cytoplasm

SIK2 (low expression)

SIK2 (high expression)
P

TORC2 Ser171

TORC2
(dephosphorylated)

P

nucleus

CREB Ser133 (active)

CREB (inactive)

nucleus

↑Lipogenic gene expression

↓Lipogenic gene expression

Hepatocyte cytoplasm

Hepatocyte cytoplasm

SIK2 (low expression)

SIK2 (high expression)

TORC2
(dephosphorylated)

nucleus

P

TORC2 Ser171

P

CREB Ser133 (active)

nucleus

CREB (inactive)

↓Lipogenic gene expression

↑Lipogenic gene expression

Figure 1.1 Suggested role of SIK2 in gluconeogenic and lipogenic gene expression
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ATF3, PGC1, and FAS
CREB activity has the potential to upregulate expression of a range of genes which govern
the stress response, gluconeogenesis, and lipogenesis, including ATF3 (Qi et al., 2009), the
peroxisome proliferator-activated receptor-γ coactivator 1 (PGC1) (Herzig et al., 2001), and
FAS respectively (Du et al., 2008; Yoon et al., 2009). A role for ATF3 in obesity development
is via its suppression of adiponectin gene expression (Kim et al., 2006), and the association
between these two factors has been shown in WAT of the ob/ob and db/db mice (Kim et al.,
2006). Dysregulation of the expression of PGC1 is noted to be due to CREB overactivity and
is exhibited in the db/db mouse (Herzig et al., 2001), leading to hyperglycaemia. This
overactivity of CREB may also induce an increased rate of lipogenesis in liver (Yoon et al.,
2009) and adipose tissue (Du et al., 2008), as discussed below.
ATF3 is induced in response to stress models such as hypoxia (Zmuda et al., 2010). Zmuda
et al. (2010) showed ATF3 to regulate two groups of genes, including apoptotic genes and
immunomodulative genes. The immunomodulative genes TNFα, IL-6 and monocyte
chemoattractant protein-1 (MCP-1), all classified as inflammatory cytokines, downstream of
ATF3 were upregulated in response to stress. In response to ATF3 knockout, expression of
these genes was significantly reduced, signifying a reduction in inflammation (Zmuda et al.,
2010). ATF3 expression has also been shown to reduce adiponectin expression by binding
to the adiponectin promoter, and reduction of adiponectin associated with increased ATF3
expression was documented in WAT of obese (ob/ob) mice (Kim et al., 2006). A reduction
of adiponectin associated with increased ATF3 expression was also documented in WAT of
the db/db mouse models (Kim et al., 2006). The overactivity of CREB as found in obese mice
is shown to increase the expression of ATF3 (Qi et al., 2009).
PGC1 has a role in regulation of gluconeogenic genes, upregulating PEPCK and G6Pase
production in hepatocytes in response to prolonged fasting, and PGC1 is a direct target for
CREB (Herzig et al., 2001). This was shown by the lack of glucose homeostasis and absence
of gluconeogenic genes in CREB-deficient mice along with the ability for overexpression of
PGC1 in liver to re-establish glucose homeostasis and rescue gluconeogenic gene expression
(Herzig et al., 2001). This study also showed db/db mice to lack controlled gluconeogenesis,
displaying a threefold increase in liver PGC1 mRNA expression along with fasting
hyperglycaemia (Herzig et al., 2001).
Fatty acid synthase (FAS) is an enzyme required in the synthesis of long chain fatty acids and
plays an essential role in lipogenesis (Wakil, 1989). FAS also works to regulate body weight
by regulating ingestive behaviours (Loftus et al., 2000). Loftus and colleagues (2000)
demonstrated that the administration of a FAS inhibitor, cerulenin or C75, led to a 90%
reduction in feeding over 24 hours in mice. Body weight reduction was also reported. It
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has been shown that CREB activity regulates expression of FAS in liver (Yoon et al., 2009)
and adipose tissue (Du et al., 2008).
As CREB is a regulator of the expression of ATF3, PGC1, and FAS, as described above, the
role of SIK2 in regulation of CREB activity appears to play an important role in metabolic
function. Changes in the activity of this pathway highlight a potential target for the
treatment of obesity and insulin resistance. Another pathway potentially involved in the
development of obesity is the autophagy pathway. Again, the role of autophagy in adipose
tissue and liver tissue varies slightly and will be discussed in relation to both tissues.

Autophagy
Autophagy is an alternative process to lipolysis, also resulting in the production of free fatty
acids, and is stimulated in response to starvation (Singh et al., 2009). The proteins involved
in this process include two forms of the light chain 3 (LC3) protein (Kabeya et al., 2000). In
obesity a lack of autophagic response occurs in response to starvation in liver tissue (Yang et
al., 2010), yet appears upregulated in adipose tissue (Kovsan et al., 2011). The role of
autophagy dysfunction in obesity and diabetes and also the regulatory role that the c-Jun Nterminal kinase (JNK) has in this pathway induction are discussed.

LC3I and LC3II
Autophagy regulates lipid droplet biogenesis and breakdown, and can be measured by the
presence and ratios of LC3I and LC3II (Kabeya et al., 2000; Kovsan et al., 2011). LC3I is the
cytoplasmic form of LC3 and LC3II is associated with the cell membrane of the
autophagosome, with LC3I and LC3II being derived from the same mRNA (Kabeya et al.,
2000). The autophagy pathway is activated by fasting, and results in the production of
FFA’s (Singh et al., 2009). Inhibition or dysfunction of this pathway can lead to the
accumulation of lipids in tissues (Singh et al., 2009). Expression of these autophagy genes
has been shown to be repressed in the liver tissue of both obese and insulin-resistant mice
(Yang et al., 2010). However, in a study by Kovsan and colleagues (2011) it was unveiled
that an increased expression of these autophagy marker genes was seen in visceral fat
tissue from obese and insulin resistant participants. There was no significant difference in
the expression of these genes in the adipose tissue of obese diabetic participants compared
to obese non-diabetic participants (Kovsan et al., 2011), and thus they appear to be
involved in obesity development, but not diabetes. Yet, an increase in autophagy in adipose
tissue and the consequent release of greater quantities of FFA’s, may lead to lipotoxicity,
which is associated with apoptosis of β cells (Unger & Orci, 2001).
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Autophagy flux is not only measured by the level of expression of LC3I and LC3II, but is also
measured by the ratio of the two (Kabeya et al., 2000; Chang et al., 2012). An increase in
LC3II relative to LC3I is representative of an increase in autophagy and is due to the
conversion of LC3I to LC3II by autophagy-related protein 7 (ATG7) (Chang et al., 2012). An
increase in LC3II and decrease in LC3I has been shown to occur in response to dietary
restriction and starvation (Kabeya et al., 2000; Fok et al., 2012). Fasting under normal
circumstances was shown to induce autophagy in mouse liver, yet in ob/ob mice fasting
failed to activate this process and led to disruption of glucose homeostasis (Yang et al.,
2010). Transfection with ATG7 was shown to re-establish glucose homeostasis in ob/ob
mice, and the transfected ATG7 ob/ob mice also showed enhanced insulin sensitivity (Yang
et al., 2010). Due to inhibition of dietary restriction induced autophagy in the liver of ob/ob
mice, accumulation of lipid in the liver may occur (Singh et al., 2009), possibly progressing
to hepatic steatosis, involved in development of hepatic insulin resistance (Seppälä-Lindroos
et al., 2002) leading to the reported disruption of glucose homeostasis. In support of this,
autophagy has been reported as a factor in the development of hepatic steatosis (Amir &
Czaja, 2011), and thus plays a role in the development of insulin resistance.
Based on the aforementioned findings, in obesity autophagy appears to be upregulated in
adipose tissue; increasing release of FFA’s, and downregulated in liver tissue; initiating
hepatic lipid accumulation. This evidence combined suggests that in obesity, dysfunction of
autophagy may play a role in the development of insulin resistance and diabetes by
inducing lipotoxicity and hepatic steatosis. A protein shown to be involved in the initiation
of autophagic processes is the c-Jun N-terminal kinase 1 (JNK1) and will now be discussed.

JNK1 and JNK2
The role of c-Jun N-terminal kinase (JNK) in obesity and other metabolic disorders is of
current interest. The autophagic process has been shown to be upregulated in response to
overactivity of JNK1 but not JNK2 (Wei et al., 2008). The following section describes this
response, and also acknowledges the interaction between JNK1 and JNK2.
In response to starvation JNK1 inactivates the anti-apoptotic protein Bcl-2, via
phosphorylation, releasing Beclin-1, and thus initiating autophagy (Wei et al., 2008). This
activation of autophagy is seen in response to JNK1 activity, but not JNK2 (Wei et al., 2008).
However, mice deficient in JNK1 have been shown to display an improvement in insulin
sensitivity (Tuncman et al., 2006) and an increase in adipocyte glucose uptake (Beard et al.,
2006). This was supported by a decrease in insulin sensitivity when JNK1 activity was
increased in haematopoietic cells (Solinas G, 2007). In control adipocytes, incubation with
bradykinin increased the level of insulin stimulated glucose uptake, but in JNK1 knockout
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(KO) adipocytes there was no change in glucose uptake after incubation with bradykinin,
suggesting that the enhancement of insulin stimulated glucose uptake in response to
bradykinin may be mediated via reduced JNK1 activity (Beard et al., 2006). Along with
improved insulin sensitivity, a decrease in adiposity was seen in mice deficient in JNK1
(Tuncman et al., 2006). JNK2 knockout mice, in contrast, displayed neither improved insulin
sensitivity (Beard et al., 2006; Tuncman et al., 2006) nor decreased adiposity. This may have
occurred due to compensation of JNK2 knockout by increased JNK1 activity. As was
reported, JNK2 knockout mice also had an increase in JNK1 activity, showing an interaction
between the two isomers (Tuncman et al., 2006).
The conflict of findings regarding JNK1 activity, autophagy, and the outcomes of insulin
resistance and obesity may be due to the opposing role of autophagy in adipose and liver
tissue. An obese model, likely displaying upregulation of autophagy in adipose tissue and
downregulation in liver tissue, may also display overactivity of JNK1 in adipose tissue and
suppression of JNK1 activity in liver tissue.
Despite JNK1 potentially being underactive in liver tissue in obese conditions, as
represented by a decrease in autophagy markers (Yang et al., 2010), it appears that overall
JNK1 overactivity may be a link between obesity and insulin resistance. This potentially
indicates the autophagic state of adipose tissue, rather than liver tissue, to have greater
influence over the development of these two pathologies. In summary, JNK1 activity in
adipose tissue, and its consequent initiation of autophagy, appears to have a detrimental
effect on insulin sensitivity and adiposity.

Uncoupling proteins: UCP1, UCP2, & UCP3
A range of UCP is involved in metabolic pathways, including the regulation of energy
efficiency (Liu et al., 2003), insulin release (Zhang et al., 2001; Costford et al., 2006), and
regulation of skeletal muscle uptake (Costford et al., 2006). Hence, these are an important
group of proteins in relation to obesity and insulin resistance and will be discussed.

UCP1
UCP1, the major protein involved in BAT thermogenesis, has been shown to increase energy
efficiency (Liu et al., 2003). This was demonstrated in a study utilizing C57BL/6J mice lacking
the UCP1 gene (UCP1-/-) (Liu et al., 2003). The study showed that in an environment of 20°C
mice were resistant to diet-induced obesity in comparison to the control UCP1 +/+ mice (Liu
et al., 2003). Although the resistance was abolished in an environment of 27°C, even at the
warmer temperature the UCP1-/- mice displayed physiological changes consistent with
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increased fatty acid oxidation (Liu et al., 2003). In humans, variants of the UCP1 gene are
associated with the development of hypercholesterolaemia in obesity (Proenza et al., 2000).

UCP2
UCP2 is involved in regulation of insulin secretion, whereby the release of insulin from
pancreatic β cells in response to glucose metabolism is reduced by overexpression of UCP2
(Zhang et al., 2001). Zhang and colleagues (2001) and also Chavin and colleagues (1999)
demonstrated this relationship by showing increased expression of UCP2 exhibited in ob/ob
mice (Chavin et al., 1999), and furthermore, by the enhanced insulin response to glucose in
UCP2 knockout ob/ob mice (Zhang et al., 2001). Suggesting that upregulation of UCP2 in
liver tissue may be indicative of a reduced need for the production of insulin, or rather
indicate improved insulin sensitivity. There was no significant difference in body weight
between the ob/ob UCP2-/- mice and the control ob/ob mice (Zhang et al., 2001). A more
recent and conflicting result was found in relation to fish oil and UCP2 expression. The
study on fish oil and UCP2 expression in hepatocytes showed an increase in UCP2
expression (Tsuboyama-Kasaoka et al., 2008). This increase in UCP2 expression was also
associated with protection from obesity in mice (Tsuboyama-Kasaoka et al., 2008).

UCP3
Overexpression of UCP3 in mice compared to UCP3 knockouts and wild types resulted in
reduced body weight and a decrease in intramuscular triglycerides (Costford et al., 2006).
Similarly, Ramakrishnan and colleagues (2005) reported that the orphan nuclear receptor
Rev-erbβ found in skeletal muscle regulates a cascade of genes involved in skeletal muscle
lipid metabolism. This cascade involves regulation of UCP3 expression. By transfecting
skeletal muscle cell lines with dominant negative Rev-erbβ, an increase in fatty acid uptake
was suggested, represented by the suppression of UCP3 expression (Ramakrishnan et al.,
2005). Interestingly Cotsford and colleagues (2006) showed that both overexpression of
UCP3 and knockout of the gene resulted in improved glucose tolerance and insulin
sensitivity, the author suggested some unknown compensatory mechanism may possibly
create this similar insulin sensitive phenotype in both the UCP3 knockout and transgene.
Overall, the UCP3 transgene displayed the healthiest phenotype in relation to body weight,
intramuscular triglycerides, and improved glucose tolerance and insulin sensitivity (Costford
et al., 2006).
Dietary factors, adipokines, and molecular pathways highlight a link between the
development of obesity and insulin resistance. The role of these factors in insulin resistance
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will be discussed in relation to the aetiology of insulin resistance and the mechanisms of
glucose homeostasis.

Aetiology of insulin resistance
Insulin resistance (IR) is signified by insulin receptors on the surface of cells which are no
longer activated by insulin (Hotamisligil et al., 1996). According to the World Health
Organization (WHO) (1985) classification of insulin resistance, or rather impaired glucose
tolerance, is determined by measurement of blood glucose in response to an oral glucose
tolerance test (OGTT) or by fasting blood glucose levels. The diagnosis of impaired glucose
tolerance in humans can be given when fasting blood (capillary) glucose levels are below 6.7
mmol/L in conjunction with a 2-hour post glucose load blood glucose level between 7.8 and
11.1 mmol/L. Insulin resistance is a strong predictor of the development of type 2 diabetes
(Lillioja et al., 1993). Diabetes mellitus, or rather type 2 diabetes, can be diagnosed with a
fasting blood glucose of ≥6.7 mmol/L and/or 2 hours post glucose load blood glucose levels
of ≥11.1 mmol/L (WHO, 1985).
Dietary factors and obesity both play a role in the development of IR/type 2 diabetes and
will be further discussed.

Dietary factors in insulin resistance and type 2 diabetes
Glycaemic index (GI) is a measure of the blood glucose response to a set amount of
carbohydrate, often 50 g, measured against a standard food such as white bread (Wolever
et al., 1991). The GI of a food may be classified as low, medium, or high (Ludwig et al.,
1999). Glycaemic load (GL) takes into account not just the GI of a food, but also the
quantity of carbohydrates present in a serving of food (GL = (GI x carbohydrate content per
serving)/100) (Brand-Miller et al., 2003). This reflects the overall blood glucose response to
a serving of food (Brand-Miller et al., 2003). A high GI diet is shown to be associated with
an increased risk of developing type 2 diabetes (Sakurai et al., 2012), and a low GI diet is
recommended for the prevention and treatment of type 2 diabetes (Sheard et al., 2004).
Although not unanimous in the literature, GL has also been found to have an impact on the
risk of developing type 2 diabetes (Barclay et al., 2008; Sakurai et al., 2012).
Specific fats have also been suggested to be important dietary factors in insulin sensitivity
also. An omega 3 rich diet has been shown to significantly reduce circulating insulin levels
(Agrawal & Gomez-Pinilla, 2012) supporting the importance of “good” fats in health status.
Also evidence shows a strong inverse relationship between the development of type 2
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diabetes and the ratio of polyunsaturated fat to saturated fat intake (Colditz et al., 1992),
along with findings that monounsaturated fats providing up to 38% of total kilojoules are
beneficial in comparison to diets high in saturated fats, improving insulin sensitivity in obese
participants (Riccardi & Rivellese, 2000).

Foods for the prevention of diabetes
A recent review of foods for the prevention of diabetes listed several polyphenol food
sources commonly noted for their potential effects on blood glucose and insulin, although
the review suggested the evidence as weak (Thomas & Pfeiffer, 2012). Foods included
green tea, grape seed extract, bitter melon, cloves, turmeric, and cinnamon (Thomas &
Pfeiffer, 2012). These foods, especially cinnamon, are reported to improve tissue uptake of
glucose, having an insulin-like action, and help to regulate blood glucose homeostasis
(Thomas & Pfeiffer, 2012). Anderson and colleagues (2003) examined the effect of
cinnamon extracts on the efficiency of the epididymal fat cells insulin-dependent
breakdown of radio-labelled glucose to carbon dioxide. Breakdown of glucose was higher in
the cinnamon fraction incubated adipocytes than the control cells when no exogenous
insulin was added and this enhanced glucose breakdown was also apparent when the
maximum dosage of insulin was added (500 μU/ml) (Anderson et al., 2003). Inclusion of
polyphenol rich foods, such as cinnamon, may be included in future recommendations for
diabetic and insulin resistant patients.

Insulin resistance and obesity
Insulin resistance has been shown to positively correlate with BMI (Abbasi et al., 2002). IR
may affect some tissues and not others and ineffective insulin signaling in muscle and liver
tissue but not adipose tissue may be linked to an increase in adiposity and IR (Prada et al.,
2005a). IR may develop as a secondary disease, in response to chronic hyperinsulinaemia,
as well as a primary disease (Kahn & Flier, 2000). Many factors lead to hyperinsulinaemia in
obese individuals including down regulation of GLUT4 (Kahn & Flier, 2000). Endoplasmic
reticulum (ER) stress and inflammatory responses due to obesity are the suggested causes
for the association between obesity and insulin resistance (Özcan et al., 2004). Özcan and
colleagues (2004) measured the response to ER stress in mouse liver and adipose tissue. ER
stress initiated a chain of events leading to the eventual serine phosphorylation of IRS-1 by
JNK, which lead to the suppression of the insulin receptors responsiveness to insulin (Özcan
et al., 2004).
Obesity and insulin resistance were shown to be linked by the increased expression in
adipose tissue of the inflammatory cytokine TNFα, with a strong positive correlation shown
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between the levels of TNFα and hyperinsulinaemia (Hotamisligil et al., 1995). Weight loss in
obese participants resulted in a reduction in both TNFα mRNA expression in adipose tissue
along with improved insulin sensitivity (Hotamisligil et al., 1995). The role of TNFα in insulin
resistance development is supported by a study showing TNFα knockout ob/ob mice,
although severely obese, to have improved insulin sensitivity (Uysal et al., 1997).
Knockdown of TNFα also showed to increase GLUT4 protein in muscle, and increased IRS-1
tyrosine phosphorylation in muscle and adipose tissue (Uysal et al., 1997).
Obesity and IR appear to share many common factors on a molecular level. The role of
GLUT4 and IRS-1, along with other proteins involved in maintaining glucose homeostasis,
will be discussed below to further clarify the common factors between the two metabolic
disorders.

Mechanisms of glucose homeostasis
Complicated mechanisms control both glucose uptake and production as discussed below.

Glucose uptake
Following insulin release, a cascade of protein phosphorylation is activated beginning with
the tyrosine autophosphorylation of the insulin receptor (White & Kahn, 1989). The insulin
receptor is a tetrameric protein comprised of two α and β subunits (Saltiel & Kahn, 2001),
and autophosphorylation of the insulin receptor occurs at the β subunit (Frattali et al.,
1992). In response to insulin, intracellular GLUT4, a glucose transporter, translocates to the
cell surface and increases the rate of glucose clearance (Klip & Pâquet, 1990). The
translocation of glucose transporters are up regulated not just in response to feeding but
also in response to exercise (Klip & Pâquet, 1990). Muscle is the main tissue involved in
glucose uptake, and in comparison fat tissue glucose uptake is relatively small (Kraegen et
al., 1985). A description of the steps which lead to the translocation of GLUT4 to the cell
surface is given below.
Prior to insulin influx, the IRS-1 is heavily phosphorylated at the serine residue, however,
post-insulin stimulation the IRS-1 becomes phosphorylated at the tyrosine residue and a
portion of the IRS associates with the insulin receptor (Sun et al., 1992). JAK2, from the
janus kinase (JAK) family also becomes tyrosine phosphorylated and associates with the
insulin receptor (Saad et al., 1996). The tyrosine phosphorylated IRS-1 then associates with,
and activates, phosphatidylinositol 3` kinase (PI3K) (Sun et al., 1992). Activation of the PI3K
enzyme is responsible for serine phosphorylation of protein kinase B (PKB, also known as
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Akt), which occurs in succession to the binding of IRS-1 and IRS-2 (Folli et al., 1992). Serine
phosphorylation of Akt then leads to the translocation of GLUT4 to the cell membrane and
sequential uptake of glucose into muscle and liver tissue (Gonzalez & McGraw, 2006). Akt
activation also has a role in stimulating lipogenesis in adipose tissue (Lee et al., 2002). Akt
activation inhibits glycogen synthase kinase-3 (GS3K), and it is GS3K which plays a critical
role in insulin stimulated glycogen synthesis (Cross et al., 1995).
Refer to Figure 1.2 for a diagrammatic summary.

Glucose production
The cyclic AMP response element binding (CREB) protein has a role in regulation of the
gluconeogenic genes PEPCK, G6Pase and pyruvate carboxylase (PC) in liver tissue (Herzig et
al., 2001). Activation of CREB by phosphorylation occurs on the Ser133 site in response to
protein kinase A (PKA) (Gonzalez & Montminy, 1989) released during fasting due to
pancreatic glucagon production (Wang et al., 2012). Dentin and colleagues (2007) reported
that PKA regulates CREB activation by modulation of the phosphorylation states of SIK2 and
TORC2 proteins. In the liver during fasting PKA phosphorylates SIK2 at the Ser 587 residue
which deactivates SIK2. This deactivation releases the ability of SIK2 to bind the TORC
protein, by phosphorylation, in the cytoplasm. The de-phosphorylated TORC protein then
translocates into the nucleus, where it activates the CREB-dependent luciferase activity
(Dentin et al., 2007), including the expression of gluconeogenic genes (Herzig et al., 2001).
During feeding, the processes of phosphorylation and activation down the SIK2-TORC-CREB
pathway are reversed in the liver in response to the release of insulin (Dentin et al., 2007).
AKT mediates insulin stimulated SIK2 activation by direct phosphorylation of the Ser 358
residue and this allows for the nuclear export of the TORC protein, and further anchorage in
the cytoplasm, by phosphorylation (Dentin et al., 2007). Dentin et al. (2007) showed a clear
role for the SIK2 protein in regulating glucose homeostasis during fasting and feeding, by
demonstrating raised blood glucose during feeding in an SIK2 knockdown mouse model due
to the constant state of gluconeogenesis. The research also revealed increased TORC2
protein levels and activity in response to the diabetic state (Dentin et al., 2007). Inhibition
of CREB activity has been suggested as a possible solution for hyperglycaemia in type 2
diabetics during fasting (Herzig et al., 2001).
Refer to Figure 1.2 for a diagrammatic summary.
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Figure 1.2 Glucose production and uptake during fasting and feeding in the hepatocyte

Pharmacological intervention in obesity and insulin resistance/type 2 diabetes
Diet and exercise are shown to be effective interventions used for the treatment of obesity
and insulin resistance/type 2 diabetes (Yamanouchi et al., 1995). Despite the effectiveness
of diet and exercise, the rates of obesity (Cameron et al., 2003) and insulin resistance/ type
2 diabetes (Dunstan et al., 2002) continue to rise. Hence, intervention treatment with
pharmacotherapy is often required. Pharmacological treatments currently in use will be
the focus of the next section.
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Obesity treatment
The current pharmacological treatments for obesity include the Serotonin Selective Reuptake Inhibitor, Fluoxetine, also known as Prozac which reduces BMI, waist circumference,
and body fat percentage (Guimarães et al., 2006), and the lipase inhibitor, Orlistat, which
reduces absorption of fat by up to one third (NIH, 2000), resulting in fat mass reduction
(Smith et al., 2012). Despite anti-obesity effects both medications have significant
recognized side effects (Guimarães et al., 2006; Li & Cheung., 2011; Smith et al., 2012).

Insulin resistance/type 2 diabetes treatment
Current anti-diabetic medications include the thiazolidinedione class that work as agonists
to the peroxisome proliferator activated receptor (PPAR) (Vidal-Puig et al., 1997) which
improves insulin sensitivity by reducing muscle lipid levels (Ye et al., 2001). The
thiazolidinedione Pioglitazone has been shown to reduce the progression of impaired
glucose tolerance to type 2 diabetes by 72% (DeFronzo et al., 2011). However, significant
weight gain has been reported in participants receiving Pioglitazone (DeFronzo et al., 2011).
The biguanide Metformin is also currently in use and has been shown to suppress hepatic
gluconeogenesis (He et al., 2009). Side effects noted in studies on Metformin include
diarrhea, mouth dryness, sudoresis, nausea, vertigo, and an altered palate (Guimarães et
al., 2006).
Investigation into alternative treatments with fewer side effects is needed for both obesity
and type 2 diabetes. It is common that diabetes often accompanies obesity, along with
other metabolic disorders. The metabolic syndrome is an example of such, and will be
further discussed along with alternative treatments for these disorders.

Obesity and the metabolic syndrome
Obesity is a disease which clusters with other metabolic pathologies, including type 2
diabetes, hypertension, and dyslipidaemia. As discussed earlier the metabolic syndrome
may be defined as a cluster of 3 of 5 metabolic risk factors which include: central obesity,
fasting hyperglycaemia, hypertension, triglyceridaemia, and low blood high density
lipoprotein (HDL) cholesterol, (see Table 1-1 for definitions) and is associated with a high
risk of diabetes, stroke, and heart attack (WHO, 2005). Waist circumference is used as a
measure of obesity, as abdominal obesity has a stronger association with metabolic risk
factors than BMI (Grundy et al., 2004). Obesity and type 2 diabetes have already been
looked at in detail and now hypertension and dyslipidaemia will be discussed.
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Table 1-1 Clinical classification of the metabolic syndrome
Risk Factor
Abdominal obesity, waist circumference
Men
Women
Triglycerides
HDL cholesterol
Men
Women
Blood pressure (Sys/Dia)
Fasting glucose

Defining Level
>102 cm
>88 cm
≥1.7 mmol/L
<1.0 mmol/L
<1.3 mmol/L
≥130/≥85 mmHg
≥6.1 mmol/L

Adapted from Third report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III): final report. NIH publication no.: 02-5215.
Bethesda, Md.: National Heart, Lung, and Blood Institute, 2002:II–7.

Hypertension
In humans essential hypertension is classified when either systolic blood pressure is greater
than 140 mmHg or diastolic blood pressure is greater than 90mmHg (NIH, 2004), however,
when in conjunction with other metabolic risk factors high blood pressure is classified as
either systolic blood pressure ≥130mmHg or diastolic blood pressure ≥ 85 mmHg (NIH,
2001). Recent reports from the ABS (2012) show that in 2011-2012 hypertension alone
affected over 3.1 million Australians (ABS, 2012).
Past research exploring the negative outcomes seen with the clustering of these risk factors
has shown that essential hypertensive (EHT) insulin resistant participants (EHT-R), when
compared to both normotensive and EHT insulin sensitive (EHT-S) participants, had raised
insulin and triglyceride levels, and reduced plasma adiponectin (Furuhashi et al., 2003).
EHT-R participants had raised plasma free fatty acids and decreased HDL cholesterol levels
in comparison to the EHT-S participants (Furuhashi et al., 2003). In a study by Modan and
colleagues (1985) a highly significant correlation between glucose intolerance and
hypertension was reported, with a random population sample of 2,475 people showing
1,105 people to be classified as hypertensive, and 83.4% of hypertensives in the population
sample to be either glucose intolerant or obese; the common pathophysiological feature
being insulin resistance. The remaining 16.6% were significantly hyperinsulinaemic
compared to the control population. The study also examined intracellular sodium and
potassium levels of erythrocytes from obese, glucose intolerant, and hypertensive
individuals. An increase in sodium erythrocyte levels along with decreased potassium levels
was reported and plasma potassium was elevated (Modan et al., 1985).
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The previous study highlights the commonality of the clustering of obesity, insulin
resistance, and hypertension.

Dyslipidaemia
The term dyslipidaemia refers to abnormal blood lipid levels. According to the NIH (2002)
hyperlipidaemia, an elevation of blood lipids above normal includes hypercholesterolaemia
and hypertriglyceridaemia. Hypercholesterolaemia can be further categorized into HDLhypercholesterolaemia, defined as exceeding 5.2 mmol/L, and low density lipoprotein (LDL)hypercholesterolaemia, defined when levels exceed 3.4 mmol/L (NIH, 2002). LDLhypercholesterolaemia, unlike HDL-hypercholesterolaemia, is linked to increased risk of
heart disease, whereas high blood HDL cholesterol levels, as in the case of HDLhypercholesterolaemia, are regarded as protective against heart disease (NIH, 2002).
Hypertriglyceridaemia, defined as exceeding 1.7 mmol/L, can also increase risk of heart
disease (NIH, 2002). The combination of increased blood triglycerides in conjunction with
low HDL cholesterol levels in now defined in guidelines as an increased vascular risk
(Graham, 2007). It is reported that body fat mass significantly correlates positively with
blood triglycerides (Lindsay et al., 2001), supporting the link between obesity and other
metabolic disorders.
Table 1-2 below shows the desirable ranges for total cholesterol, LDL cholesterol, HDL
cholesterol, and triglyceride levels adapted from the National Heart Lung and Blood
Institute (NHLBI), and are representative of the NIH guidelines (NIH, 2002).
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Table 1-2 Classification of cholesterol and triglyceride desirable/undesirable ranges
Lipid Type and Range

Classification

Total Cholesterol Level
-

Less than 5.2 mmol/L
5.2-6.2 mmol/L
6.2 mmol/L and higher

Desirable
Borderline high
High

LDL Cholesterol Level
-

Less than 2.6 mmol/L
2.6-3.3 mmol/L
3.4-4.1 mmol/L
4.1-4.9 mmol/L
4.9 mmol/L and higher

Optimal
Near optimal/above optimal
Borderline high
High
Very high

HDL Cholesterol Level
-

Less than 1.0 mmol/L
1.0-1.5 mmol/L
1.6 mmol/L and higher

A major risk factor for heart disease
Normal range
Considered protective against heart disease

Triglyceride Level
-

Less than 1.7 mmol/L
1.7-2.2 mmol/L
2.3-5.6 mmol/L
5.7 mmol/L or higher

Desirable
Borderline high
High
Very high

Adapted from Third report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III): final report. NIH publication no.: 02-5215.
Bethesda, Md.: National Heart, Lung, and Blood Institute, 2002:II–7.

Medications currently approved and in use for treatment of the individual disorders of the
metabolic syndrome will be discussed in terms of their potential to overcome several
factors of the metabolic syndrome.

Pharmacological treatment of the metabolic syndrome
The Serotonin Selective Re-uptake Inhibitor, Fluoxetine, reduces body fat percentage and
BMI and has also been shown to increase HDL cholesterol levels and decrease total plasma
triglycerides (Guimarães et al., 2006), demonstrating several benefits to metabolic
syndrome patients. However, the many side effects that have been noted from Fluoxetine
treatment such as agitation and nervousness (Li & Cheung., 2011), anorexia, nausea,
insomnia, sleepiness and sexual dysfunction (Guimarães et al., 2006) reduce its appeal as a
treatment for the metabolic syndrome.
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A group of drugs known as Thiazolidinediones, in contrast, improve insulin sensitivity and
have been shown to lower systolic and diastolic blood pressure in obese participants (Nolan
et al., 1994). However, thiazolidinediones do not reduce obesity (Dormandy et al., 2005),
and rather the thiazolidinedione, Pioglitazone is reported to increase in body weight
(DeFronzo et al., 2011). Despite reducing conversion of insulin resistant patients to type 2
diabetics (DeFronzo et al., 2011), thiazolidinediones do not appear to address the obesity
aspect of metabolic syndrome.
Another group of drugs known as ACE-Inhibitors, such as temocapril and trandolapril, are
shown to reduce blood pressure, improve insulin sensitivity (Furuhashi et al., 2003), and
reduce size of aortic lesions (Miyazaki et al., 1999) and although weight loss is not
documented in human studies (Furuhashi et al., 2003) weight loss in rodent studies
(Premaratna et al., 2011) gives hope for ACE-Inhibitors as potential treatment for the
metabolic syndrome. Treatment of EHT participants with an angiotensin converting enzyme
(ACE)-Inhibitor, tempocapril, not only resulted in decreased blood pressure, likely due to an
increase in adiponectin levels, but also improved insulin sensitivity (Furuhashi et al., 2003).
Although there was no change in HDL cholesterol in response to tempocapril treatment
(Furuhashi et al., 2003), the ACE-Inhibitor trandolapril did significantly reduce the area of
aortic lesions over six months in monkeys fed a high cholesterol diet despite no reduction of
total cholesterol or LDL cholesterol (Miyazaki et al., 1999). Tempocapril may not reduce
BMI in humans (Furuhashi et al., 2003), however the ACE-Inhibitor captopril has been
shown to reduce body weight in rodents (Weisinger et al., 2009; Premaratna et al., 2011).
The reason for a lack of weight loss in humans, despite evidence in rodents, should be
determined to help utilise this drug to its full potential. Our previous unpublished findings
show a potential interaction effect of salt on captopril’s weight loss potential (Radcliffe,
2007), and hence the high level of salt in the Western diet will be discussed as well as
dietary salt recommendations to validate the potential for salt to be the cause for lack of
weight loss effect in response to captopril treatment in humans.
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Dietary sodium
Intake of dietary sodium in Australia and current recommendations
The adequate intake for sodium is 460-920 mg/day. The upper limit for sodium intake is
2,300 mg/day. There is no set recommended daily intake for sodium intake however, the
NHMRC recommends consumption of less than 1,600 mg of sodium per day for prevention
of chronic disease such as heart disease (NHMRC, 2006). According to the 2007-2008
National Health and Nutrition Examination Survey (NHANES), the typical Western diet in the
United States contains approximately 3,330 mg of sodium per day (USDA, 2010b) and an
estimation of the average sodium intake for Australian males and females in Tasmania
(aged 18-70) was 3,910 mg/day and 2,714 mg/day respectively (Beard et al., 1997). These
reports show sodium consumption of Americans and Australians to not only exceed
recommended daily intake, but also exceed the upper limit.
In rodent studies a normal salt diet (NSD) is classed as around 0.5% Na, a low salt diet (LSD)
is classed as around 0.06% Na, and a high salt diet is classed around 3.12% Na (Prada et al.,
2000; Prada et al., 2005a). However, a commonly used high fat rodent feed (SF00-219),
intended to develop diet-induced obesity, constitutes of 0.26% salt, or rather 0.104%
sodium. This low level of sodium/salt in rodent diets used in DIO studies may hide the true
degree of effect of salt in obesity development.
Data from the Australian Bureau of Statistics ABS reports that Australians between the age
of 19-64 consume on average between 3.2 kg (females) and 4.1 kg (males) of food and
beverage per day (McLennan & Podger, 1995). Beverages make up around 60% of the
intake, and subtraction of fluid would leave an intake of approximately 1.6 kg of food per
day for males and 1.3 kg of food per day for females (McLennan & Podger, 1995). Taking
into account the ABS data for approximate daily food intake, a diet containing the
recommended 1,600 mg of sodium per day would equate to a diet consisting of 0.1%
sodium for males and 0.12% sodium for females aged 19-64 years, placing the
recommended diet below the classified NSD and above the LSD used in rodent studies
according to Prada et al. (2005a) and Prada et al. (2000).
Using the ABS data for approximate food intake per day (McLennan & Podger, 1995), a diet
containing the estimated average sodium intake for Australian (Tasmanian) males and
females (Beard et al., 1997), 3,910 mg and 2,714 mg of sodium respectively, would equate
to a diet consisting of 0.24% sodium for males and 0.21% sodium for females aged 19-64
years. Although this estimated average sodium intake of Australians is higher than the
NHMRC recommendations for dietary salt intake, it is still classed below the NSD used in
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rodent studies according to Prada et al. (2005a) and Prada et al. (2000). However, the
estimated content of sodium in the diet for males and females, 0.24% and 0.21%
respectively, is almost double the recommended level of sodium in the diet as calculated
above; 0.1% - 0.12% sodium. The calculated content of sodium in the Australian diet is also
above the content of sodium in the SF00-219 rodent feeds (0.104%), and the sodium
content of the SF00-219 is similar to that of a diet containing the recommended sodium
content (0.1% - 0.12%). Higher dietary sodium/salt levels in rodent studies in DIO should be
considered to represent the Australian/typical Western diet more accurately.
A high salt diet is an independent and direct risk factor for cardiovascular disease (CVD), and
is so regardless of blood pressure levels (He et al., 1999). An increase in sodium intake of
2,300 mg per day has been shown to increase the risk of stroke by 32% (He et al., 1999).
The previous study shows the importance of sodium in heart health, and even a short-term
intervention involving the reduction of sodium intake was shown to have long-term
benefits; reducing the development of hypertension by 35% over a seven year study (He et
al., 2000). However, a short-term weight loss intervention was shown to be more effective;
reducing the development of hypertension by 77% over the 7 year study (He et al., 2000).
Although weight loss may be more beneficial in reducing the risk of CVD, recommendations
for persons finding weight loss difficult include the reduction of sodium intake to decrease
CVD risk (He et al., 1999).

Sodium related disease states
Research suggests that an appropriate and adequate intake of sodium is critical for our
health as undesirable side effects of a low salt diet as well as a high salt diet have been
documented (Rapp & Dene, 1985; He J, 1999; Prada et al., 2000; Prada et al., 2005b; Ruivo
et al., 2006).
A LSD has been shown to increase body weight and insulin resistance (Prada et al., 2000;
Prada et al., 2005b), triglycerides and total cholesterol (Prada et al., 2005a), as well as heart
rate and hematocrit percent (Ruivo et al., 2006). The effects of a HSD documented include
increased blood pressure, renal damage, increased kidney and heart weight in salt sensitive
rats (Rapp & Dene, 1985), and increased risk of stroke in overweight humans (He J, 1999).
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Sodium and obesity
An increase in body weight has been shown in rodents treated with a LSD (Prada et al.,
2000; Prada et al., 2005b). The increase in rats’ body weight in the previous studies was
partially explained by a decrease in energy expenditure (Prada et al., 2000) possibly due to
decreased glucose uptake (Prada et al., 2005a) and a decrease in thermogenic BAT (Ruivo et
al., 2006). It was also suggested that the increase in adiposity may be due to tissue specific
IR; occurring in the liver and muscle tissue but not in the adipose tissue in rats (Prada et al.,
2005a). However, other studies have shown a low salt diet to maintain body weight (Grace
et al., 1979) and even decrease body weight (McCance, 1938).
A study done by Grace et al. (1979) treated rabbits with a low salt diet and then gave a salt
replenished diet. The rabbits weighed the same amount before and after the reduction in
salt intake (Grace et al., 1979), however, the rabbits were only treated with a LSD for 18
days.
Research done by McCance (1938) showed extreme sodium depletion in humans to have
detrimental effects. Weight loss was one of the effects of the LSD, however it was shown
that the weight loss coincided with the extracellular fluid loss (McCance, 1938). The study
was fully conducted only on two participants, both of whom were males and were neither
obese nor overweight. In order for the effects of salt on the human phenotype to be
elucidated, future studies on sodium depletion in humans should: (1) include a larger
number of participants, both male and female; and (2) include obese/overweight
participants, and iii) be conducted over a longer period of time.
At the other end of the spectrum, a HSD has also been shown to increase body weight
(Nishiyama et al., 2004). However, unpublished data from our research group has also
shown a HSD to significantly decrease body weight in mice (Radcliffe, 2007). Research by
Nishiyama et al. (2004) shows that a high salt diet in rats increased body weight significantly
after a 6 week treatment period, this contradicts unpublished results from the study
previously conducted by our research group, which showed mice with a high salt diet to be
significantly lighter than the control group from week two onwards (Radcliffe, 2007). There
was no significant change in feed intake between the normal salt and high salt treated mice
in our study, however, feed data is not given by Nishiyama et al. (2004). The contradictory
results could also be due to the type of rodents used (rats versus mice) and also the strain
of rodent, our study used an obesity prone type C57BL/6J and the study by Nishiyama et al.
(2004) used Sprague-Dawley rats, which are not obesity prone. The method of high salt
treatment in our previous study was by addition of salt to the rodent feed, but in the study
done by Nishiyama et al. (2004) salt was added to rodent drinking water (Nishiyama et al.,
2004). In agreement with our previous findings Ogihara and colleagues (2002) also showed
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a decrease in body weight in rats treated with a HSD. The study showed this was the case
for Dahl salt sensitive rats, but not the case for Dahl salt resistant rats (Ogihara et al., 2002).
It is unclear as to whether obesity is more probable in the presence of a low or in the
presence of a high dietary salt intake, but possibly is related to level of salt sensitivity.
Therefore, the degree to which salt plays a role in the prevention/treatment of obesity
should be further investigated.

Sodium and insulin resistance
The micronutrient sodium has been shown to affect the sensitivity of insulin receptors to
insulin (Prada et al., 2005a). Prada and colleagues (2005a) reported that a LSD initiated IR,
and suggested that a mechanism underlying the IR effect of a LSD was increased activation
of JNK. The LSD compared to a NSD was also shown to stimulate JNK activation, but not JNK
protein levels, in liver and muscle tissue but not in adipose tissue (Prada et al., 2005a).
Increased activity of JNK causes Ser307 phosphorylation of the IRS-1 which prevents
activation of PI3K (Folli et al., 1992). Following serine phosphorylation of IRS-1, IRS-1 and
IRS-2 no longer bind and the pathway is disrupted leading to decreased insulin signaling in
response to a LSD (Prada et al., 2005a), and a decrease in the levels of Ser307
phosphorylation of IRS-1 has been shown to be proportionate to the level of glucose uptake
(Lee et al., 2002). Insulin levels have also been shown to be 40% higher in rats treated with
a LSD in comparison to a NSD and GLUT4 levels lower in the rats treated with a LSD in
comparison to a NSD (Prada et al., 2000).
However, other research shows that a high salt diet (8% NaCl) also has a negative effect on
insulin sensitivity, with Dahl salt sensitive rats displaying hyperinsulinaemia in response to
the high salt diet (Ogihara et al., 2002). A link between insulin resistance and hypertension
in response to sodium can be seen in the Dahl salt sensitive rat (Shehata, 2008). Dahl salt
sensitive rats exhibit insulin resistance preceding the development of hypertension,
comparatively the Dahl salt resistant rat is insulin sensitive (Shehata, 2008). The presence
of insulin resistance prior to hypertension in the weanling Dahl salt sensitive rat, is evidence
of a genetically inherited trait (Shehata, 2008). Salt sensitivity in relation to hypertension
will now be discussed.

Sodium and hypertension
Due to hypertension being highly associated with CVD (Chobanian et al., 2003), it may be
the first point of focus in the treatment of hypertensive individuals with metabolic
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syndrome. An initial recommendation for hypertensive patients is to reduce dietary sodium
intake which can be effective in reducing blood pressure (Vollmer et al., 2001).
Sodium reabsorption occurs in the renal proximal tubules (RPT), and it is regulation of
sodium reabsorption by which the renin-angiotensin system (RAS) predominantly maintains
blood pressure (Guyton, 1991). SIK1 in the RPT is responsible for controlling the level of
sodium reabsorbed (Taub, 2010). In the presence of high sodium concentrations
intracellularly SIK1 is activated, hence sequestering TORC in the cytoplasm, reducing
expression of the ATPase, Na+/K+ transporting, beta 1 polypeptide (ATP1B1), a regulator of
Na,K-ATPase cellular levels (Taub, 2010).
A high salt diet (8% NaCl) has been shown to induce significantly higher blood pressure in
comparison to a low salt diet (0.3% NaCl) (Kim et al., 2001). However, an individual’s
response to a high dietary salt intake can vary depending on whether they are salt sensitive
or not. Persons sensitive to salt display an increase in blood pressure in response to an
increased sodium intake (Weinberger, 1986). This acute inability to maintain blood
pressure is more common with age (Weinberger, 1986). Persons able to sustain the same
blood pressure in response to dietary salt changes are known as salt resistant (Weinberger,
1986).
It appears that there is a range for salt intake that is unharmful, however it appears further
clarification is needed on the most appropriate level for prevention/treatment of metabolic
disorders.
Interestingly, ACE-Inhibitors used to treat hypertension have also been shown to improve
insulin sensitivity, and reduce body weight in rodents (Weisinger et al., 2009). ACEInhibitors work by modulating the renin-angiotensin system (Lavoie & Sigmund, 2003), a
system also modulated by sodium (Guyton, 1991). Possibly these two factors display an
interaction effect and should be further investigated. The renin-angiotensin system will be
discussed in more detail below.

The renin-angiotensin system
The renin-angiotensin system (RAS) consists of several major proteins that have different
purposes and levels of activity throughout the body. The enzyme renin is released from the
kidneys whereas angiotensinogen (AGT) is synthesized in the liver (Nistala et al., 2009). AGT
is cleaved by the enzyme renin, to become angiotensin I (ANG-I), and ANG-I is the precursor
of angiotensin II (ANG-II) (Lavoie & Sigmund, 2003). The angiotensin converting enzyme
(ACE) is synthesized in the lungs and is the enzyme which catalyzes the production of ANG-II
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from ANG-I (Lavoie & Sigmund, 2003). ANG-II is synthesized in systemic circulation, which is
also the location of its activity (Lavoie & Sigmund, 2003).
ANG-II has a role in maintaining the physiological processes which control blood pressure by
modulating vascular tone and sodium reabsorption (Guyton, 1991). The ANG-II receptors
include the angiotensin receptor-1 and angiotensin receptor-2 (AT-1 and AT-2).
In a study exploring the role of non-ACE pathway generation of ANG-II, it was demonstrated
that in the presence of a low-salt diet, the ACE pathway accounts for approximately 30-40%
of ANG-II generation in the human kidneys, yet in the presence of a high salt diet the level
of ANG-II generated via the ACE pathway rose to approximately 60-70% (Hollenberg et al.,
2001). The level of non-ACE pathway ANG-II production was measured by the difference in
response to an ANG-II antagonist, candesartan, and an ACE-inhibitor, captopril (Hollenberg
et al., 2001).

Renin-angiotensin system in adipose tissue
ANG-II is known to upregulate adipocyte growth and recruit preadipocytes (Engeli et al.,
2003), and the adipocyte itself can secrete angiotensinogen, the pre-cursor of ANG-II (Cassis
et al., 1988). The adipocyte secretion of angiotensinogen is reportedly suppressed in
response to fasting and enhanced in response to feeding (Frederich et al., 1992). This
suggests a fed state to initiate adipocyte growth and preadipocyte recruitment for the
storage of energy.
The involvement of the RAS in relation to the individual metabolic disorders involved in the
metabolic syndrome, including obesity, insulin resistance, hypertension, and
hypertriglyceridaemia will be discussed in the next section.

Renin-angiotensin system and disorders of the metabolic syndrome
Renin transgenic rats demonstrate significantly greater body weight, body fat mass and
energy intake than controls (Gratze et al., 2009). They also display increased blood
triglyceride levels and reduced glucose tolerance, however, the renin transgenic rats remain
normotensive (Gratze et al., 2009). This highlights the role of renin in a range of metabolic
processes besides blood pressure regulation. In support of these findings, renin knockout
mice exhibited decreased weight gain than wild type (WT) mice when treated with either a
normal chow diet or a high fat diet (Takahashi N, 2007). These results were reversed upon
infusion with low dose ANG-II in the renin KO mice (Takahashi N, 2007).
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Nishiyama and colleagues (2004) showed a link between total JNK activity and the RAS. In
rats it was shown that treatment with aldosterone doubled JNK activity compared to
controls (Nishiyama et al., 2004) and it has been shown that increased JNK1 activity is linked
to insulin resistance and increased adiposity (Tuncman et al., 2006).
In the next section the suppression of the RAS system by the use of ACE-Inhibitors will be
looked at in terms of the potential for treatment of the metabolic syndrome.

ACE-Inhibitors
The angiotensin converting enzyme (ACE) is responsible for converting ANG-I into ANG-II
(Lavoie & Sigmund, 2003). ACE-Inhibitors are used as anti-hypertensive medications,
inhibiting the RAS pathway and in turn increasing adiponectin levels, which induces
vasodilation and hence reduces blood pressure (Furuhashi et al., 2003).
Captopril was the first ACE-Inhibitor to receive FDA approval, which occurred on April 6,
1981 (FDA, 1981), and has now been prescribed for around 30 years for treatment of
hypertension. In 2011, 30 years after FDA Approval, in the United States alone there were
164 million ACE-Inhibitor prescriptions filled making ACE-Inhibitors the fifth most prescribed
therapeutic class of drug in the United States (IMS, 2012).

Captopril
Captopril is a drug which reduces blood pressure by inhibiting the production of the
vasoconstrictor ANG-II and increasing levels of the vasodilators bradykinin and
prostaglandin E2 13,14-dihydro-15-keto metabolite (PGE2-M) (Swartz et al., 1980). Captopril
has been shown to have very significant effects on lowering blood pressure (Swartz et al.,
1980) alongside a number of other heart protective properties, with captopril also
reportedly reducing the impact of passive smoking on heart damage in mice (Gvozdjáková
et al., 1999).

Adiponectin and ACE-Inhibitors
Alongside other ACE-Inhibitors (Hermann et al., 2006), captopril has been shown to cause a
significant increase in serum adiponectin levels (Premaratna et al., 2011). In research by
Kohlstedt and colleagues (2009) human preadipocytes treated with an ACE-Inhibitor had
increased levels of adiponectin, this ACE-Inhibitor effect was also seen in patients with
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diabetes or coronary artery disease (Kohlstedt et al., 2009). Plasma adiponectin levels have
been shown to be related to levels of free fatty acids (FFA) and adiposity, with plasma
adiponectin decreasing as body fat and FFA levels increase (Weyer et al., 2001; Nguyen et
al., 2005). An even higher correlation between the degree of IR and lower plasma
adiponectin levels was also shown (Weyer et al., 2001). This suggests that aside from
captopril’s anti-hypertensive action there is also potential for captopril to reduce body fat
and improve insulin sensitivity.
The potential for ACE-Inhibitors as treatment for individual disorders of the metabolic
syndrome will be discussed, followed by the potential for treatment of the cluster of these
disorders as seen in the metabolic syndrome.

ACE-Inhibitors as treatment for hypertension
An increase in bradykinin activity in response to the ACE-Inhibitor captopril is a key factor in
the reduction of blood pressure (Gainer et al., 1998). This was demonstrated by the
combined effect of captopril and a bradykinin antagonist, which significantly impairs the
reduction of blood pressure in response to ACE-Inhibitor treatment (Gainer et al., 1998).
In a study by Swartz and colleagues (1980) it was shown that, although an increase in
bradykinin levels and a reduction in ANG-II levels correlated with blood pressure reductions,
the strongest correlation was seen between an increase in PGE2-M levels and blood
pressure reductions in response to ACE-Inhibitor treatment. An increase in PGE2-M levels
was shown to have the greatest influence on the blood pressure response, especially in the
presence of a high salt diet (Swartz et al., 1980).

ACE-Inhibitors as treatment for insulin resistance/type 2 diabetes
Adipocytes synthesize AGT, which evokes the RAS pathway to produce ANG-II (Price et al.,
2002). It is suggested that ANG-II found in higher levels in obese people may be due to
larger insulin-resistant fat cells having a higher production of the hormone than small fat
cells (Sharma et al., 2002). It is suggested that by blocking the RAS pathway, and hence
reducing ANG-II production, there may be an increase in insulin sensitivity and therefore
would be effective at reducing the risk of type 2 diabetes (Sharma et al., 2002).
However, the degree of effect of ANG-II levels on insulin sensitivity may be less than
anticipated. The lack of effect of ANG-II levels on insulin sensitivity was demonstrated when
captopril was shown to partially repair the decrease in insulin sensitivity induced in
response to a LSD, yet an AT-1 antagonist was unable to repair the decrease in insulin
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sensitivity (Prada et al., 2000). This finding suggests that ANG-II does not play a major role
in the effect of a LSD on insulin sensitivity (Prada et al., 2000). Changes which occur in
response to ACE-Inhibitors alongside reduced ANG-II production, but which may have a
greater degree of effect on insulin sensitivity, include an increase in bradykinin and
adiponectin levels.
Bradykinin stimulates translocation of GLUT4 to the surface of cell membranes which
increases glucose uptake (Kishi et al., 1998). Captopril has been shown to have an inhibitory
effect on bradykinin degradation, therefore increasing circulating levels of bradykinin
(Dietze et al., 1996). Bradykinin stimulates nitric oxide (NO) production and Beard and
colleagues (2006) showed that this increase in NO reduced JNK activity. Reduced JNK
activity was shown to increase IRS-1 tyrosine phosphorylation, Akt phosphorylation, and
GLUT4 translocation (Beard et al., 2006). Increased GLUT4 translocation is the suggested
mechanism for the increased metabolism of glucose in the presence of ACE-Inhibitors
(Prada et al., 2000). ACE-Inhibitors also enhance GLUT4 translocation by decreasing FFA
(Furuhashi et al., 2003).
Quinapril is a commonly used ACE-Inhibitor (Chobanian et al., 2003). Quinapril has been
shown to improve endothelial function in type 2 diabetics (Hermann et al., 2006). Although
gene expression of adiponectin was shown to be higher in adipose tissue in comparison to
vascular tissue, expression of adiponectin was unaffected in adipose tissue in the presence
of quinapril, yet expression of adiponectin was increased in vascular tissue (Hermann et al.,
2006). This is the suggested pathway by which quinapril improves insulin-stimulated
endothelial function in type 2 diabetics, as the increase in vascular adiponectin stimulates
local NO synthesis in the endothelium (Hermann et al., 2006). Interestingly L-arginine, a
substrate of NO, exhibits reversal of the decrease in glucose uptake caused by a low sodium
diet (Ruivo et al., 2006).
Captopril has a rapid impact not only on blood pressure but also on glucose uptake, with an
improvement seen just two hours after administration (Hermann et al., 2006). With glucose
inducing pro-inflammatory effects (Booth et al., 2001), captopril has suggestive antiinflammatory effects by simply reducing blood glucose concentration (Dandona et al.,
2003). Due to the pro-inflammatory effect of the ANG-II peptide a reduction of the peptide
by ACE inhibition, would also cause further anti-inflammatory effects (Dandona et al., 2003)
beneficial to preventing complications in type 2 diabetics. Captopril shows some promising
health benefits regarding insulin resistance and unlike the thiazolidinediones, ACE-Inhibitors
such as captopril have also been shown to reduce body weight in rodents (Mattson &
Krauski, 1998). These findings will now be further discussed.

36

ACE-Inhibitors as treatment for obesity
Recently, it has been reported that captopril can significantly reduce body weight in rodents
(Mattson & Krauski, 1998; de Kloet et al., 2009; Weisinger et al., 2009; Premaratna et al.,
2011; Kalupahana et al., 2012). A decrease in body weight, body fat, and improved glucose
tolerance has been documented in response to captopril in the presence of a high fat diet
and a low fat chow diet (de Kloet et al., 2009). These improvements in captopril treated
mice were primarily attributed to a reduction in food intake (de Kloet et al., 2009).
Along with a correlation between obesity with high levels of the inflammatory cytokine
TNFα (Hotamisligil et al., 1995), ANG-II (Price et al., 2002), and leptin (Sinha et al., 1996),
decreased plasma levels of adiponectin are also shown to be associated with obesity (Weyer
et al., 2001). The ACE-Inhibitor captopril, is evidenced to reduce circulating leptin levels by
decreasing ANG-II levels (Cassis et al., 2004), reduce production of TNFα (Peeters et al.,
1998) and increase plasma adiponectin levels (Premaratna et al., 2011).
Weight loss has been reported in humans in response to the ACE-Inhibitor enalapril,
however it was reported that efficacy for weight loss in humans was low (Beevers et al.,
1984). The weight loss due to enalapril was documented in a small scale study of 54
participants conducted by the Enalapril in Hypertension Study Group (UK) (Beevers et al.,
1984). In this study 28 participants were treated with enalapril and results compared to 26
participants treated with propranolol. The study was aimed at comparing the effectiveness
of the two anti-hypertensive medications on hypertension. The initial weights of the two
treatment groups were significantly different, with the enalapril group being the heaviest.
After 12 weeks of treatment the two groups showed a significant change in body weight.
The enalapril treatment group had a significant reduction in body weight of 1.4 kg±2.0, and
the propranolol treatment group showed a significant increase in body weight of 0.9 kg±1.6.
The authors suggested the weight loss seen was due to the diuretic effect of enalapril,
however body composition analyses were not conducted (Beevers et al., 1984). So,
although research suggests overactivity of ACE as a pro-obesity factor, it does not seem that
by inhibiting ACE alone weight loss will be initiated in humans as appears to be the case in
rodents. Dietary salt intake in participants was not reported. To the best of our knowledge,
aside from this study, weight loss is not reported in response to ACE-Inhibitor treatment in
humans.

ACE-Inhibitors as treatment for the metabolic syndrome
The combined previously reported benefits of body weight reduction, improved glucose
uptake, improved insulin sensitivity (Kalupahana et al., 2012), and blood pressure
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reductions (Gainer et al., 1998) highlights a potential for the use of ACE-Inhibitor drugs as
treatment for the metabolic syndrome. Improvement of dyslipidaemia, one other factor of
the metabolic syndrome, is not documented in response to ACE-Inhibitor treatment.
However, the ACE-Inhibitor cila was shown to significantly reduce triglycerides in renin
transgenic mice (Gratze et al., 2009). Trandolapril, another ACE-Inhibitor, did not show a
reduction of either total cholesterol or LDL cholesterol levels in monkeys fed a high
cholesterol diet, however, trandolapril did significantly reduce the area of aortic lesions
over 6 months (Miyazaki et al., 1999). Also adiponectin, which is increased in response to
treatment with ACE-Inhibitors (Hermann et al., 2006), has been shown to be positively
correlated with HDL cholesterol levels (Furuhashi et al., 2003).
The improvement of individual metabolic disorders supports the potential for ACE-Inhibitors
to be considered in treatment of the metabolic syndrome. Yet, the lack of weight loss
displayed in humans treated with ACE-Inhibitors, and the possible link with the level of
dietary salt should be investigated further. The possibility of an interaction effect between
salt and the ACE-Inhibitor captopril leading to inhibition of weight loss effects will be
discussed further.

Effect of salt intake on ACE-Inhibitor induced weight loss
It is suggested that a reduced salt diet may be combined with anti-hypertensive treatments
such as captopril to further enhance reduction of blood pressure in the long term
management of hypertension (Swartz et al., 1980; Prada et al., 2000). It is possible that this
combination treatment may also lead to weight loss in humans.
Sodium and captopril affect physiological factors which may influence the development of
obesity. Chronic reductions in dietary sodium are suggested to increase adiposity and body
weight (Prada et al., 2005a), however, high dietary sodium intake is also shown to increase
body weight (Nishiyama et al., 2004). Captopril has been shown to partially reverse the
negative effect of a LSD (Prada et al., 2000), and unpublished work by our research group
has previously shown the combined effect of captopril and a LSD to induce significant
weight loss, with these effects being abolished in the presence of a high salt diet (Radcliffe,
2007). This inhibitory effect of a HSD on the weight loss effect of captopril is novel and the
mechanism(s) unknown; hence more animal studies should be conducted to elucidate the
mechanism(s) of action. The level of dietary salt which allows for captopril to have a weight
loss effect also needs to be more accurately defined. The level of dietary salt in the
Western diet is above NHMRC recommendations (NHMRC, 2006), and the potential of
weight loss in the presence of a LSD and captopril treatment should be further investigated
in humans.
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Research on the combination of a LSD and captopril treatment on weight loss in humans is
minimal. One human study was conducted by Hollenberg and colleagues (2001) on the
effects of a LSD (230 mg/day), compared to a HSD (4,600 mg/day), in combination with
captopril treatment. The study was conducted primarily to note the level of ANG-II
production in response to stimulation of the RAS pathway. There was no change in body
weight documented, however, the participants were classified lean and healthy, and,
although the LSD treatment period was for a maximum of 10 days, only a single dose (25
mg) of captopril was administered (Hollenberg et al., 2001). Weight loss effects may only
be noticed in overweight participants treated over a greater duration of time. A longer
term study of 12 weeks on enalapril treatment reported a significant reduction in body
weight, albeit only an average loss of 1.4 kg±2.0 (Beevers et al., 1984). The study did not
report dietary intake of the 28 participants, and it may be possible that weight loss in
participants was related to the combination effect of an ACE-Inhibitor in the presence of a
LSD.
Although results on captopril as treatment for obesity and other metabolic disorders is
promising and should be further investigated as a potential treatment for the metabolic
syndrome, captopril and other ACE-Inhibitors have undesirable side effects including
hypotension, renal insufficiency, hyperkalaemia, angioedema, and a persistent dry cough
(Gavras & Gavras, 1988). Natural alternatives, having less undesirable side effects, may be
the future for treatment of obesity and the metabolic syndrome if we can learn how to
utilize them correctly. Natural ACE-Inhibitors have been reported and include a range of
herbs and spices (Barbosa-Filho et al., 2006; Patten et al., 2012). Herbs and spices also are
documented to be rich in antioxidants (Carlsen et al., 2010; USDA, 2010a). The potential for
treatment of the metabolic syndrome with herbs and spices will now be discussed.

Natural ACE-Inhibitors and population health
Beneficial effects of many herbs and spices on cardiovascular disease, cancer, and arthritis
have previously been reported in a large review (Tapsell et al., 2006). Common household
herbs and spices screened for ACE-Inhibitory actions showed a range of inhibition
capacities, with some spices and herbs showing high levels of ACE inhibition (Nyman et al.,
1998; Barbosa-Filho et al., 2006). In a review by Barbosa-Filho and colleagues (2006) on
literature published from 1980-2000, the authors noted hundreds of natural sources of ACEInhibitors have been discovered. Natural classes of ACE-Inhibitory compounds reported
included flavonoids, xanthones, and secoiridoids (Barbosa-Filho et al., 2006). With the
health benefits discussed in relation to the pharmacological ACE-Inhibitor captopril, it is
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feasible to believe that similar benefits may be seen in response to treatment with herbs
and spices high in ACE-Inhibitor activity.
Herbs and spices are routinely recommended by Nutritionists for substitution of added salt
at meal times in order to reduce salt intake whilst maintaining flavour of food. Research has
shown ACE-Inhibitors to suppress the salt appetite, although dose dependent, via
suppression of ANG-II (Sakai et al., 1986) suggesting that adding spices and herbs may not
only help us to consume less salt, but may also help decrease our desire for salt. The
quantity of herbs and spices consumed varies vastly amongst nationalities. In India a survey
of 100 households reported an average of 9.54 g per capita per day, of herbs and spices to
be consumed (Pradeep et al., 1993). The most commonly reported herbs and spices used in
cooking were red chillies, garlic, coriander, turmeric and cumin (Pradeep et al., 1993).
Not only are some herbs and spices high in ACE-Inhibitory activity, but many are rich in
antioxidants (Carlsen et al., 2010). Oxidative stress plays a role in the development of
chronic disease (Valko et al., 2007). This evidence suggests that Western cultures could
benefit from including a greater quantity and range of herbs and spices in their diets.
The ferric-reducing ability of plasma (FRAP) method is used to measure total antioxidant
activity (Benzie & Strain, 1996). Carlsen and colleagues (2010) created a comprehensive
database containing the antioxidant content of more than 3100 foods, beverages, spices,
herbs and supplements using the FRAP method (Carlsen et al., 2010). Another method for
analysis of the antioxidant content of food is the oxygen radical antioxidant capacity (ORAC)
method. This gives a measure in Trolox™ equivalents, a water soluble vitamin E analog.
Another comprehensive database of the antioxidant capacity is given by the USDA of over
300 food items (USDA, 2010a).
Antioxidant content and health benefits of the culinary herbs and spices amla, cinnamon,
clove, oregano, black pepper, red chilli powder, ginger, and turmeric will be further
discussed below in relation to disorders of the metabolic syndrome. Due to the large
number of culinary herbs and spices, this is not an exhaustive review of the health benefits
of herbs and spices. These herbs and spices were selected for review based on their
relevance to the experimental chapters of the thesis.

Amla (Emblica officinalis)
Amla is used in several Ayurvedic formulations including the popularly consumed
chyawanprash, and its use has been documented for over 1000 years (McQuate et al.,
2009). Amla extracts have been determined to be generally recognized as safe (GRAS)
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(McQuate et al., 2009). Using the FRAP method, dried amla berries showed an antioxidant
content of 261.5 mmol/100g (Carlsen et al., 2010) whereas the ORAC method reported an
antioxidant capacity of 3,332 μMol TE/100g for amla fruit (USDA, 2010a). Most of amla’s
antioxidant capacity is due its high vitamin C content, which contributes 45-70% of amla’s
total antioxidant activity (Scartezzini et al., 2006).
Amla was shown to reduce hepatic and serum cholesterol and triacylglycerol levels in aged
rats (13 months old) after 100 days of treatment and reduce systolic blood pressure levels
to that of young rats (two months old) (Yokozawa et al., 2007a; Yokozawa et al., 2007b).
Results suggest a protective function for amla in age related dyslipidaemia. Researcher’s
also demonstrated amla to have a similar protective function in high fructose diet induced
metabolic syndrome (Kim et al., 2009). Wistar rats fed a high fructose diet (65 g/100g feed)
for one week and then treated with an amla extract for two weeks displayed significantly
lower body weight, liver weight, epididymal fat pad weight, systolic blood pressure, diastolic
blood pressure, cholesterol, triacylglycerol, and LDL cholesterol compared to controls (Kim
et al., 2009). These results show similar benefits to those already discussed in regards to
ACE-Inhibitors, and it could potentially be due to a high level of ACE-Inhibitory activity in
amla underlying the similarity in results.

Cinnamon (Cinnamomun verum)
Cinnamon is a spice which has reportedly been used to treat inflammation for thousands of
years across parts of Asia (Sheng et al., 2008). Cinnamon is classified GRAS, and a variety of
dried, ground cinnamon samples gave a reported average antioxidant content of 77.0
mmol/100g using the FRAP method of analysis (Carlsen et al., 2010) and 131,420 μMol
TE/100g using the ORAC method (USDA, 2010a). A range of cinnamon varieties have been
recognized as GRAS (FDA, 2009).
Cinnamon has been demonstrated to reduce blood glucose levels and reduce blood lipid
levels (fasting total cholesterol, LDL cholesterol, and triglycerides) in type 2 diabetics (Khan
et al., 2003). A study by Khan and colleagues (2003) showed a range of doses; 1, 3, and 6
grams of cinnamon daily, were all shown to be effective after just 40 days of treatment in
reducing blood glucose levels. The significant reductions in blood glucose levels (1 g per day
treatment group) and blood lipids (1 g and 3 g per day treatment groups) were sustained
even after cessation of treatment for 20 days (Khan et al., 2003).
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Clove (Syzygium aromaticum)
The flower bud from the plant Syzygium aromaticum constitutes the culinary spice clove, a
commonly used spice in cooking and Ayurvedic medicine (Banerjee et al., 2006) and is
classified GRAS (FDA, 2009). The average antioxidant content of a range of dried clove
samples was reported as 277.3 mmol/100g using FRAP (Carlsen et al., 2010), and 290,283
μMol TE/100g using ORAC (USDA, 2010a) showing cloves to be one of the most antioxidant
rich spices
Clove has been shown to have hypoglycemic effects via PPARγ activation (Kuroda et al.,
2012). Clove extract added to the diet at 0.5 g/100g feed showed a significant reduction in
blood glucose levels of type 2 diabetic mice after just three weeks of feeding (Kuroda et al.,
2012). Clove supplementation was shown to significantly reduce total cholesterol, LDL
cholesterol, triglycerides, and increased HDL cholesterol in hyperlipidaemic participants in
an intervention study (Balasasirekha & Lakshmi, 2012). Participants received just 2 g of
cloves in capsules per day for three months and were compared to a control group receiving
powdered sugar containing capsules (Balasasirekha & Lakshmi, 2012).

Oregano (Origanum vulgare)
Oregano, a culinary herb used for the flavor of its dried leaves, is one of the most commonly
used herbs worldwide. The species of oregano Origanum vulgare is classified to be GRAS
(FDA, 2009). Using the FRAP assay for a range of dried oregano samples, oregano shows an
average antioxidant content of 59.0 mmol/100g (Carlsen et al., 2010) and 175,295 μMol
TE/100g using ORAC (USDA, 2010a).
An in vitro study of compounds derived from oregano showed to exhibit anti-obesity
potential via PPARγ antagonism, as well as increase endothelial NO synthase (eNOS)
(Mueller et al., 2008) reflective of improved vascular health (Yetik-Anacak & Catravas,
2006). Human adipocytes treated with TNFα to induce adipokine secretion were treated
concordantly with or without an oregano extract (30 μg/ml) (Khatami, 2012). Secretion of
pro-inflammatory cytokines including IL-6 were significantly reduced and also secretion of
the anti-inflammatory cytokine interleukin-10 (IL-10) was significantly increased (Khatami,
2012). Analysis of changes in mRNA expression levels were in support of the cytokine
results, showing a significant reduction in IL-6 mRNA and increase in IL-10 mRNA following
oregano treatment (Khatami, 2012). This study shows a reduction in pro-inflammatory
cytokines in response to oregano treatment, and although this was only an in vitro study, it
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suggests oregano may help reduce inflammation in obese humans and hence slow/prevent
development of secondary type 2 diabetes.

Black pepper (Piper nigrum L.)
Black pepper is a spice used commonly in cooking and is classified to be GRAS (FDA, 2009).
Piperine is one of the major active components of black pepper (Duangjai et al., 2012). A
range of dried black pepper powder samples gave an average antioxidant capacity of only
5.85 mmol/100g using the FRAP method (Carlsen et al., 2010) and an ORAC value of 34,053
μMol TE/100g (USDA, 2010a), quite low comparatively to other herbs and spices. However,
another study reported the antioxidant activity of black pepper to be very high (Saxena et
al., 2007). The study showed only 0.43 mg of black pepper necessary to inhibit autooxidation of β-carotene and linoleic acid in vitro (Saxena et al., 2007). This evidence is
supported by in vivo work done by Vijayakumar and colleagues (2004) looking at the effect
of black pepper on oxidative stress caused by a high fat diet in male Wistar rats. Results
showed increased levels of oxidative stress in liver, heart, kidney, intestine, and aorta
tissues due to a high fat diet compared to a control diet. Oxidative stress was represented
by increased thiobarbituric acid reactive substances (TBARS) – formed due to lipid
peroxidation. Treatment with a high fat diet plus a small amount of black pepper (25 mg/kg
body weight), given in accordance with the reported average daily intake of black pepper in
India, resulted in a significant reduction in TBARS compared to treatment with the high fat
diet alone. TBARS values were reduced almost to the value of control rats with no
significant difference between the two treatment groups (Vijayakumar et al., 2004).
Male Sprague-Dawley (SD) rats fed a high fat diet (HFD) for eight weeks followed by either a
HFD plus a dose of black pepper (40 mg/kg) or a HFD alone for another three weeks,
showed a significant reduction in body weight, fat mass, TGL, total cholesterol, and LDL
cholesterol as well as an increase in HDL cholesterol in response to the black pepper
supplemented HFD (Shah et al., 2011). No significant reduction in food intake was reported
(Shah et al., 2011).

Red chilli (Capsicum frutescens L.)
Red chilli (Capsicum frutescens L.) is a spice used predominantly in South-East Asian and
Latin-American countries to flavor a range of foods (Islam & Choi, 2008). Archaeological
evidence of a variety of species of the red chilli have been located ranging from the
Bahamas to southwestern Peru up to 6000 years ago (Perry et al., 2007). Dried red chilli
shows an antioxidant content of just 3.11 mmol/100g using the FRAP method of analysis
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(Carlsen et al., 2010) and 23,636 μMol TE/100g using the ORAC method (USDA, 2010a). Red
chilli powder is classified GRAS (FDA, 2009).
In a study by Kawada and colleagues (1986) male Wistar rats were fed either a HFD or a HFD
containing 0.014% capsaicin (the active component of chilli powder) ad libitum for 10 days.
During the 10 days of treatment there were no significant differences in food intake nor was
lipid absorption affected. Prior to culling, rats were subjected to a 16 hour fast. Fasting
triglyceride levels were significantly lower in the capsaicin treated rats, and although total
body weight was not significantly reduced, perirenal fat pad weight was reduced in
comparison to the control. A significant negative correlation between the dose of capsaicin
and both perirenal fat pad weight and triglyceride levels was observed (Kawada et al.,
1986).
In a study by Islam & Choi (2008) investigating the effect of red chilli on type 2 diabetic rats,
a HFD containing a high concentration of red chilli (2%) significantly increased insulin levels
after 4 weeks, but did not significantly change fasting blood glucose levels. There was no
significant change in insulin levels or fasting blood glucose when diabetic rats were fed a
HFD with low concentrations of red chilli (0.5%). Neither the high nor low concentration red
chilli treatments led to a change in either serum total cholesterol, HDL cholesterol, LDL
cholesterol, or triglyceride levels (Islam & Choi, 2008). Fat mass was not reported in this
study.
Possible explanation for the discrepancy between the two studies regarding the change in
TGL in response to chilli powder include the use of Wistar rats compared to type 2 diabetic
Sprague-Dawley rats, and the use of different forms of chilli. Although red chilli powder
show potential further studies are needed to clarify its effect on blood TGL and fat mass.

Ginger (Zingiber officinale Roscoe)
Ginger is a spice commonly used in cooking but also used in Ayurvedic medicine dating back
as far as the third century B.C. (Atal et al., 1981). The biggest producers of ginger currently
are China and India, reportedly producing almost 400,000 tonnes of ginger each in 2010
(FAO, 2012). Ginger has been classified to be GRAS (FDA, 2009). Various samples of dried,
ground ginger showed an average antioxidant content of 17.23 mmol/100g as analysed by
the FRAP method (Carlsen et al., 2010) and 39,041 μMol TE/100g as analysed by the ORAC
method (USDA, 2010a). Comparatively, this FRAP value is much lower than the value
reported by Ghasemzadeh and colleagues (2010) of two Malaysian ginger varieties, Halia
Bentong and Halia Bara. Ghasemzadeh and colleagues (2010) reported a FRAP value of
68.07 mmol/100g and 76.72 mmol/100g for the respective varieties (Ghasemzadeh et al.,
44

2010). Another study showed a Norwegian ginger variety to have a FRAP values of only 3.49
mmol/100g (Halvorsen et al., 2002). These findings highlight that different varieties of
herbs or spices will potentially vary in FRAP values.
The use of ginger in rabbits has been shown to be antihyperlipidaemic after 10 weeks of
high cholesterol feeding, reducing serum and tissue cholesterol, LDL cholesterol, and serum
triglycerides (Bhandari et al., 1998). HDL cholesterol was also increased in response to
ginger treatment compared to the cholesterol fed controls (Bhandari et al., 1998). The
rabbits fed ginger in combination with high cholesterol diets also displayed a reduction in
atherosclerosis (Bhandari et al., 1998). Although it appears that ginger may offer an
improvement in dislipideamia, associated with metabolic syndrome, ginger has also been
reported to have high levels of soluble oxalates and it is recommended that people prone to
developing kidney stones should avoid overconsumption of ginger (Ghosh Das & Savage).

Turmeric (Curcuma longa L.)
Documented in Ayurvedic literature dating around 3000 BC, turmeric is a spice widely used
in cooking across India (Abdel Aziz et al., 2012) and is classified as GRAS (FDA, 2009). Using
the FRAP method for a range of dried turmeric powder samples, turmeric showed an
average antioxidant content of 12.5 mmol/100g (Carlsen et al., 2010) and with ORAC
analysis an antioxidant content of 127,068 μMol TE/100g was reported (USDA, 2010a).
Turmeric has been shown to suppress obesity induced inflammatory responses such as the
pro-inflammatory mediator TNFα (Woo et al., 2007). Ejaz and colleagues (2009) reported in
vitro and in vivo findings on turmeric in relation to obesity. In the in vitro study turmeric
was shown to significantly reduce preadipocyte differentiation in 3T3-L1 cells fed a turmeric
medium for six days, less fat accumulation in cells was reported accordingly. The in vivo
study on C57BL/6J mice fed either a HFD or a HFD supplemented with turmeric (500 mg/kg
feed) for 12 weeks showed that, although the mice consumed the same amount of feed,
there was a reduction in the adiposity and weight gain in turmeric treated mice. A
significant reduction in total cholesterol levels was also reported (Ejaz et al., 2009). Type 1
diabetic mice have also been shown to benefit from treatment with turmeric extract (Abdel
Aziz et al., 2012). Mice showed decreased plasma glucose, increased plasma insulin, and
improvements in blood lipid profiles (Abdel Aziz et al., 2012).
Turmeric has been reported to have high levels of soluble oxalates also, and it is
recommended that people prone to developing kidney stones should avoid
overconsumption of turmeric (Ghosh Das & Savage). Herbs and spices are not without
some side effects, albeit few, hence most herbs and spices are GRAS approved.
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Pharmacological ACE-Inhibitors, herb and spice ACE-Inhibitors, or herbs and spices
high in antioxidants – which treatment is best for obesity and the metabolic
syndrome?
Of the herbs and spices discussed above, it has recently been reported that cinnamon,
cloves, and oregano have relatively high levels of ACE-inhibition capacity (Patten et al.,
2012), and that ginger and turmeric have relatively low levels of ACE-inhibition capacity
(Patten et al., 2012). To the best of our knowledge the ACE-inhibition capacity of amla,
black pepper, and red chilli powder are yet to be reported.
These findings in regards to herbs and spices and the metabolic disorders associated with
the metabolic syndrome including obesity, suggest that herbs and spices may have similar
health outcomes as to treatment with pharmacological ACE-Inhibitors.
It is uncertain as to whether herbs and spices rich in natural ACE-Inhibitory activity would
have the same potential benefits in relation to the metabolic syndrome as pharmacological
ACE-Inhibitors such as captopril, and whether these herbs and spices would also have an
interaction effect with salt. Furthermore, it is unknown whether herbs and spices rich in
ACE-Inhibitory activity would have any benefits over treatment of the metabolic syndrome
with herbs and spices rich in antioxidants but low in ACE-Inhibitory activity. More research
is required to gain insight into these potential treatments for individual metabolic disorders
and also for treatment of the metabolic syndrome.
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Summary
Obesity, insulin resistance, hypertension, and the metabolic syndrome have a major impact
on the health of the people of the Western world and its economy. The overlap of
symptoms between these metabolic disorders shows changes in common metabolic
pathways.
Current treatments of metabolic disorders offer some success; however, that success is
often negated by drug side effects, some side effects even potentiating other metabolic
disorders. ACE-Inhibitors such as captopril, commonly used for hypertension treatment,
offer potential for overcoming multiple metabolic dysfunctions including: insulin resistance,
hyperlipidaemia, hypertension, and possibly even obesity.
However, weight loss
documented in response to captopril treatment has only been shown in rodents to date.
The interaction effect between dietary salt and captopril previously shown by our research
group (unpublished) offers a potential explanation as to why weight loss is not documented
in response to captopril treatment in humans. However, the range of sodium which allows
for the success of captopril treatment needs to be defined. Also, the mechanism of action
which results in captopril induced weight loss needs to be further investigated.
Natural ACE-Inhibitors found in herbs and spices are of particular interest for replacement
of drugs to treat metabolic disorders. The effect of herbs and spices on body weight based
on their level of ACE-inhibition activity is unknown, also an interaction effect between herbs
and spices and dietary salt is yet to be reported. Whether these benefits are any greater
than those of other herbs and spices low in ACE-Inhibitory effect, yet still rich in
antioxidants, is unknown.
With the potential for ACE-Inhibitor drugs to improve health including by reducing blood
pressure, body weight, and increased insulin sensitivity, herbs and spices containing natural
ACE-Inhibitors may become part of the recommended dietary changes for improved health
status. The potential of dietary salt to interfere may help to further reinforce the current
recommendations for a reduction in dietary sodium intake, and may lead to tighter
regulations on the addition of sodium to processed foods.
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The current study – Aims and hypotheses
Obesity, insulin resistance, hypertension, and the cluster of these disorders known as the
metabolic syndrome are predominant diseases in Australia. More effective treatment for
these metabolic disorders is essential.
Although findings (unpublished) have previously shown captopril to have an anti-obesity
effect, and salt to modulate that effect in rodents (Radcliffe, 2007), a tighter range of
dietary salt intake which renders captopril as an effective anti-obesity treatment needs to
be investigated. The mechanism(s) of action for these changes are also unknown. Herbs
and spices rich in natural ACE-Inhibitory compounds may offer a potential alternative to
pharmacotherapy treatment of obesity and other metabolic disorders, and their potential
should be investigated.
Aims
The aims of this project were to:
1.
2.
3.
4.
5.

Determine a level of dietary salt which works to “switch on” the anti-obesity effects
of captopril in mice, and investigate the potential mechanism(s) of action
Assess levels of ACE-inhibition in a range of culinary herbs and spices
Explore the effects of herbs and spices rich in natural ACE-Inhibitory compounds on
body weight in mice, and investigate the potential mechanism(s) of action
Investigate whether salt has an interaction effect with a herb and spice mix, rich in
ACE-Inhibitory compounds, on body weight in mice
Explore the effects of herbs and spices rich in natural ACE-Inhibitory compounds on
body weight, body composition, blood pressure, and blood lipid profile in obese and
overweight humans

Hypotheses
We hypothesize that captopril will have an anti-obesity effect only in response to lower
levels of dietary salt, and be abolished at high levels of dietary salt intake. Also, that herbs
and spices rich in natural ACE-Inhibitory compounds will have a weight loss effect only in
response to lower levels of dietary salt, and be abolished at high levels of dietary salt intake.
Additionally, that these herbs and spices will reduce body fat mass, blood pressure, and
blood lipid levels. Finally, we hypothesize that a potential mechanism underlying the weight
loss effects of captopril and herb and spice treatment will be consistent between both ACEInhibitory compounds.
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CHAPTER 2

Materials and methods
The materials and methods described below are those used frequently throughout the
studies conducted in this thesis, and are referred to throughout the thesis. Modifications to
the materials and methods described in this chapter are noted throughout the thesis
accordingly.

Animal euthanization
Blood and tissue collection and storage
Mice were euthanized by CO2 asphyxiation in a gas chamber. Blood samples were taken
from the left ventricle of the heart with syringes treated with a 5% (w/v) EDTA (SigmaAldrich, USA) solution, and blood then transferred into Eppendorf tubes and placed on ice.
Blood was centrifuged at 5,000 × g (Heraeus Fresco 17, Thermo Scientific, USA) for 15
minutes to recover plasma, plasma was then stored at -20°C until analysis. Tissues were
collected (skeletal muscle, adipose, liver, and kidney) and weighed (adipose, liver, and
kidney). Half of each sample was then snap frozen in liquid nitrogen and transferred onto
dry ice until culling was complete, with the other half of each sample being placed in RNA
later (Cat #RO901, Sigma-Aldrich, USA). Tissues were then stored at -80°C until genomic
and proteomic analysis. The remainder of tissues were disposed of by Mediwaste.

Gene expression
Isolation of total RNA
Trizol RNA extraction was used for adipose, liver and muscle tissue. Approximately 100 mg
of tissue samples were homogenized in 1 ml of Trizol reagent (Invitrogen). Homogenized
samples were incubated at room temperature for 5 minutes and then 200 µl of chloroform
was added, with the exception of adipose tissue samples. Adipose tissue homogenate was
first centrifuged at 12,000 × g (Heraeus Fresco 17, Thermo Scientific, USA) for 10 minutes at
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4°C for 10 minutes then the red phenol phase transferred into fresh Eppendorf tubes before
the addition of 200 µl of chloroform.
All samples were next vortexed briefly then centrifuged at 12,000 × g (Heraeus Fresco 17,
Thermo Scientific, USA) for 15 minutes at 4°C. Centrifugation resulted in separation of the
lower red, phenol-chloroform phase and upper colourless, RNA containing aqueous phase.
Precipitation of RNA was achieved by the addition of 500 µl of isopropanol, room
temperature incubation for 10 minutes and centrifugation at 12,000 × g (Heraeus Fresco 17,
Thermo Scientific, USA) for 10 minutes at 4°C. The supernatant was discarded and the
remaining RNA pellet was washed once with 1 ml 75% ethanol. The pellet was dried and
dissolved in TE Buffer (30 μl Tris [10 mM] EDTA [1 mM] buffer).
Nano Drop ND-1000 spectrophotometer was used to quantify RNA in samples. Samples with
an absorbance A260/280 ratio of 1.80 to 2.00 were accepted and RNA solution was then
converted to cDNA for storage.

Synthesis of cDNA from mRNA
The synthesis of cDNA from extracted RNA was done using the DyNAmo™ cDNA synthesis
kit (F-470 Finnzymes, Finland). The reagents and volumes used for the conversion are given
in Table 2-1 below. No reverse transcriptase (NRT) controls were produced with
approximately 2-3 per treatment group. A thermal cycler (Stratagene Mx3000P QPCR
Systems, Agilent Technologies, USA), was used to convert the RNA into cDNA following the
cycle program shown below in Table 2.2.
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Table 2-1 cDNA synthesis reagents and volumes
Reagents
RT Buffer

Stock
2x

Volume / 20 μl reaction
10 μl

Random hexamer
primer set
Template RNA

300 ng/μl

1 μl
X μl (1 to 7 μl [max 1 μg])

M-MuLV RNase H+
reverse transcriptase
RNase-free H2O

2 μl
X μl (add H2O to make final
reaction volume 20 μl)
20 μl

TOTAL VOLUME
Table 2-2 cDNA conversion thermal cycler program
Cycles

Time (minutes)

Temperature (°C)

1

10

25

1

30

37

5
1

85
25

Real-time PCR
Real time PCR (RT-PCR) was conducted using a two-step program (Stratagene Mx3000P
QPCR Systems, Agilent Technologies, USA). Eurogentec (Belgium) TaqMan primers and
probes, designed by Beacon Designer 7, were used and included separate multiplex sets for
each tissue. Multiplex sets included β-actin, ATF3, FAS, and SIK2 for adipose tissue, β-actin,
FAS, PGC1α, and UCP2 for liver tissue, and β-actin, TRO1F, TRO3G, and UCP3 for skeletal
muscle tissue. Primer and probe details are given below in Table 3-2.
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Table 2-3 Primer and probe sequences for RT-PCR
Gene

Multiplex
Set

Sense Sequence
(5’ – 3’)

Anti-sense Sequence
(5’ – 3’)

Probe Sequence
(5’ – 3’)

Reporter
Dye

Adipose

NCBI
Accession
Number
NM_007393

β-Actin

CCCACACTGTGCCCATCTAC

CACGCTCGGTCAGGATCTTC

HEX

ATF3

Adipose

NM_007498

AGCAGCCAAGAGCCGTTG

FAS

Adipose

NM_007988

TGGCTCGGCGGGTCTATG

SIK2

Adipose

NM_178710

GAGGAAGGGATGCCAGTCAC

CCTAAATCCTGGAATTGGTGA
GAC
GCAGATGAGTTGTTCTTGGACT
TC
GTGGCCTGGAAAGCTTCAAAG

β-Actin

Liver

NM_007393

TGCAGCTCCTTCGTTGCC

CCACGATGGAGGGGAATACAG

TGCTCTCCCTCACGCCATCCTG
C
ATGCTCCTGCCTGCTCCACGGT
T
CACCTTGCTCCTTGCTGCCATC
TGT
AGCCTCTCCTTCTGTCTCCAAG
CCT
ACACCCGCCACCAGTTCGCCAT

FAS

Liver

NM_007988

GACGCACCTTAGAGGCAGTG

GCCCTCAACACCTAGCACAG

CCGCCAGCACAGCCAGGACCT

ROX

PGC1α

Liver

NM_008904

Liver

NM_011671

CCCATACACAACCGCAGTCGC
AACA
CCCAGCCCAGCCCAGCCCAG

β-Actin

Muscle

NM_007393

GGGTCAGAGGAAGAGATAAA
GTTG
TGAGAAAGAAGACACCAACAT
TGAG
GCGTGAGGGAGAGCATAGC

6-FAM

UCP2

GGAACAGCAGCAGAGACAAAT
G
TCTACAGCTAAGCCCACATCTT
C
CCAGCCATGTACGTAGCCATC

HEX

TRO1F

Muscle

NM_009405

CAGTGGCGGGCAGTGTTC

TRO3G

Muscle

NM_022314

UCP3

Muscle

NM_009464

TGAAGAGTGTGATGCTCCAGA
TAG
ACTCCAGGAAATCCAGCTAAA
GG
GGGACCCACGGCCTTCTAC

TGCTGTCCCTGTATGCCTCTGG
TCG
TCTCCTTCTCAGATTCTCGGCG
GCT
CGTTCCTCCGTGCGTTCCAAGT
CTC
TTTGTGCCCTCCTTTCTGCGTCT
GG

TCTCGGCAACGGGACTCTG
CGCAGTACCTGGACTTTCATTA
AG
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6-FAM
Cy5
ROX
HEX

Cy5

ROX
Cy5
6-FAM

Multiplexing protocol
For multiplexing each well contained a forward and reverse primer, and a probe for three
genes of interest (GOI) and one housekeeping gene along with template cDNA (or DNase
free water for no template controls) and Brilliant® Multiplex QPCR Master Mix (Stratagene).
Primers and probes were made to a working concentration of 10 μM with TE Buffer, and
equal volumes of each of the four primers, sense (forward) and antisense (reverse), were
added to each well along with equal volumes of each of the four probes. NRT control cDNA
substituted template cDNA in appropriate wells to check for genomic DNA contamination.
Individual well contents are given in Table 4-2.
Table 2-4 Reagents and volumes added to wells for RT-PCR multiplex
Reagent
Primer – Sense (x 4)
Primer – Antisense (x 4)
Probe (x 4)
Brilliant® Multiplex QPCR
Master Mix
Template cDNA

Volume added to well
0.75 μl (x4) = 3 μl
0.75 μl (x4) = 3 μl
0.50 μl (x4) = 2 μl
12.5 μl

Notes
Final volume Sense is 3 μl
Final volume Antisense is 3 μl
Final volume Probe is 2 μl

5 μl

Substitute with 5 μl of DNase
free H20 for No Template
Controls (NTC), or 5 μl of No
Reverse Transcriptase (NRT)
template for RT controls

FINAL WELL VOLUME

25.5 μl

A stock solution was made which included all primers, probes and Brilliant® Multiplex QPCR
Master Mix and a volume of 20.5 μl was distributed amongst all wells to be analysed. A
volume of 5 μl of the template cDNA or DNase free water was then added to appropriate
wells to make a final well volume of 25.5 μl. The RT-PCR cycler program was set to
complete 41 cycles, including one cycle (melting curve) for the assessment of primer dimers,
details of cycles are shown in Table 2-5.
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Table 2-5 RT-PCR cycler program
Cycles

Time

Temperature (°C)

1

10 minutes

95

40

15 seconds

95

1 minute

60

1 minute
30 seconds
30 seconds

95
55
95

1

Calculation of gene expression
Calculation of gene expression was done using the mean threshold cycle (CT) numbers for
the target and reference gene of the control and treatment groups (experimental), and was
expressed as fold change using the ΔΔCT method, where;
ΔCT = CT (target) - CT (reference gene)
And
ΔΔCT = ΔCT (experimental) – ΔCT (control)
As fold change was then calculated using 2-(ΔΔCT) which assumes 100% efficiency (Livak &
Schmittgen, 2001), efficiency was checked by the natural log transformation method as
described by Marino et al. (2003) (Marino et al., 2003). There were no significant variations
in efficiencies for the same cDNA amplification between the treatment groups in most
experiments, in which case efficiencies were not applied to reduce level of error. In cases
where variation in efficiencies was significant for the same cDNA amplification between the
treatment groups efficiencies were applied before statistics were conducted on fold
changes.

Herb and spice selection
Screening for ACE-inhibition activity and antioxidant content in herbs and spices
A range of commercially purchased culinary herbs and spices were assessed for ACEinhibition activity and antioxidant content. Commercially purchased herbs and spices
included amla, black pepper, chilli powder, cinnamon, cloves, ginger, oregano and turmeric.
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Antioxidant capacity was measured using an OxiSelectTM Oxygen Radical Antioxidant
Capacity (ORAC) Activity Assay kit (Cell Biolabs, Inc., San Diego, USA, Cat. #STA-345). The
antioxidant capacity is measured by the ability of a sample to block peroxyl radical oxidation
of a fluorescent probe.
ACE-inhibition activity was measured using a fluorescence resonance energy transfer (FRET)
assay protocol (Carmona et al., 2006). A description of both protocols is given below.

ORAC assay materials and equipment
Methods were followed as written in kit instructions. Materials provided in the kit included
Fluorescein Probe (100x), Free Radical Initiator, 5 mM Trolox™ as an antioxidant standard,
and an Assay Diluent. The Fluorescein Probe was diluted in the Assay Diluent 1:100 before
use and the Free Radical Initiator was prepared as a solution at a concentration of 80 mg/ml
and used immediately. Absorbance values were recorded at an excitation wavelength of
480 nm and an emission wavelength of 520 nm using an xMARKTM Microplate
Spectrophotometer (Bio-Rad, CA, USA). Samples were analysed in 96-well micro-assay
plates.
Sample preparation for antioxidant analysis
The weight of sample used to prepare samples for ORAC analysis was approximately 0.05 g,
which was then mixed with deionized water (1:2 w/v) and centrifuged at 12,000 × g
(Heraeus Fresco 17, Thermo Scientific, USA) for 10 minutes at 4°C.

ORAC assay setup
Supernatant was collected from each sample and 25 µl of each sample was added to
individual wells along with 150 µl of Fluorescein Probe solution. After mixing, the plate was
incubated for 30 minutes at 37°C. 25 µl of the Free Radical Initiator was added to wells
immediately prior to reading fluorescence values with a fluorescent microplate reader.
Trolox concentration was calculated using the net area under the curve (AUC) in comparison
to net AUC calculated from the Trolox™ antioxidant standard curve.
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FRET assay materials and equipment
Materials included FRET substrates: Abz-FRK (Dnp)P-OH, Abz-SDK(Dnp)P-OH and
Abz_LKF(Dnp)-OH, an assay buffer: 0.1 M Tris-HCL (pH 7.0) containing 50 mM NaCl and 10 µl
ZnCl2, DMSO, an ACE-Inhibitor: captopril, and purified rabbit lung ACE. Equipment used
included an xMARKTM Microplate Spectrophotometer (Bio-Rad, CA, USA) and 96-well microassay plates. Softmax Pro 5.2 was used to collect data from the fluorescence
spectrophotometer. A kinetic endpoint (fluorescence) setting was used with an excitation
wavelength of 320 nm and an emission wavelength of 420 nm on normal sensitivity.
Fluorescence readings were taken at 21 seconds for five minutes on the first run and 10
minutes on the second run at 37°C. Automix was used before the first read.

Sample preparation for ACE activity analysis
Approximately 0.05 g of each of the herbs and spices tested was diluted to a 1:5 (w/v)
solution in deionized water. The herb or spice solution was centrifuged at 1,000 × g
(Heraeus Fresco 17, Thermo Scientific, USA) for 10 minutes at 4°C and 25 µl of solution
extracted and further assessed for ACE inhibition.

FRET assay setup
A stock solution of FRET peptides was prepared by dissolving 1 mg of the peptide in 100%
DMSO, and then stored at 4°C. The assay buffer was prepared by dissolving 12.1 g Trisbase, 2.92 g NaCl and 1.36 mg ZnCl2 in 1 L of deionized water; pH was adjusted to 7.0 with
HCl and buffer stored at 4°C. The ACE-Inhibitor was prepared by dissolving 2.1 mg of
captopril in 10 ml of deionized water to give a working solution concentration of 1 mM.
Each well contained 200 µl of assay buffer, 2 µl FRET peptides solution, 25 µl of ACE, and 25
µl unknown sample solution or 25 µl H20 for positive control wells. Negative control wells
contained 200 µl of assay buffer, 2 µl FRET peptide solution, and 50 µl of deionized H20. All
samples were run in triplicates to minimize error.

56

CHAPTER 3

Interaction effect of dietary salt and captopril on: body weight, body composition, gene
expression, protein expression, hormones, and metabolomes in mice. Finding the “on
switch” and identifying the mechanism(s) of action.

Abstract
Although current literature suggests ACE-Inhibitors such as captopril to have a weight loss
effect in mice and rats, treatment of hypertensive patients with captopril does not appear to
initiate weight loss, the reason for this paradox is presently unknown. In this study we
examine the effect of sodium, a micronutrient found in excess in the average Australian diet,
on the ability of captopril treatment to reduce body weight. We also investigate potential
mechanisms of action by analyzing a range of genomic and proteomic changes. The study
was conducted on C57BL/6J mice on a high fat diet allocated into one of 10 treatment
groups. The treatment groups included five levels of saline with or without captopril (0.1
mg/ml). We show here that sodium intake, via dietary salt, displayed a modulatory effect
on the potential of captopril to reverse obesity in mice. Mice treated with captopril and fed
a diet low in salt (equating a daily salt intake between 0.061 g and 0.086 g NaCl) had
significantly decreased body weights, absolute and relative liver mass, and absolute and
relative epididymal fat mass, that were not found in response to captopril and a high salt
diet (equating a daily salt intake of 0.141 g NaCl). An increase in adipose SIK2 mRNA
expression and reduced adipose ATF3 mRNA expression was found in the low salt plus
captopril treated mice, but not in the high salt plus captopril treated mice. This study shows
captopril and dietary salt to have an interaction effect on weight loss, which is evident at a
daily salt intake of up to 0.086 g/day. An increase in SIK2 mRNA expression and decrease in
ATF3 mRNA expression in adipose tissue is suggested here as a potential mechanism
underlying the anti-obesity effect of captopril in conjunction with a low salt diet These
results highlight the possibility that a salt modified diet in conjunction with captopril
treatment may offer a solution for our current obesity epidemic.

57

Introduction
According to a national Health Survey conducted in 2011-2012 63.4% of Australians were
either overweight or obese, with 28.3% of the population classified as obese (ABS, 2012).
Not only does obesity have a negative impact on the health and wellbeing of the Australian
population, contributing to the development of type 2 diabetes, hypertension, gall bladder
disease, arthritis, some cancers and correlating with an increased risk of CVD (Pi-Sunyer et
al., 1998; Blackburn, 2001), but obesity also has a negative impact on the economy; with an
estimated direct cost of $830 million per year to the Australian health care system
(Thorburn, 2005).
Captopril, along with other ACE-Inhibitors, has recently been shown to significantly reduce
body weight in mice and rats by several research groups (de Kloet et al., 2009; Weisinger et
al., 2009; Premaratna et al., 2011); this finding is supported by ACE knockout mice which
also display reduced body weight and fat mass (Jayasooriya et al., 2008). ACE-Inhibitors are
used widely to treat hypertension in humans (Furuhashi et al., 2003), however weight loss is
not a reported side effect of treatment.
Recent work by our research group (unpublished) showed salt to have a potential
interaction effect on weight loss in response to treatment with the ACE-Inhibitor captopril
(Radcliffe, 2007). Currently salt is not considered to play a role in the lack of weight loss
observed in response to ACE-Inhibitor treatment in humans. The level of dietary salt, which
prevents captopril from having a weight loss effect, is yet to be defined. Also, the
mechanism underlying captopril’s weight loss effect in the presence of a low salt is unclear.
Many molecular pathways are reported to be involved in the development of obesity and
insulin resistance, including those regulating gluconeogenesis (Herzig et al., 2001),
lipogenesis (Du et al., 2008), and inflammation in response to stress (Qi et al., 2009).
The aims of this study were to confirm the weight loss effect of captopril and the interaction
effect between dietary salt and captopril in regards to weight loss in mice. Also to further
identify a tighter range of dietary salt within which captopril has an anti-obesity effect. The
aims also included the identification of a possible mechanism of action underlying the
interaction effect of dietary salt and captopril on body weight.
We hypothesized that captopril would have an anti-obesity effect only in response to lower
levels of dietary salt, abolished at high levels of dietary salt.
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Materials and methods
Animal study design
This study was approved by the La Trobe University Animal Ethics Committee (approval
number AEC08-20-L). Sixty 3-week old male C57BL/6J mice were sourced from Animal
Resources Centre (Canning Vale, WA). Mice were housed in the Central Animal House (La
Trobe University, VIC). Mice were kept in a room under controlled ambient temperature
(22± 2°C) and 12-hour light: dark cycle. Animals were maintained on a high fat diet (SF00219) for 12 weeks. Diets complied with nutritional requirements set by the American
Institute of Nutrition (Reeves et al., 1993). Mice were then randomly allocated into one of
10 treatment groups (n=6) and housed one per plastic cage lined with sawdust. Animal
welfare was monitored routinely to ensure health, food, and water accessibility. Mice were
treated for four weeks. Body weight was monitored bi-weekly. After four weeks of
treatment all animals were culled and blood and tissue samples taken for analysis as
described in Chapter 2 “Blood and tissue collection and storage”. Dr. Denovan Begg and
Ms. Diana Rayment assisted in technical aspects of this study. My involvement was in the
design of and data collection of the study, analysis, and interpretation of data.
Treatment groups
The 10 treatment groups consisted of five high fat feed SF00-219 treatment groups with
five levels of salt added to drinking water [0.0; water only, 0.1; 0.1% saline, 0.2; 0.2% saline,
0.3; 0.3% saline, 2.0; 2.0% saline] and five high fat feed SF00-219 treatment groups with five
levels of salt plus 0.1 mg/ml captopril added to drinking water[0.0+; water plus 0.1 mg/ml
captopril, 0.1+; 0.1% saline plus 0.1 mg/ml captopril, 0.2+; 0.2% saline plus 0.1 mg/ml
captopril, 0.3+; 0.3% saline plus 0.1 mg/ml captopril, 2.0+; 2.0% saline plus 0.1 mg/ml
captopril]. The high fat feed contained 0.26% sodium chloride. Mice were given ad libitum
access to feed and water.

Gene expression by RT-PCR
Refer to Chapter 2 “Gene expression” for gene expression methods and primer/probe
sequences.
Primers and probes used for this study included:
- Adipose: SIK2, FAS, ATF3, β-actin
- Liver: FAS, UCP2, PGC1α, β-actin
- Skeletal muscle: UCP3, TROP1F, TROPO3G, β-actin
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Plasma hormone assays
Adiponectin
Plasma adiponectin concentration was quantified with a mouse adiponectin
ELISA kit (Millipore, Missouri, USA, Cat. #EZMADP-60K). Methods followed were as written
in kit instructions and absorbance values were recorded at 450 nm and 590 nm for all assays
using an xMARKTM Microplate Spectrophotometer (Bio-Rad, CA, USA).
Insulin
Plasma insulin concentration was quantified with a Mouse Insulin ELISA Kit (Millipore,
Missouri, USA, Cat. #EZRMI-13K). Methods followed were as written in kit instructions and
absorbance values were recorded at 450 nm and 590 nm for all assays using an xMARKTM
Microplate Spectrophotometer (Bio-Rad, CA, USA).
Leptin
Plasma leptin concentration was quantified with a Rat/Mouse Leptin ELISA Kit (Millipore,
Missouri, USA, Cat. #EZML-82K). Methods followed were as written in kit instructions and
absorbance values were recorded at 450 nm and 590 nm for all assays using an xMARKTM
Microplate Spectrophotometer (Bio-Rad, CA, USA).
Renin
Plasma renin concentration was quantified with a SensoLyte TM 390 Renin Assay Kit
*Fluorimetric* (AnaSpec, San Jose, USA, Cat. #72039). Methods followed were as written in
kit instructions and absorbance values were recorded at 330 nm and 390 nm for all assays
using an xMARKTM Microplate Spectrophotometer (Bio-Rad, CA, USA). The SensoLyteTM 390
Renin Assay Kit is a continuous assay of renin activity which uses a Mc-Ala/Dnp fluorescence
resonance energy transfer (FRET) peptide derived from the cleavage site of renin. In this
FRET peptide the Dnp quenches the fluorescence of Mc-Ala, yet when renin cleaves the
peptide into two separate fragments, Dnp no longer quenches the fluorescence of Mc-Ala.
The fluorescence of Mc-Ala can then be measured at an excitation/emission of 330/390 nm.
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Plasma metabolite assays
NEFA
Plasma NEFA concentration was quantified with a Free fatty acids, Half-micro test (Roche,
Penzberg, Germany, Cat. #11 383 175 001). Methods followed were as written in kit
instructions and absorbance values were recorded at 546 nm for all assays using an
xMARKTM Microplate Spectrophotometer (Bio-Rad, CA, USA). The principle is based on the
conversion of free fatty acids to acyl-CoA in the presence of ATP and the enzyme acyl-CoA
synthetase. The conversion of acyl-CoA to enoly-CoA in the presence of acyl-CoA oxidase
and oxygen results in hydrogen peroxide. Hydrogen peroxide then converts 4aminoantipyrine and 2,4,6-tribromo-3-hydroxy-benzoic acid into a red dye in the presence
of peroxidase.

Protein expression analyses
Protein extraction from adipose and liver tissue
Following the culling of animals fresh tissue samples were immediately placed in liquid
nitrogen and stored at -80°C. During protein extraction procedures, all tissue was kept on
ice. Tissue samples were taken using sterilized blades. Either 4-8 mg (liver) or
approximately 200 mg (adipose) of tissue was homogenized on ice in 200 μl (liver) or in 100
μl (adipose) of ONYX Lysis Buffer (20 mM Tris-Cl pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM
EGTA, Triton X-100 1%, glycerol 10%, Complete inhibitors (Roche), 50 mM NaF, 1 mM
Na3VO4 ). After homogenization, samples were centrifuged for 20 minutes at 13.8 x g at 4°C.
Eppendorf tubes were gently removed from the centrifuge, placed on ice and the
supernatant aspirated into fresh Eppendorf tubes. Protein concentrations were then
measured on NanoDrop 1000 Spectrophotometer (Thermo Scientific, USA) using Nanodrop
V3.7.1 software. Lysates were then stored in a -80°C freezer for future use.

SDS-PAGE & Western Transfer
Approximately 100 μg (adipose) to 500 μg (liver) of total protein lysate was mixed with
equal volumes (5-20 μl) of sodium dodecyl sulfate (SDS) Loading Dye (1 mM Tris pH 6.8, 10%
SDS, 80% glycerol, bromophenol HighACEI, beta-mercaptoethanol) and boiled for 5 minutes.
The samples were then loaded onto a 4-20% Tris-Glycine gel alongside a positive control
and molecular weight marker. Positive controls were selected due to previously showing
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expression of the protein of interest in relatively large quantities and included an aged chow
fed C57BL/6J liver and brain sample. The molecular weight marker was a 10-250 kDa
Protein Ladder (New England Biolabs®inc.)
The gel was run with Running Buffer (25 mM Tris, 192 mM glycine, 0.1% SDS pH 8.3) at 100
Volts for 90 minutes (120 Volts for 90 minutes for two gels) at room temperature. Western
Transfer to a PVDF membrane (Merk Millipore, USA, Immobilon-P, Cat. #IPVH00010) was
conducted at 26 Volts for 150 minutes at room temperature in Transfer Buffer (12 mM Tris,
96 mM glycine, 10% MeOH).

Primary and secondary antibody incubations
Following the transfer of proteins onto the PVDF membrane, the PVDF was then incubated
for a minimum of one hour at room temperature in 5% Blotto (2.5 g skim milk powder in 50
ml PBS-Tween 20) on a roller, followed by: incubation for one hour in a protein specific
primary antibody, three 10 minute rinses with PBS-Tween 20, incubation for one hour in an
antibody specific to the host species which the primary antibody was raised, and finally
three 10 minute rinses with PBS-Tween 20.

Protein quantification
After antibody incubation periods were complete the PVDF membrane was soaked in an
enhanced chemiluminiscent reagent (ECL) (Amersham) for two-five minutes, followed by
exposure to X-ray film (Fuji Film, Japan) for a time between 10 seconds to 20 minutes,
depending on strength of signal, until bands were visible. ImageQuant TL Software was
used to quantify density of bands.
Antibodies and reagents
Antibodies used included Phosphorylated TORC1 (Ser151) (Cat #3359, Cell signalling
Technology, USA), HSP70 (Cat #ab31010, Abcam, UK), LC3 (Cat #NB100-2220, Novus
Biologicals, USA), Total CREB (Cat #9197, Cell Signaling Technology, USA), and
Phosphorylated CREB (Ser133) (Cat #9191, Cell Signaling Technology, USA). All antibodies
were used at a dilution of 1:1000, except HSP70 and LC3 which were used at a dilution of
1:500. The constitution of reagents used in SDS-PAGE and Western Transfer are given
below in Table 3-1.
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Table 3-1 Constitution of SDS-PAGE and Western Transfer reagents
Reagent

Concentration

Recipe

10 X Gel Running
Buffer

250 mM Tris, 1.92 M Glycine,
35 mM SDS, pH 8.3

Recipe: 1 L (suggested make 5 L each time)
Dissolve 30.2 g Tris, 144 g Glycine and 10 g of
SDS into 1 L of distilled water (dH2O)
Check pH is around 8.3

2 X Laemmli Buffer
(SDS loading dye)

1 mM Tris pH 6.8, 10% SDS,
80% Glycerol, Bromophenol
HighACEI, Betamercaptoethanol

Recipe: 100 ml
1M Tris pH 6.8: 10 ml
10% SDS: 40 ml
80% Glycerol: 25 ml (20 ml Glycerol + 5 ml dH2O)
Bromophenol HighACEI: 200 mg
dH2O: 25 ml
Beta-mercaptoethanol: 2 μl/ml buffer (2 ml in
1000 ml)

PBS Solution

Recipe: 1 L (suggested make 5 L each time)
Add 1560.1 mg Sodium phosphate monobasic
dehydrate to 800 ml dH2O
Add 9 g NaCl to solution and dissolve
Add NaOH until solution reaches pH 7.2
Make up to final volume of 1 L with dH2O

PBS-Tween 20

Recipe: 1 L (suggested make 2 L each time)
Dissolve the following in 800 ml of dH2O;
8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, 0.24
g of KH2PO4, 2 ml of Tween-20
Then:
Adjust pH to 7.2
Adjust volume to 1 L with additional dH2O
Sterilize by autoclaving

Solubilizing Buffer
(ONYX lysis buffer
with phosphotase
and protease
inhibitors)

20 mM Tris-Cl pH 7.4, 135
mM NaCl, 1.5 mM MgCl2,
1 mM EGTA, Triton X-100 1%,
Glycerol 10%, Complete
inhibitors (Roche), 50 mM
NaF, 1 mM Na3VO4

Stripping Solution

25 mM Glycine-HCl, pH 2,

Recipe: 100 ml (suggested make 2 L each time)

1% (w/v) SDS
Add 187.7 mg Glycine to 100 ml of dH2O
Add 10 g of SDS to the solution
Add HCl until pH reaches 2.0
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Transfer Buffer

12mM Tris,
96mM Glycine,
20% MeOH

Recipe: 1 L (suggested make 4 L each time)
Add 1.4 g Tris and 7.2 g Glycine to 800 ml of
dH2O
Make up to 1 L with 200 ml of MeOH

Enhanced
Chemiluminiscent
Reagent (ECL)
5% Blotto

Purchased from Amersham
Cat# RPN 2106,
(GE Healthcare)
5% Milk powder

Recipe: Makes 50 ml (make fresh every 48
hours)
2.5 g skim milk powder in 50 ml PBS-Tween 20

Statistics
A 3-way repeated measures analysis of variance was used to determine significance within
treatment groups for body weight, feed intake, and water intake, before Post Hoc least
significant difference testing. Captopril treatment, salt level, and time were factors. Pillai’s
Trace values are reported. All other treatment group results were analysed by 2-way
analysis of variance (ANOVA), with captopril treatment and salt level as factors. The
software package used was SPSS Inc. software (Version 14.0). Level of significance was
chosen as 5%. Data in text, tables and all figures is expressed as the mean ±standard error
of mean (SEM) except where stated otherwise. Correlations between feed intake and
dietary salt levels were calculated using the Pearson’s product-moment correlation (r) (SPSS
Inc. software Version 14.0). The data showed no violation of normality. Statistical
significance was accepted at P < 0.05.
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Results
Body weight
Analysis of body weight data using a 3-way repeated measures ANOVA indicated a
significant interaction between captopril, salt, and time (F(28)=1.84, P <0.05). By day 9, 5,
12, and 16 of the study the 0.0+, 0.1+, 0.2+, and 0.3+ captopril treatment groups
respectively showed significantly lower body weights compared to their respective controls,
0.0, 0.1, 0.2, and 0.3 treatment groups (P<0.05) (Figure 3.1). Salt abolished the effects of
captopril as there was no significant difference in body weights between the 2.0+ treatment
group and the 2.0 treatment group. There was no significant difference between the 0.0,
0.1, 0.2, 0.3, and 2.0 treatment groups. The 0.0+ and 0.1+ treatment groups became
significantly lighter than all other treatment groups by day 12 and remained lighter than all
other groups until day 26 (P<0.05).
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Figure 3.1 Effect of salt and captopril on body weight
Results are expressed as mean ±SEM in grams (n=6). (# 0.0+ & 0.1+ significantly lighter than all treatment
groups. * P<0.05 0.0+ compared to respective control, † P<0.05 0.1+ compared to respective control, ‡ P<0.05
0.2+ compared to respective control, **P<0.05 0.3+ compared to respective control)
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Feed intake
Analysis of feed intake data using a 3-way repeated measures ANOVA indicated a significant
interaction between captopril, salt, and time (F(28)=1.73, P <0.05). Significant reduction in
feed intake was apparent by day two for the 0.1+ treatment group, day five for the 0.3+
treatment group, and day nine for the 0.2+ treatment group in comparison to respective
controls (P<0.05) (Figure 3.2). Feed intake returned to a non-significantly different value by
day 19 for 0.1+, 0.2+, and 0.3+ in comparison to respective controls. The 0.0+ treatment
group sustained a significantly lower feed intake in comparison to the 0.0 control group
from day nine until the conclusion of the study (P<0.05) (Figure 3.2).
There was a significant reduction in feed intake, represented as an average daily feed intake
over the duration of the study, in the 0.0+, 0.1+, and 0.3+ treatment groups in comparison
to their respective controls over the duration of the study (P<0.05) (Figure 3.3). There was
no significant change in average daily feed intake in the 0.2+ and 2.0+ treatment groups in
comparison to their respective controls (Figure 3.3, A).
There was a significant interaction effect between salt and captopril on feed intake as
shown by a significant correlation (P=0.01), which was not seen between salt and feed
intake alone (Figure 3.3, B).
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Figure 3.2 Effect of salt and captopril on feed intake
Results are expressed as mean ±SEM in grams per day (n=6). (# 0.0+ significantly lower feed intake compared
to 0.0 control (days 9, 12, 16, 19, 23, 26). * 0.1+ significantly lower feed intake compared to respective control
(days 2, 5, 9, 12, 16), 0.2+ significantly lower feed intake compared to respective control (days 9 and 12), 0.3+
significantly lower feed intake compared to respective control (days 5 and 9))
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Average Daily Feed Intake (g)
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Figure 3.3 Effect of salt and captopril on average daily feed intake
Results are expressed as mean ±SEM in grams per day (n=6). (* P<0.05 compared to respective control)
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Fluid intake
Analysis of fluid intake data using a 3-way repeated measures ANOVA indicated a significant
interaction between captopril, salt, and time (F(28)=2.43, P <0.05). There was a significant
increase in fluid intake apparent by as early as day two for the 0.2+ treatment group and
day nine for the 0.3+ treatment group in comparison to respective controls and remained
significantly higher for the remainder of the study (P<0.05) (Figure 3.4). Fluid intake was
significantly greater in the 0.0+ treatment group by day 12 and in the 0.1+ treatment group
by day 19 in comparison to respective controls and remained significantly greater for the
remainder of the study (P<0.05). There was no significant difference between the 2.0+ and
2.0 treatment groups fluid intake.
There was a significant increase in fluid intake, represented as an average daily fluid intake
over the duration of the study, in the 0.0+, 0.1+, 0.2+, and 0.3+ treatment groups in
comparison to their respective controls (P<0.05) (Figure 3.5). There was no significant
change in average daily fluid intake in the 2.0+ treatment group in comparison to their
respective control.
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Figure 3.4 Effect of salt and captopril on fluid intake
Results are expressed as mean ±SEM in ml per day (n=6). (* 0.2+ significantly higher fluid intake compared to
respective control, # 0.3+ significantly higher fluid intake compared to respective control, † 0.0+ significantly
higher fluid intake compared to respective control, ‡ 0.1+ significantly higher fluid intake compared to
respective control)
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Average Daily Fluid Intake (ml)
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Figure 3.5 Effect of salt and captopril on average daily fluid intake
Results are expressed as mean ±SEM in ml per day (n=6). (* P<0.05 compared to respective control)

Average daily salt intake
Analysis of average daily salt intake data using a 2-way ANOVA indicated a significant
interaction between captopril and salt (F(4)=5.46, P <0.05). The following figure shows the
average daily salt intake for each treatment group, taking into account the concentration of
salt in the feed and drinking water along with the average daily feed and fluid intake. After
accounting for average daily fluid and feed intakes, the 2.0+ and 2.0 treatment groups still
displayed the highest average daily salt intake (Figure 3.6). There was no significant
difference between the 0.2+, 0.3+, and 2.0+ treatment groups and their respective controls,
however there was a significantly lower average daily salt intake in the 0.0+ and 0.1+
treatment groups and their respective controls (P<0.05). Figure 3.6 shows the salt intake of
the 0.3+ treatment group to be on average approximately 0.086 g/day and the 2.0+
treatment group to be approximately 0.141 g/day.

69

Average Daily Salt Intake (g/day)
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Figure 3.6 Average daily salt intake
Results are expressed as mean ±SEM in grams per day (n=6). (* P<0.05 compared to respective control)

Average daily captopril dosage
Analysis of average daily captopril dosage data using a 2-way ANOVA indicated no
significant interaction between captopril and salt (F(4)=2.45, P >0.05). Table 3-2 shows the
average daily dose of captopril received by each treatment group, taking into account the
concentration of captopril in drinking water and the average daily fluid intake. According to
Table 3-2 the average daily captopril dosage was lowest in the 2.0+ treatment group. This
dosage was significantly lower than the 0.2+ and 0.3+ treatment groups (P<0.05). The
highest average daily captopril dosage was found in the 0.2+ treatment group and was
found to be significantly higher than the 0.0+, 0.1+, and 2.0+ treatment groups (P<0.05).
Table 3-2 Average daily captopril dosage
Treatment group

Average Daily Captopril
Dosage (mg/day) No Cap

Average Daily Captopril
Dosage (mg/day) Cap

0.0

0.000

0.322 ± 0.022 †

0.1

0.000

0.315 ± 0.022 †

0.2

0.000

0.413 ± 0.022 *

0.3

0.000

0.369 ± 0.022 *

2.0

0.000

0.285 ± 0.022 †

Results are expressed as mean ±SEM in mg of captopril per day (n=6). (* significantly higher captopril dosage
compared to 2.0+ treatment group, † significantly lower captopril dosage compared to 0.2+ treatment group)
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Post mortem tissue weights
Analysis of post mortem tissue weight data using a 2-way ANOVA indicated a significant
interaction between captopril and salt for final body weight (F(4)=7.40, P <0.05), liver
weight (F(4)=3.16, P <0.05), epididymal fat weight (F(4)=4.86, P <0.05), epididymal fat/100g
BW (F(4)=4.02, P <0.05), and kidney/100g BW (F(4)=5.16, P <0.05) There was a significant
effect of salt on kidney weight (F(4)=3.78, P <0.05), and of captopril on liver/100g BW
(F(1)=38.62, P <0.05). As shown in Table 3-3, the 0.0+, 0.1+, and 0.2+ treatment groups had
significantly decreased absolute and relative liver and epididymal fat mass compared to the
control, 0.0 treatment group, and their respective controls, 0.0, 0.1, and 0.2 treatment
groups (P<0.05). There was a significant decrease in absolute and relative liver and
epididymal fat mass in the 0.3+ treatment group compared to the control, 0.0 treatment
group, and a significant decrease in absolute liver mass, and absolute and relative
epididymal fat mass compared to the respective control, 0.3 treated group (P<0.05). There
was no significant change in relative liver mass in the 0.3+ treatment group compared to the
respective control group.
Although the 2.0+ treatment group did not show a significant difference in either absolute
or relative liver mass in comparison to the control, 0.0 treatment group, there was a
significant decrease in relative liver mass in comparison to the respective control, 2.0
treated group (P<0.05). There was no significant difference in absolute and relative
epididymal fat mass in comparison to the control 0.0 treatment group and in comparison to
the respective control 2.0 treatment group (See Table 3-3).
There was a significant increase in absolute and relative kidney weight in the 0.1+ treatment
group in comparison to the control and respective control (P<0.05). The absolute kidney
weight was significantly greater in the 2.0 and 2.0+ treated group in comparison to the
control group (P<0.05) (See Table 3-3).

71

Table 3-3 Final body weight and tissue weights
CON

CAP

TREATMENT GROUP

0.0

0.1

0.2

0.3

2.0

0.0+

0.1+

0.2+

0.3+

2.0+

Final Body Weight
(g)
Liver
(g)

42.2±1.81

42.3±1.65

39.9±1.65

40.7±1.65

39.7±1.53

29.3±1.65
*^

28.1±1.65
*^

34.3±1.65
*#^

36.1±1.65
*#^

40.8±1.65
#

2.7±0.28

3.1±0.26

2.6±0.26

2.5±0.26

2.7±0.24

1.2±0..26
*^

1.2±0.26
*^

1.6±0.26
*^

1.9±0.26
*#^

2.4±0.26
#

Epididymal Fat
(g)

2.5±0.24

2.4±0.22

2.2±0.22

2.2±0.22

2.4±0.20

0.8±0.22
*^

0.7±0.22
*^

1.5±0.22
*#^

1.7±0.22
*#^

2.2±0.22
#

Kidney
(g)

0.4±0.02

0.4±0.02

0.4±0.02

0.4±0.02

0.4±0.01
*

0.4±0.02

0.4±0.02
*#^

0.4±0.02

0.4±0.02

0.4±0.02
*#

Liver
(g/100g body weight)

6.5±0.49

7.1±0.45

6.5±0.45

6.0±0.45

6.8±0.42

4.0±0.45
*^

4.3±0.45
*^

4.7±0.45
*^

5.1±0.45
*#

5.9±0.45
#^

Epididymal Fat
(g/100g body weight)

5.8±0.47

5.6±0.43

5.5±0.43

5.4±0.43

5.9±0.40

2.6±0.43
*^

2.5±0.43
*^

4.1±0.43
*#^

4.4±0.43
*#^

5.3±0.43
#

Kidney
(g/100g body weight)

0.9±0.08

1.0±0.07

0.9±0.07

1.0±0.07

1.1±0.07

1.3±0.07
*^

1.6±0.07
*#^

1.1±0.07
*#^

1.2±0.07
*#^

1.1±0.07
#

Results are expressed as mean ± SEM (n=6). (* P<0.05 compared to 0.0 control, # P<0.05 compared to 0.0+ treatment group,
^ P<0.05 compared to respective control)
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Gene expression
Adipose
Analysis of adipose gene expression data using a 2-way ANOVA indicated a significant
interaction between captopril and salt for SIK2 (F(2)=5.63, P <0.05). Captopril had a
significant effect of on ATF3 (F(1)=4.70, P <0.05). As shown in Figure 3.7, expression of
mRNA for FAS was increased in the 0.1+ treatment group compared to the respective
control 0.1 group (P<0.05), all other groups showed no significant difference compared
to their respective control group. There was no significant difference in FAS mRNA
expression between the 0.0+, 0.1+, and 2.0+ treatment groups or between the 0.0, 0.1,
and 2.0 treatment groups.
Expression of mRNA for SIK2 was significantly increased in the 0.0+ and 0.1+ treatment
groups in comparison to the control, their respective controls, and the 2.0+ treatment
group (P<0.05). There was no significant difference in the 2.0+ treatment group
compared to the control and the respective control.
Expression of mRNA for ATF3 was significantly reduced in the 0.0+ and 0.1+ treatment
groups in comparison to the control and the 2.0+ treatment group (P<0.05). There was
no significant difference in ATF3 mRNA expression in the 2.0+ treatment group
compared to the control and respective control group.
4.0
Adipose tissue mRNA expression
(Fold change)

*
3.5
3.0
2.5

*
*

2.0

No Captopril

1.5

Captopril
1.0

*

#

0.0

0.1

0.5
0.0
0.0

0.1
FAS

2.0

0.0

0.1

2.0

SIK2
Treatment

2.0

Saline concentration
(NaCl g/100ml water)

ATF3

Figure 3.7 Effect of salt and captopril on FAS, SIK2, and ATF3 mRNA expression in adipose tissue
Results are expressed as mean ± SEM (n=5). Results are normalised to the expression of beta actin.
(*P<0.05 compared to 0.0 control and respective control, #P<0.05 compared to 0.0 control and 2.0+)

73

Liver
Analysis of liver gene expression data using a 2-way ANOVA indicated a significant
interaction between captopril and salt for FAS (F(2)=7.31, P <0.05), and PGC1α
(F(2)=8.73, P <0.05). Salt had a significant effect of on UCP2 (F(2)=4.67, P <0.05). As
shown in Figure 3.8, expression of mRNA for UCP2 was significantly increased in the 0.0+
compared to all other treatment groups (P<0.05). There were no significant differences
in UCP2 mRNA between the 0.0, 0.1, and 2.0 treatment groups.
Expression of mRNA for FAS was significantly increased in the 0.1+ treatment group
compared to the respective control, 0.1 treatment group (P<0.05). The FAS mRNA
expression was significantly increased in the 0.1+ treatment group compared to all other
treatment groups (P<0.05). There was no significant difference in FAS mRNA expression
between the 0.0, 0.1, and 2.0 treatment groups.
Expression of mRNA for PGC1α was significantly increased in the 0.1+ treatment group in
comparison to the respective control, 0.1 treatment group, and significantly increased in
comparison to all other treatment groups (P<0.05). There was no significant difference
in PGC1α mRNA expression between the 0.0, 0.1, and 2.0 treatment groups.
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*
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*
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0.1
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Saline concentration
(NaCl g/100ml water)

PGC1α

Figure 3.8 Effect of salt and captopril on UCP2, FAS and PGC1α mRNA expression in liver tissue
Results are expressed as mean ± SEM (n=6). Results are normalised to the expression of beta actin.
(*P<0.05 compared to control, respective control, and all other treatment groups)
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Skeletal muscle

Skeletal muscle mRNA expression
(Fold change)

Analysis of skeletal muscle gene expression data using a 2-way ANOVA indicated a
significant interaction between captopril and salt for TRO3G (F(2)=6.79, P <0.05). Salt
had a significant effect of on TRO1F (F(2)=18.18, P <0.05). As shown in Figure 3.9,
TRO3G mRNA expression is upregulated in the 0.1+ treatment group in comparison to
the 0.0 control (P<0.05) but not the 0.1 control. Also in the 0.1+ treatment group TRO1F
and UCP3 mRNA expression were upregulated in comparison to every other treatment
group, including the respective control (P<0.05). No other significant changes in
expression were seen.
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

*
*
†

No Captopril
Captopril

0.0

0.1
TRO3G

2.0

0.0

0.1

2.0

0.0

TRO1F
Treatment

0.1

2.0

Saline concentration
(NaCl g/100ml water)

UCP3

Figure 3.9 Effect of salt and captopril on TRO3G, TRO1F and UCP3 mRNA expression in skeletal
muscle tissue
Results are expressed as mean ± SEM (n=5). (Results are normalised to the expression of beta actin
*P<0.05 compared to all other treatment groups, † P<0.05 compared to 0.0 only)
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Protein expression

Adipose tissue protein expression
There was no significant difference in the ratios of phoshorylated TORC1 (pTORC1) to
heat shock protein 70 (HSP70) when comparing both captopril treatment groups, 0.0+
and 2.0+, to their respective controls, 0.0 and 2.0, and also when comparing the 0.0+
treatment group with the 2.0+ treatment group (Figure 3.10, A).

pTORC1:HSP70 (arbitrary)

Similarly, there was no significant difference in the ratios of LC3II to LC3I when
comparing both captopril treatment groups, 0.0+ and 2.0+, to their respective controls,
0.0 and 2.0, and also when comparing the 0.0+ with 2.0+ treatment group (Figure 3.10,
B).
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1.4
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A

No Captopril
Captopril

0.0
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1.6
1.4

B

1.2
1
0.8

No Captopril

0.6

Captopril

0.4
0.2
0
0.0

2.0

Saline Concentration (NaCl g/100ml Water)

Figure 3.10 Effect of salt and captopril on pTORC1: HSP70 and LC3II: LC3I protein expression in
adipose tissue
Results are expressed as mean ± SEM (n= 4). Results are presented as ratios.
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Liver tissue protein expression
There was no significant difference in the ratios of phosphorylated CREB (pCREB) to total
CREB (TotCREB) when comparing both captopril treatment groups, 0.0+ and 2.0+, to
their respective controls, 0.0 and 2.0, and also when comparing the 0.0+ with 2.0+
treatment group. There was a significant difference between the 2.0 treatment group
and the captopril treated 0.0+ group (P<0.05) (Figure 3.11).

pCREB:TotCREB (arbitrary)
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2.5
2

*

1.5

No Captopril

1
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0
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2.0

Saline Concentration (NaCl g/100ml Water)

Figure 3.11 Effect of salt and captopril on pCREB:TotCREB protein expression in liver tissue
Results are expressed as mean ± SEM (n= 4). Results are presented as ratios. (* P<0.05 0.0+ treatment
group compared to 2.0 treatment group only)
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Plasma hormone levels
Adiponectin
Analysis of plasma adiponectin data using a 2-way ANOVA indicated a significant effect
of captopril (F(1)=17.43, P <0.05). Plasma adiponectin levels were significantly higher in
comparison to all captopril treatment groups and their respective controls for the 0.0,
0.1, 0.3, and the 2.0 treatment groups (P<0.05), however there was no significant
difference between the 0.2 treatment group and their respective control group (Figure
3.12). There was no significant difference between the 0.0, 0.1, 0.2, 0.3, and 2.0
treatment groups. The 0.1+ treatment group had significantly lower levels of plasma
adiponectin compared to the 0.0+ treatment group (P<0.05). There were no significant
differences between all other captopril treated groups.
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Saline Concentration (NaCl g/100ml Water)

Figure 3.12 Effect of salt and captopril on plasma adiponectin levels
Results are expressed as mean ± SEM in μg/mL (n = 5). (* significantly higher adiponectin levels in
comparison to respective control)

Insulin
Analysis of plasma insulin data using a 2-way ANOVA indicated no significant effects.
There was no significant difference in plasma insulin levels between the captopril
treatment groups and their respective control groups (Figure 3.13). The 0.2+, 0.3+, and
2.0+ treatment groups had significantly higher plasma insulin levels than the 0.0+
treatment group (P<0.05). The 0.3 and 2.0 treatment groups also had significantly
higher plasma insulin levels compared to the 0.0 treatment group (P<0.05).
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Figure 3.13 Effect of salt and captopril on plasma insulin levels
Results are expressed as mean ± SEM in ng/mL (n = 3). (* P<0.05 in comparison to 0.0+ treatment group, †
P<0.05 in comparison to 0.0 treatment group)

Leptin
Analysis of plasma leptin data using a 2-way ANOVA indicated a significant effect of
captopril (F(1)=7.09, P <0.05). Plasma leptin levels were significantly lower in the 0.0+,
0.1+, and 0.3+ treatment groups in comparison to respective controls, 0.0, 0.1, and 0.3
(P<0.05) (Figure 3.14). There were no significant differences in plasma leptin level
between the 0.2+ and 2.0+ treatment groups and their respective controls, 0.2 and 2.0.
There were no significant differences between plasma leptin levels in the 0.0, 0.1, 0.2,
0.3, and 2.0 treatment groups, or between plasma leptin levels in the 0.0+, 0.1+, 0.2+,
0.3+, and 2.0+ treatment groups.
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Figure 3.14 Effect of salt and captopril on plasma leptin levels
Results are expressed as mean ± SEM in ng/mL (n = 3). (* P<0.05 in comparison to respective controls)
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Renin
Analysis of plasma renin data using a 2-way ANOVA indicated a significant effect of salt
(F(1)=5.12, P <0.05). There was no significant difference in relative renin activity
between neither the 0.0+ treatment group compared to the respective control, 0.0, nor
between the 2.0+ treatment group and the respective control, 2.0 (Figure 3.15). There
was a significantly higher level of plasma renin activity in the 0.0+ treatment group
compared to the 2.0+ treatment group (P<0.05), however, there was no significant
difference in the plasma renin activity between the 0.0 treatment group and 2.0
treatment group.
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Figure 3.15 Effect of salt and captopril on plasma renin activity
Results are expressed as mean ± SEM as a percentage of renin activity (n = 5). (* 2.0+ had a significantly
lower level of renin activity compared to 0.0+)
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Plasma metabolite levels

NEFA
Analysis of plasma NEFA data using a 2-way ANOVA indicated a significant effect of
captopril (F(1)=6.98, P <0.05). Plasma NEFA levels were significantly lower in the 0.0+
and 0.1+ treatment groups in comparison to their respective treatment controls, 0.0 and
0.1 (P<0.05) (Figure 3.16). There was no significant difference in NEFA levels between
the 0.2+, 0.3+ and 2.0+ treatment groups in comparison to their respective controls.
Plasma NEFA levels were significantly lower in the 0.3 treatment group in comparison to
the 0.0 treatment group (P<0.05). There were no significant differences in NEFA levels
between the 0.0+, 0.1+, 0.2+, 0.3+, and 2.0+ treated groups.
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Figure 3.16 Effect of salt and captopril on plasma NEFA levels
Results are expressed as mean ± SEM in mmol/mL (n = 5). (*P<0.05 in comparison to respective control,
†P<0.05 in comparison to 0.0 treatment group)

81

Discussion
The current study has identified that dietary salt may interfere with the anti-obesity
effect of the ACE-Inhibitor captopril, and also established a level of dietary salt intake
necessary to switch on the anti-obesity effect of captopril. The study suggests that SIK2
expression and activation in adipose tissue may be the potential mechanism of action by
which captopril initiates weight loss in the C57BL/6J mice. Recent research has shown
captopril to have a weight loss effect in rodents (Mattson & Krauski, 1998; Weisinger et
al., 2009; Premaratna et al., 2011; Kalupahana et al., 2012), however, this weight loss
effect of captopril is not apparent in humans. This research suggests a possible reason
for the lack of weight loss observed in humans to be caused by the interference of salt,
found in high concentration in the Western diet (Henderson et al., 2003), whilst
identifying SIK2 expression in adipose tissue to be a potential mechanism of action.
Significant weight loss was evident by week four of the study, with the 0.0+ and 0.1+
treatment groups approximately 10 grams lighter than both the 2.0+ and the 0.0
treatment group mice, and showing approximately a 25% reduction in body weight
compared to controls. This weight loss is comparable to findings by Premaratna et al.
(2011), who reported approximately 10 grams body weight difference between the
captopril and control mice, in the treatment group equivalent of the 0.0+ and 0.0
treatment groups in the current study, by week four and this remained significant until
the completion of the study at 12 weeks. Premaratna et al. (2011) used a captopril
dosage of 0.05 mg/ml in drinking water, a lower dosage than the current study dosage of
0.1 mg/ml captopril in drinking water. Hypertonic saline solutions have previously been
shown to induce anorexia (Watts & Boyle, 2010), however, there was no significant
difference found in body weight between the 0.0, 0.1, 0.2, 0.3, and 2.0 treatment groups
in the current study.
A small scale clinical trial conducted on 28 participants over 12 weeks on the
effectiveness of the ACE-Inhibitor enalapril as an anti-hypertensive, reported a reduction
in body weight of 1.4 kg±2.0 unexpectedly (Beevers et al., 1984). A suggested reason for
this weight loss given by the author was a diuretic effect of enalapril, however, body
composition was not analysed (Beevers et al., 1984). Besides this study, to the best of
our knowledge, captopril and other ACE-Inhibitors have not been reported to induce
weight loss in humans. The findings of the current study suggest a potential reason for a
lack of weight loss observed in humans treated with ACE-Inhibitors may be a high intake
of dietary salt which appears to counteract the weight loss. The enalapril study did not
investigate dietary salt intake of participants (Beevers et al., 1984).
Feed intake was significantly reduced in all captopril treatment groups except in the 2.0+
treatment group. Reduction of feed intake in captopril treated mice was also reported
by Weisinger et al. (2009). In the current study all captopril treated mice, except the
0.0+ group, had a feed intake which returned to a non-significantly different value by
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day 19. The study by Weisinger et al. (2009) showed a maintenance of significantly
lower feed intakes in captopril treated mice, and although in the current study the 0.1+,
0.2+, and 0.3+ treatment groups returned to a non-significant difference in feed intake
compared to controls, the 0.0+ treatment group in the current study also showed
maintenance of a significantly reduced feed intake compared to the 0.0 control group.
This may be due to the 0.0+ treatment group in the current study assimilating most with
the captopril treatment group in the Weisinger et al. (2009) study in terms of the salt
content of diet, as both received a diet containing 0.26% NaCl. There was a significant
correlation between salt level and feed intake in the captopril treated mice only,
showing an interaction effect between salt and captopril on feed intake.
There was a significant increase in fluid intake apparent in the 0.0+, 0.1+, 0.2+, and 0.3+
treatment groups in comparison to respective controls by day 19 and remained
significant for the remainder of the study. This is consistent with findings by Premaratna
et al. (2011) and Weisinger et al. (2009), which also reported captopril to significantly
increase water intake. The current study also shows that fluid intake did not significantly
differ between the 2.0+ and 2.0 treatment groups. Bradykinin activity is a key factor in
the anti-hypertensive effect of captopril (Gainer et al., 1998). In our laboratory we have
previously observed a reduction in blood pressure in C57BL/6J mice at a similar dose
and via administration in drinking water as used in the current study (Stanley, 2006). An
increase in bradykinin activity is suggested to have a role in thirst regulation
(Cadnapaphornchai et al., 2004). Although captopril treatment in rats has been shown
to result in an increase in water intake, no change in water intake has also been
demonstrated in rats treated with captopril when combined with a bradykinin
antagonist (Cadnapaphornchai et al., 2004). This suggests that, due to the lack of
significant difference in water intake between the 2.0+ and 2.0 treatment groups, it
could be anticipated that there is no significant difference in the level of bradykinin
activity between the treatment groups. This highlights the possibility of bradykinin
activity to also play a role in the anti-obesity effect of captopril. Another possibility is
that hyperosmolality, occurring due to the forced ingestion of a hypertonic saline
solution, suppressed thirst in the 2.0+ treatment group. Thirst suppression occurs
reportedly due to increased arterial pressure in response to hyperosmolality (Stocker et
al., 2001). It is possible that the blood pressure in the 2.0+ treatment group was
significantly higher.
The fluid intake in the respective control groups did not vary in relation to dietary salt
intake. This is unexpected as literature shows an increase in salt intake to stimulate
thirst and in turn increase fluid intake (Holmes & Gregersen, 1947). These results may
be explained by the delivery method, with salt added directly to drinking water and no
alternative available, as research shows a preference-aversion relationship between
fluid intake and an increasing saline concentration (Moe, 1986). It has been shown that
a saline level of 0.3-0.9% is the preferred concentration and increases fluid intake, and
that a saline solution above 5% is rejected (Moe, 1986). As our study had levels below
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0.3% saline and above 0.9% yet below 5% saline, it may be that there was no change in
fluid intake due to lack of preference or rejection of the saline solutions.
Accounting for the salt content of the high fat feed combined with the concentration of
salt in the drinking water, the mice in treatment group 0.0+ and 0.3+ received
approximately 0.061 g and 0.086 g of salt per day respectively, this represents the range
within which captopril exerts an anti-obesity effect. Hence, the highest level of salt
intake still allowing for captopril to have a significant weight loss effect, with a body
weight difference of 4.6 ±1.7grams in comparison to the 0.3 control treatment group, is
reported here at 0.086 g/day for mice. The 2.0+ treatment group had on average an
approximate 0.141 g/day of salt, this level of salt intake did not allow for weight loss in
response to captopril treatment.
The average daily captopril dosage was lowest in the 2.0+ treatment group, possibly a
reason for the lack of body weight reduction. However, captopril dosage did not appear
to be related to the level of weight loss. The highest average daily captopril dosage was
seen in the 0.2+ treatment group, and this group had a significantly higher average daily
dosage than the 0.0+, 0.1+, and 2.0+ treatment groups. Despite this higher dose, the
0.0+ and 0.1+ treatment groups both had significantly lower body weights than the 0.2+
treatment group. This highlights the lack of relationship between the dosages achieved
in each treatment group and body weight.
Captopril significantly reduced fat mass as measured by epididymal fat mass and liver
mass in the 0.0+, 0.1, 0.2+, and 0.3+ compared to respective controls. This may be
attributed to a decrease in lipogenesis due to the reduced feed intake. The difference in
epididymal fat mass was non-significant in the 2.0+ treated mice compared to both
respective control, 2.0, and control group, 0.0. Despite the 2.0+ treatment group
showing no significant difference in liver mass compared to the respective control group,
when calculated as a liver mass relative to body weight the 2.0+ treatment group did
show a significantly lower relative liver mass compared to their respective control. This
suggests that although captopril does not have a lipolytic/weight loss effect when
administered in conjunction with a high salt diet, it may have other health benefits such
as depositing fat subcutaneously as opposed to within organs such as the liver.
Knockout of MCP-1 has shown to reduce levels of insulin resistance and fatty liver in
mice fed a high fat diet, but with no effect on body weight (Kanda et al., 2006). With
evidence showing captopril to reduce the inflammatory cytokine MCP-1 (Premaratna et
al., 2011), it is possible the 2.0+ treated mice are responding to captopril via a reduction
in inflammatory cytokines such as MCP-1, showing health benefits such as a reduction of
fatty liver regardless of body weight.
Captopril in conjunction with a low salt diet (0.0% and 0.1% saline drinking water)
resulted in an increased expression of SIK2 mRNA and a decreased expression of ATF3
mRNA in epididymal adipose tissue compared to the control (0.0%). SIK2 is involved in
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regulation of CREB activity (Berdeaux, 2011), which, due to the role of CREB in
gluconeogenesis (Herzig et al., 2001), lipogenesis (Du et al., 2008; Yoon et al., 2009), and
stress pathway activation (Hai et al., 1999; Qi et al., 2009), suggests a role for SIK2
through its regulation of CREB activation. A decrease in ATF3 expression may be directly
due to the increase in SIK2 expression in the current study, as more active SIK2 is
possibly available to anchor the TORC2 protein in the cytoplasm and thus reduce CREB
activation and the dependent ATF3 expression. This may result in a reduction in
inflammatory cytokines, including MCP-1 and IL-6, which are released in response to an
increase in ATF3 production (Zmuda et al., 2010). In support of this, a reduction in the
inflammatory cytokines MCP-1 and IL-6 in response to captopril treatment has been
recently shown (Premaratna et al., 2011). As this change in SIK2 and ATF3 expression
was not significant in response to a high salt diet plus captopril treatment, nor was body
weight significantly different, we suggest SIK2 expression and activation to be a key
regulator of the weight loss documented in response to captopril treatment in rodents,
via its suppression of ATF3 and consequent inflammatory response.
Overexpression of SIK2 in WAT has been shown to lead to a reduction in the expression
of FAS, a lipogenic gene (Du et al., 2008), and Yoon and colleagues (2009), also showed
an overexpression in hepatocytes of SIK1, an isoform of SIK2, to downregulate lipogenic
genes including FAS (Yoon et al., 2009). However, the current study shows a tendency
for an increase in FAS alongside an increase in SIK2 mRNA expression. The expression of
FAS mRNA was also inconsistent, with the 0.1+ treatment group showing a significant
increase in expression in liver tissue, yet no significant change in FAS mRNA expression
for the 0.0+ treatment group. No change in FAS mRNA expression in liver in response to
captopril was also reported by Premaratna et al. (2011). FAS expression is regulated by
a number of different proteins (Joseph et al., 2002) and it is possible that mechanisms
other than SIK2 expression are responsible for the inconsistencies between SIK2
expression and FAS expression. Despite the increase in FAS expression, it is likely, due to
the reduced feed intake that lipogenesis was suppressed in the 0.0+ and 0.1+ treatment
groups.
Consistent with the increase in FAS mRNA expression shown in adipose tissue, a
significant increase in FAS mRNA expression was also found in liver tissue in only the
0.1+ treatment group. Although a highly significant increase was seen in PGC1α mRNA
expression in liver tissue of 0.1+ treatment group mice, this change was not seen in the
0.0+ treatment group mice. An increase in PGC1α mRNA expression in liver tissue in
response to captopril treatment is in agreement with research conducted by Premaratna
and colleagues (2011). Inconsistency of results within the 0.0+ treatment group may be
due to the length of time of the current study, which was only 4 weeks compared to 12
weeks in the study conducted by Premaratna and colleagues (2011) and it is possible
that after 12 weeks both the 0.0+ and 0.1+ treatment groups may display an increase in
PGC1α. However, the increase in PGC1α was almost 50 fold higher and, overlooking
possible artefacts and still accepting an increase in expression, this would indicate a high
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level of gluconeogenesis, possibly leading to hyperglycaemia. Findings from the current
study show an increase in UCP2 mRNA expression in the 0.0+ but not the 0.1+ treatment
group. It is difficult to deem whether or not this increase in UCP2 expression is
beneficial towards the state of health in the 0.0+ group or not as evidence is conflicting.
The literature shows upregulation of UCP2 in ob/ob islets (Chavin et al., 1999; Zhang et
al., 2001), but also findings displaying an increase in UCP2 expression in response to fish
oil treatment, suggested as a mechanism underlying the protection against obesity
development (Tsuboyama-Kasaoka et al., 2008). The lack of consistency in liver mRNA
expression changes between the 0.0+ and 0.1+ treatment groups suggest weight loss in
response to captopril may be influenced, but not be determined, by these changes.
Skeletal muscle gene expression results showed the 0.1+ treatment group to have an
upregulation of TRO1F (troponin I type 2) mRNA expression and UCP3 mRNA expression
in comparison to all other treatment groups. There was also a small increase in TRO3G
(tropomyosin 3 gamma) mRNA expression, however, this was only significant in
comparison to the 0.0 and does not account for an effect of the addition of 0.1% salt.
TRO3G and TRO1F are involved in muscle contraction (Vrbová 2008) and a decrease in
the expression of both TRO3G and TRO1F in skeletal muscle would likely be
representative of atrophy of the muscle (McFarlane et al., 2006). The tendency for an
increased expression of both muscle fibres suggests hypertrophy of muscle in response
to the 0.1+ treatment. The increase in UCP3 mRNA expression in the 0.1+ treatment
group may be a possible mechanism underlying the weight loss in this treatment group,
as studies on overexpression of UCP3 have shown to result in weight loss as well as a
reduction in intramuscular triglycerides (Costford et al., 2006). Similarly, the
suppression of UCP3 is associated with suppression of activity of the orphan nuclear
receptor Rev-erbβ found in skeletal muscle, and is associated with an increase in fatty
acid uptake in skeletal muscle (Ramakrishnan et al., 2005). An increase in UCP3
expression may indicate the 0.1+ treatment group to have a lower skeletal muscle lipid
content compared to other treatment groups
Despite both the 0.0+ and 0.1+ treatment groups both having significantly lower body
weights in comparison to their respective controls, the gene expression results appear to
indicate the 0.0+ treatment group to have a better state of health than the 0.1+
treatment group. In adipose tissue the 0.1+ had a significant increase in FAS compared
to the 0.1 control, whereas the 0.0+ did not. In the liver tissue the 0.1+ had a significant
increase in PGC1α and FAS compared to the 0.1 control, whereas the 0.0+ did not.
However, skeletal muscle results indicated, due to the increase in UCP3 mRNA
expression, a possible decrease in skeletal muscle lipid content of the 0.1+ treatment
group. A possible explanation for the apparent difference in relation to gene expression
measures may be the variation in feed intake between the two treatment groups in the
last 10 days of the treatment period. In this period the 0.1+ treatment group had a feed
intake which was consistently significantly higher than the 0.0+ treatment group,
whereas in the initial 16 days of treatment there was no significant difference in feed
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intake between the two groups. It is unclear why this change in feed intake occurred
after 16 days of treatment.
Across all gene expression analyses, the treatment groups which responded to captopril
treatment, 0.0+ and 0.1+ treatment groups, showed a consistent change in expression of
SIK2 and ATF3 mRNA in adipose tissue only, hence, it is likely that these are possible
mechanisms underlying the weight loss response in these treatment groups.
SIK2 is suggested to be activated in response to nutrient deprivation, when levels of
activity are measured by the level of TORC phosphorylation (Du et al., 2008). In the
current study we reported an increase in SIK2 mRNA expression and a decrease in body
weight in the treatment groups 0.0+ and 0.1+ but not in 2.0+, we also reported the
levels of TORC1 phosphorylation as a measure of SIK2 activity in the 0.0, 0.0+, 2.0, and
2.0+ treatment groups. There were no differences found between the levels of TORC1
phosphorylation between the treatment groups, suggesting no change in SIK2 activity. It
is possible, although unlikely, that despite an increase in SIK2 expression, SIK2 activity
has not increased, despite the 0.0+ treatment group consuming less feed in comparison
to the 0.0 treatment group when calculating average daily feed intake and feed intake as
g/100g BW. Further studies should be conducted investigating changes in SIK2
expression and activity, by measuring SIK2 protein expression, in response to captopril
and a low salt diet to clarify these findings. Levels of the TORC2 protein should also be
measured, as although the TORC1 and TORC2 proteins are of similar constitution and
function (Screaton et al., 2004), they may not both be relatively phosphorylated by SIK2.
Autophagy flux can be measured by the ratio of LC3II to LC3I protein expression (Chang
et al., 2012) (Kabeya et al., 2000) whereby an increase in LC3II relative to LC3I is
representative of an increase in autophagy (Chang et al., 2012). An increase in
autophagy as shown by an increase in LC3II comparatively to LC3I has been reported to
occur in response to dietary restriction and starvation (Kabeya et al., 2000; Fok et al.,
2012), releasing FFA’s (Singh et al., 2009) for fatty acid oxidation (Giudicelli et al., 1977).
An increase in autophagic processes may explain the decrease in fat mass as
represented by a lower epididymal fat and liver weight in the 0.0+ group compared to
the 2.0+ and 0.0 treatment groups. However, despite the reduced feed intake in the
0.0+ treatment group, in comparison to the control 0.0 and 2.0+ treatment groups, there
were no significant differences in protein expression ratios of LC3II to LC3I between
either of the 0.0, 0.0+, 2.0, and 2.0+ treatment groups. It is also reported that
autophagy marker genes are overexpressed in obese humans (Kovsan et al., 2011), and
similarly it is possibly overexpressed in the obese mice in the current study in the 0.0,
2.0, and 2.0+ treatment groups measured for LC3II and LC3I. These animals may have
high levels of autophagy, producing high levels of FFA’s, but not converting FFA’s to
energy via fatty acid oxidation. Provided fatty acid oxidation is occurring, the 0.0+
treatment group FFA levels should be reduced in comparison to the other treatment
groups. It may be advantageous to further investigate the differences in LC3II and LC3I
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expression in a lean chow fed mouse, compared to a lean high fat fed, but captopril
treated mouse to validate whether an increase in autophagy is present and is potentially
responsible for reduction of fat mass.
As CREB activation in the liver has been shown to regulate both gluconeogenic (Herzig et
al., 2001) and lipogenic (Yoon et al., 2009) pathways, protein expression of
phosphorylated (activated) CREB to Total CREB was measured in the current study. In
response to fasting TORC proteins translocate to the nucleus (Koo et al., 2005) and
activate CREB (Screaton et al., 2004) in the liver, this in turn upregulates expression of
gluconeogenic genes (Herzig et al., 2001). It is also suggested that in the insulin resistant
state there is overactivity of CREB represented by an increase in gluconeogenic gene
expression (Herzig et al., 2001). Due to potential insulin resistance in the 0.0, 2.0, and
2.0+ treatment groups, due to higher levels of adiposity, it may be expected that
gluconeogenesis is more active, hence a greater ratio of phosphorylated CREB (pCREB)
to Total CREB (TotCREB) be expected. However, there was only a significant difference
in pCREB: TotCREB ratio between the 0.0+ and 2.0 treatment groups. Captopril did
reduce, although not significantly, the pCREB: TotCREB ratio. These results suggest a
possible decreased level of SIK2 expression, hence upregulated CREB activity and
gluconeogenesis, in the 2.0 treatment group, partially rescued by captopril treatment.
The biguanide Metformin, an anti-diabetic medication, suppresses hepatic
gluconeogenesis via reduction of CREB transcription activity, this occurs in response to
phosphorylation of the CREB binding protein at the Ser 436 residue leads to dissociation of
the nuclear CREB-TORC2 complex (He et al., 2009). This suggests the 0.0+ treatment
group would exhibit a suppressed rate of hepatic gluconeogenesis compared to the 2.0
treatment group.
An increase in plasma adiponectin was seen in conjunction with a decrease in body
weight in the 0.0+, 0.1+, and 0.3+ treatment groups compared to their corresponding
controls, however, there was no significant difference in adiponectin between the 0.2
and 0.2+ treatment groups despite a significant difference in body weight. Conversely,
there was a significant increase in adiponectin in the 2.0+ compared to the 2.0
treatment group, despite no significant difference in body weight. There is a possibility
that although captopril may increase adiponectin levels this is not always associated
with weight loss, as already documented by Furahashi et al. (2003), showing the ACEInhibitor tempocapril to increase adiponectin levels in humans, but with no change in
BMI (Furuhashi et al., 2003), suggesting the change in adiponectin levels to be
independent of weight loss changes and that other systems are also at play. Similarly,
the study by Kim et al. (2007) showed ob/ob adiponectin transgenes displayed an
increase in body weight, yet despite being morbidly obese these animals had improved
glucose, insulin, and triglyceride levels, and also had a decreased mortality rate (Kim et
al., 2007). This suggests that despite a lack of weight loss in the 2.0+ treatment group,
captopril may still have improved health status. Although adiponectin did increase
significantly in response to captopril in most treatment groups, the increase in the 2.0+
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treatment group in the absence of weight loss indicates that adiponectin may have a
role in the anti-obesity effects of captopril, but that salt intercepts the action of
adiponectin further downstream of these changes.
Although plasma insulin levels did not vary significantly between the captopril treatment
groups and their respective controls, the higher salt level treatment groups, 0.2+, 0.3+,
and 2.0+ did have significantly higher plasma insulin levels compared to the lower salt
level treatment groups 0.0+ and 0.1+. The higher levels of plasma insulin were also seen
in the 0.3 and 2.0 treatment groups compared to the lower salt level controls 0.0 and
0.1. These results combined show that a high intake of salt increases plasma insulin
levels and are in agreement with the findings published by Ogihara and colleagues
(2001) who showed Sprague Dawley rats fed a high salt diet (8% NaCl) to display fasting
hyperinsulinaemia and insulin resistance. The authors suggested a link between a high
salt diet and development of type 2 diabetes (Ogihara et al., 2001), and the current
study supports this suggestion. The results reported here are supported by the changes
in pCREB protein expression in the liver. With the 2.0 showing significantly higher insulin
levels compared to the 0.0+ treatment group, representative of decreased insulin
sensitivity, and significantly higher levels of pCREB, representative of an increased rate
of gluconeogenesis.
Plasma leptin was significantly lower in 0.0+, 0.1+, and 0.3+ treatment groups compared
to respective controls and reflects the decrease in epididymal fat mass within these
treatment groups, reflectively leptin levels were non-significantly different between the
2.0+ and the 2.0 control reflecting no change in epididymal fat mass, these results
support the evidence that the adiopkine leptin correlates with fat mass (Maffei et al.,
1995). The 0.2+ treatment group did not display significantly lower leptin levels
compared to their corresponding control, although there was a significant difference in
epididymal fat mass. Despite the 0.2 and the 0.2+ treatment groups’ plasma leptin
results confounding with the epididymal fat mass results, the non-significant difference
in plasma leptin between these two treatment groups fits with the non-significant
difference in plasma adiponectin levels between the 0.2+ and 0.2 treatment groups,
despite the significant weight loss. Overall these results suggest captopril to decrease
leptin levels in response to a low salt diet.
There was no significant difference observed in plasma renin activity between the 0.0
and the 2.0 treatment groups, yet a significant difference was apparent when comparing
the 0.0+ and the 2.0+ treatment groups, showing an interaction effect. Non saltsensitive patients have been shown to have increased renin activity in response to a low
sodium diet, however, salt-sensitive patients showed no significant change in renin
activity following a low sodium diet (Kawasaki et al., 1978). The relationship between
blood pressure and renin activity is that as blood pressure decreases renin activity is
increased in an attempt to maintain blood pressure (Azizi et al., 1995) which may occur
in response to a reduction in dietary sodium. ACE blockade using captopril has been
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shown to result in disruption of negative feedback inhibition of renin secretion (Asaad &
Antonaccio, 1982), resulting in an increase in renin activity (Larochelle et al., 1979), yet
at the dosage in the current study, negative feedback inhibition does not appear to
occur, possibly due to a lower dose used than that by Asaad and Antonaccio (1982). The
results of the current study possibly reflect blood pressure changes, such that as
captopril reduces blood pressure renin activity increases, yet due to ACE-inhibition, it
would be expected that the blood pressure remains decreased. The lack of change in
renin activity in the 2.0+ treatment group compared to the 2.0 control group suggests
the blood pressure may not have significantly changed, and hence no increase in renin
activity. This explanation seems unlikely, as blood pressure has previously been shown
to significantly decrease in response to ACE-Inhibitor treatment in presence of a high salt
diet (Kim et al., 2001). However, results showed antihypertensive effects to take longer
than 4 weeks (Kim et al., 2001), suggesting that had the current study continued for
longer there may eventually be a significant increase in renin activity evident in the 2.0+
treatment group. The 0.0+ treatment group had an increase in renin-activity in
comparison to the 0.0 treatment group, yet the increase was not significant. Many
previous studies have shown an increase in renin activity in response to captopril
treatment (Tsunoda et al., 1989; Osei et al., 1999). The lack of significant changes in
renin activity in response to captopril treatment in the current study may be due simply
to the length of time of the study. Interestingly, it has been reported that patients
treated with a high salt diet followed by captopril treatment showed a significantly
greater increase in renin activity when patients were normoglycaemic compared to
hyperglycaemic (Osei et al., 1999). This suggests another possibility for a lack of change
in renin activity in the 2.0+ treatment group, possibly indicating these mice to be
hyperglycaemic.
There was a significant reduction in plasma NEFA levels in the 0.0+ and 0.1+ treatment
groups in comparison to their respective controls. Captopril did not have an effect on
the higher salt treatment groups, 0.2+, 0.3+, and 2.0+, in comparison to their respective
controls, however, the plasma NEFA results showed no differences between the 0.0+,
0.1+, 0.2+, 0.3+, and 2.0+ treatment groups. The significant change in NEFA levels in the
0.0+ and 0.1+ treatment groups compared to respective controls is more due to the
increase in NEFA levels in the 0.0 and 0.1 controls rather than the reduction of NEFA in
response to the captopril treatment. The lower salt treatment control groups 0.0 and
0.1, had significantly greater NEFA levels than the higher salt treatment control 0.3, but
not the 2.0 treatment control. This finding is similar to that of Prada and colleagues
(2000), which reported an increase in NEFA in rats given a LSD in comparison to rats
given a HSD (Prada et al., 2000). Sodium levels given to the rats were 3.12% in the HSD
and 0.06% in the LSD. The HSD in the study by Prada and colleagues (2000) is higher
than in the current study, and given that the mean values of plasma NEFA, although nonsignificant, are lower in the 2.0 treatment group compared to the 0.0 and 0.1 treatment
groups, we may have seen a significant difference after either a longer period of
treatment time or by having a higher content of sodium in the HSD. If a low salt diet
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does increase NEFA levels, then captopril treatment appears to successfully reduce the
raised plasma NEFA levels in these groups. The increase in NEFA levels in response to
the lower salt diets may indicate dysfunction of fatty acid regulation, as was shown to be
the case in obese humans (Heptulla et al., 2001; Ferguson et al., 2007) and captopril has
potentially rescued fatty acid regulation in these mice.
The aims of this study were to identify a range of salt levels conducive to captopril
induced weight loss, and identify a potential mechanism. The range of salt levels which
allowed for weight loss in response to captopril treatment in mice was between 0.061
g/day and 0.086 g/day of salt. A potential mechanism underlying the interaction effect
between salt and captopril on weight loss was suggested to be an increase in adipose
SIK2 mRNA expression and subsequent reduction in ATF3 expression.
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Summary
In summary the current study shows salt to interfere with the anti-obesity effect of
captopril in mice. The maximum intake of salt at which captopril is still effective is
suggested to be approximately 0.086 g/day in mice from the study findings. The
suggested mechanism of action instigating captopril induced weight loss is an increase in
SIK2 expression, which occurred in low salt treated mice but not in high salt treated mice
in response to captopril treatment. Bradykinin activity may also play a role; however, its
role is not clear.
Findings in relation to treatment groups which displayed weight loss in response to
captopril treatment (0.0+, 0.1+, 0.2+, and 0.3+) showed a decrease in feed intake overall.
An increase in fluid intake was also apparent in the weight loss responsive treatment
groups. A decrease in epididymal fat mass and liver mass was also evident in these
treatment groups, and all but the 0.2+ treatment group displayed an increase in
adiponectin plasma levels as well as a decrease in leptin plasma levels. Possible
evidence for increased oxidation of fatty acids in adipose tissue in the 0.0+ treatment
group compared to control 0.0 group was shown by a comparative level of lipid
breakdown, represented by autophagy, but with increased oxidation of FFA’s,
represented by a reduction in plasma NEFA. The treatment groups weight lossresponsive to captopril, when analysed for gene expression, showed an increase in SIK2
and ATF3 mRNA expression in adipose tissue.
Salt levels, but not captopril treatment, had an effect on plasma insulin levels with
higher plasma insulin levels shown as salt levels increased in both the captopril treated
groups and control groups. Plasma renin activity was lower in the 2.0+ treatment group
compared to the 0.0+ treatment group.
Our work shows an apparent level of resistance to the weight loss effect of captopril at
high levels of dietary salt intake, with little impact on the reversal of obesity in mice
treated with captopril when the added level of salt in drinking water, in conjunction with
a 0.26% salt diet, exceeds 0.3%. This resulted in an average dietary intake of salt of
0.086 g/day. Interestingly, a high level of salt, above recommendations, is not
uncommon in the typical Western diet (Henderson et al., 2003). This research appears
as a possible explanation to the paradox of ACE-Inhibitors and the reversal of obesity, as,
although rodent studies have shown ACE-Inhibitors to clearly induce weight loss (A
D’Kloet et al. 2009; RS Weisinger et al. 2009), weight loss is not reported in humans.
This research also identifies a potential mechanism of action underlying these results as
upregulation of SIK2 mRNA expression in adipose tissue, possibly suppressing
inflammation via reduction of ATF3 expression. Further studies on the involvement of
SIK2 expression and weight loss in response to ACE-Inhibitors should be investigated to
test this suggested mechanism.
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This study shows evidence for a novel idea that a high salt diet, common in the Western
diet, interferes with the anti-obesity effect of captopril in humans.
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CHAPTER 4

Interaction effect of dietary salt on the effects of a herb and spice mix rich in ACE
inhibition on body weight, ingestion behaviour, and gene expression in mice; finding a
natural alternative to captopril

Abstract
Previous research into the possibility for ACE-Inhibitors, such as captopril, to be utilized in
pharmacotherapy treatment of obesity shows promise when in administered in
conjunction with a low salt diet, however, this anti-obesity effect is abolished in the
presence of a high salt diet (Chapter 3). A range of culinary herbs and spices have been
shown to be naturally rich in ACE-Inhibitory compounds, and may offer a more natural
food as medicine approach to obesity. The effectiveness of herbs and spices to reduce
body weight in an obese model in the presence of a high fat and high salt diet, typical of
the Western diet, is undetermined. A suggested mechanism of action underlying the
weight loss effect of captopril combined with a low salt diet has been reported to be an
increase in adipose tissue expression of SIK2 mRNA (Chapter 3). The aims of this study
were to identify ACE-inhibition activity in a range of culinary herbs and spices, and to
investigate the interaction effect between herbs and spices, rich in ACE-Inhibitory
compounds, and dietary salt on body weight. Also, to investigate SIK2 mRNA changes in
adipose tissue as a potential mechanism of action underlying any body weight changes.
A range of herbs and spices was screened using an ACE activity assay. The in vivo study
was conducted on C57BL/6J mice fed a normal salt (0.26% NaCl) or a high salt (3.2%
NaCl), high fat diet, with or without 0.8% (w/w) herb and spice mix for four weeks. In
this study it is reported that amla, cinnamon, cloves, and oregano display high levels of
ACE-inhibition activity, and that mice fed a high fat diet containing these herbs and
spices show significantly decreased body weights. This study determines that salt fails to
display a modulatory effect on the potential of the herb and spice mix to reverse diet
induced obesity in mice. However, increased SIK2 mRNA expression in adipose tissue was
displayed only in the presence of a high salt diet, and other mechanisms underlying the
weight loss effect of herbs and spices are possible. These results highlight the potential
for a herb and spice mix, high in ACE-Inhibitory compounds, to be used as an anti-obesity
treatment without other dietary modifications. A potential mechanism of action is yet to
be elucidated.
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Introduction
Numerous studies on the ACE-Inhibitor captopril have shown a weight loss response in
rodents (Mattson & Krauski, 1998; Weisinger et al., 2009; Premaratna et al., 2011;
Kalupahana et al., 2012). We have previously shown this weight loss effect to be
abolished in the presence of a high salt diet (Radcliffe, 2007) and this thesis has reported
the interaction effect between captopril and salt to contribute to changes in SIK2 mRNA
expression of visceral adipose tissue (See Chapter 3).
The use of culinary herbs and spices in the treatment of chronic ailments has been
reportedly in use for over 1000 years as part of Ayurvedic medicines (Scartezzini &
Speroni, 2000). Some herbs and spices have recently been shown to be natural sources
of ACE-Inhibitors (Patten et al., 2012), however the anti-obesity effect of herbs and
spices, selected for the ACE-Inhibitory potential, has not yet been investigated. It is also
yet to be reported as to whether, if there is an anti-obesity potential, there is a salt
interaction effect also.
This aims of this study were to assess the levels of ACE inhibition in a range of culinary
herbs and spices screened by an in-vitro assay. Also, herbs and spices identified with
high levels of ACE inhibition were then to be further investigated for weight loss
potential when supplemented to a high fat diet in C57BL/6J mice. The possibility of an
interaction effect between salt and the herb and spice mix on body weight in mice was
to be investigated, along with the effect of these herbs and spices on SIK2 mRNA
changes in adipose tissue as a potential mechanism.
We hypothesized that herbs and spices rich in natural ACE-Inhibitors when
supplemented to a high fat diet would have a weight loss effect. We hypothesized that
there would be an interaction effect between herb and spice treatment and dietary salt
intake, with salt interfering with the anti-obesity potential of herbs and spices. Finally,
we hypothesized that changes in body weight would be accompanied by an increase in
SIK2 mRNA expression in adipose tissue, indicating a potential mechanism underlying
body weight reduction.
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Materials and methods
Animal study design
This study was approved by the La Trobe University Animal Ethics Committee (approval
number AEC08-20-L). Seventy-two 3-week old male C57BL/6J mice were sourced from
Animal Resources Centre (Canning Vale, WA). Mice were housed in the Central Animal
House (La Trobe University, VIC). Mice were kept in a room under controlled ambient
temperature (22± 2°C) and 12-hour light: dark cycle. Mice had ad libitum access to water
and a 21% butter HFD (SF00-219, Glenn Forrest, WA) for 95 days. Diets complied with
nutritional requirements set by the American Institute of Nutrition (Reeves et al., 1993).
Mice were then randomly allocated into one of four treatment groups (n=18) and
housed 3 per plastic cage lined with sawdust, with a total of 72 mice. Animal welfare
was monitored routinely to ensure health, food, and water accessibility. Mice were
treated for four weeks. Body weight was monitored bi-weekly. After four weeks of
treatment all animals were culled and blood and tissue samples taken for analysis as
described in Chapter 2 “Blood and tissue collection and storage”. Ms. Serpil Kucuktepe
was involved in the collection of data from this animal study, including gene expression
analyses. My involvement was in the design of, and assistance with the study, analysis,
and interpretation of data.
Treatment groups
The four treatment groups consisted of one control diet, high fat SF00-219, [CON; 0.26%
NaCl (g/100g feed)] and three modified SF00-219 feeds supplemented to contain either
a herb and spice mix in presence of a normal dietary salt level [CON+; 0.8% herbs, 0.26%
NaCl (g/100g feed)], a herb and spice mix with a high dietary salt level [HS+; 0.8% herbs,
3.2% NaCl (g/100g feed)], and a high-fat diet with high levels of dietary salt [HS; 3.2%
NaCl (g/100g feed)]. Mice were given ad libitum access to feed and water.

Herb and spice selection
From the herb and spice ACE activity screening (see Materials and methods, “Herb and
spice selection” Chapter 2) four ingredients were selected due to their high level of ACE
inhibition, these included amla, cinnamon, cloves, and oregano. Conversion of herb and
spice quantity required to replace captopril based on level of ACE-inhibition was
calculated by using captopril as a positive control. A concentration of between 0.0013
mM and 0.0026 mM of captopril induced a 50% rate of inhibition. Rates of inhibition
induced by herbs and spices were then used to calculate quantity of captopril units (mg)
per gram of herb or spice, then a dosage of herb and spice required to mimic captopril
induced weight loss was calculated as herbs and spices (g) per gram of feed. Equal ratios
of each of the herbs and spices selected were mixed homogenously and dispatched to
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Glenn Forrest Specialty Feeds where they were incorporated into two of the four
treatments, the herb and spice normal salt (CON+) and herb and spice high salt (HS+)
diets, at a percentage of 0.8% (w/w) dry weight to compose a diet consisting of the
equivalent to 74.62 mg cap units per kilogram of feed. Ms. Rosanna John was involved
in the ACE activity screening and ORAC testing. My involvement was in the design of,
and assistance with the study, analysis, and interpretation of data.

Gene expression by RT-PCR
Refer to Chapter 2 “Gene expression” for gene expression methods and primer/probe
sequences.
Primers and probes used included:
- Adipose: β-actin, FAS, SIK2, ATF3

Statistics
A 3-way repeated measures analysis of variance was used to determine significance
within treatment groups for body weight, feed intake, and fluid intake before Post Hoc
least significant difference testing. Herb and spice treatment, salt level, and time were
factors. Pillai’s Trace values are reported. All other treatment group results were
analysed by 2-way analysis of variance (ANOVA), with herb+spice treatment and salt
level as factors. The software package used was SPSS Inc. software (Version 14.0). Level
of significance was chosen as 5%. Data in text, tables and all figures is expressed as the
mean ±standard error of mean (SEM) except where stated otherwise. Correlations
between ORAC units and ACE-inhibition percentage were calculated using the Pearson’s
product-moment correlation (r) (SPSS Inc. software Version 14.0). Statistical significance
was accepted at P < 0.05.
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Results
ACE-inhibition assay
Levels of ACE inhibition were measured in a range of herbs and spices. Of the herbs and
spices analysed, amla had the highest level of ACE inhibition at 99%, followed closely by
oregano with 98%, and cinnamon and cloves both showing 88% ACE inhibition. On the
other end of the scale chilli powder showed a level of 43% ACE inhibition, ginger 19%,
black pepper 18%, and no inhibition of ACE activity was found in response to turmeric
(Figure 4.1).
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Figure 4.1 Levels of ACE-inhibition in culinary herbs and spices
Results are expressed as a percentage of ACE Inhibition (n=3).

ORAC activity assay
The ORAC of the herbs and spices was then measured. Turmeric had the highest ORAC
activity content (164,515 μMol TE/100g), followed by chilli powder (158,570 μMol
TE/100g), amla (158,480 μMol TE/100g), ginger (143,490 μMol TE/100g), cloves (142,204
μMol TE/100g), oregano (137,561 μMol TE/100g), black pepper (136,329 μMol TE/100g),
and cinnamon (124,836 μMol TE/100g) (Figure 4.2).
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Figure 4.2 Levels of antioxidant in culinary herbs and spices as measured by ORAC activity assay
Results are expressed in ORAC units: μMol Trolox™ equivalents (TE)/100g.

Correlation between ORAC units and level of ACE-inhibition
The ORAC units and level of ACE-inhibition of the herbs and spices were tested for
correlations. There was no significant correlation relationship between the two factors
(Figure 4.3).
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Figure 4.3 Correlation between ORAC units and level of ACE-inhibition in herbs and spices
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Conversion of herb and spice ACE-Inhibitory units into captopril units
Results presented in Table 4-1 show the highest level of ACE-inhibition (99%) found in
amla converted into the highest concentration of captopril units (9.86 mg of captopril/g
amla). This converted into an estimated 0.01 g of amla required per gram of feed to
induce weight loss akin to captopril treatment. Turmeric had no ACE-inhibition as
assessed by the ACE-inhibition assay and calculated to 0.00 captopril units. The greatest
concentration of captopril units was found in cinnamon, cloves, oregano, and amla in
ascending order.
Table 4-1 Calculated captopril units (mg) per gram of herb or spice, and quantity required in feed
for weight loss
Sample

ACE-inhibition (%)

Captopril units
(mg cap/g herb or spice)

Herb/spice in feed for
weight loss (g/g)

Turmeric

0

0.00

-

Black pepper

18

1.75

0.06

Ginger

19

1.94

0.05

Chilli powder

43

4.34

0.02

Cinnamon

88

8.84

0.01

Cloves

88

8.81

0.01

Oregano

98

9.80

0.01

Amla

99

9.86

0.01

Herb and spice treatment significantly reduced body weight
Analysis of body weight data using a 3-way repeated measures ANOVA indicated a
significant interaction between herb and spice treatment and time (F(8)=18.31, P <0.05)
and between salt and time (F(8)=6.21, P <0.05). The herb and spice supplement
significantly reduced body weight in mice in comparison to the CON group in the CON+
treatment groups by day seven (P<0.05) (Figure 4.4, A). By the end of the study, day 28,
the CON+ treatment group was on average >5 g lighter than the CON treatment group
(Figure 4.4, B). The HS+ treatment group showed a significantly lower body weight in
comparison to the HS treatment group by day 17 (P<0.05) (Figure 4.4, A). By day 28 the
HS+ treatment group were on average >3 g lighter than the HS treatment group (Figure
4.4, B).
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Figure 4.4 Effect of herbs and spices in the presence of a normal and high salt diet on body
weight
Results are expressed as mean ± SEM in grams (n = 18). (* significantly lower body weight in comparison
to CON, † significantly lower body weight in comparison to HS)
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Effect of herbs and spices in the presence of a high or normal salt diet on feed intake
Analysis of feed intake data using a 3-way repeated measures ANOVA indicated a
significant effect of herb and spice treatment (F(1)=4.46, P <0.05) and of salt (F(1)=7.52,
P <0.05). The feed intake per day was significantly lower in the CON+ treatment group in
comparison to the CON group, and significance was reached by week one (day seven)
(P<0.05) (Figure 4.5). The HS+ treatment group had a significantly greater feed intake in
comparison to the CON group, despite an initial reduction, and significance was reached
by week three (day 17) (P<0.05). The HS+ treatment group had a significantly lower feed
intake per day in comparison to HS treatment group at day seven and 10. The HS
treatment group also had a significantly greater feed intake in comparison to the CON
(P<0.05), significance was reached by day 17.
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Figure 4.5 Effect of herbs and spices in the presence of a normal and high salt diet on feed intake
Results are expressed as mean ± SEM in grams per day (n = 18). (* significantly lower feed intake
compared to the CON group; CON+ days 7, 10, 14, 17, 21, 24, 28, HS+ day 7, † significantly higher feed
intake compared to the CON group; HS days 17, 21, 24, HS+ days 17, 21, 24, ‡ significantly higher feed
intake in comparison to HS group)
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Effect of herbs and spices in the presence of a high or normal salt diet on fluid intake
Analysis of feed intake data using a 3-way repeated measures ANOVA indicated a
significant effect of salt (F(1)=70.46, P <0.05). Fluid intake was significantly increased in
both the HS and HS+ treatment groups compared to the CON and CON+ groups (P<0.05)
(Figure 4.6). Although there was no effect of the herb and spice on fluid intake in the
CON groups (average intake of 2.4 ml per day), there was a significant reduction in fluid
intake in the high salt treatment group in response to the addition of the herb and spice
mix (average intake of HS+: 4.0 ml, and HS: 4.8 ml) (P<0.05).
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Figure 4.6 Effect of herbs and spices in the presence of a normal and high salt diet on fluid intake
Results are expressed as mean ± SEM in ml per day (n = 18). (* significantly lower fluid intake in CON and
CON+ compared to HS and HS+ treatment groups, † significantly lower fluid intake in HS+ compared to HS
treatment group)
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Effect of herbs and spices in the presence of a high or normal salt diet on gene expression

Adipose tissue
Analysis of adipose gene expression data using a 2-way ANOVA indicated a significant
effect of herb and spice treatment on FAS (F(1)=4.46, P <0.05), and salt on FAS
(F(1)=6.93, P <0.05). The expression of FAS mRNA was significantly lower in the CON+
treatment group compared to the CON and HS+ treatment groups (P<0.05). The HS+
treatment showed no significant difference in the expression of FAS mRNA compared to
the CON and HS treatment groups (Figure 4.7).
The expression of SIK2 mRNA was significantly increased in response to the addition of
herbs and spices to the high salt feed (HS+) compared to the HS and CON treatment
groups (P<0.05). There was no significant response to the addition of herbs and spices
to the control feed (Figure 4.7).

Adipose tissue mRNA expression
(Fold change)

The expression of ATF3 mRNA was significantly lower in the HS+ treatment group in
comparison to the HS treatment group (P<0.05). There were no other significant
differences in ATF3 mRNA expression levels (Figure 4.7).
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Figure 4.7 Effect of herbs and spices in the presence of a normal and high salt diet on gene
expression in adipose
Results are expressed as mean ± SEM (n = 18). (*P<0.05 in comparison to CON and respective control, ‡
P<0.05 in comparison to HS+ treatment group, # P<0.05 in comparison to respective control)
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Discussion
In the current study an ACE-inhibition assay was conducted on several herbs and spices
in order to select for herbs and spices high in ACE-inhibition, this was to test whether
the use of natural ACE-Inhibitors would have a weight loss effect similar to that shown in
response to the pharmacological ACE-Inhibitor, captopril, as reported in Chapter 3. The
assay showed four herbs and spices, amla, cinnamon, cloves, and oregano, to be high in
ACE-inhibition, reporting 88% inhibition and above, and were selected for
supplementation into the animal diets. The remaining herbs and spices, black pepper,
chilli powder, ginger, and turmeric, were much lower in inhibition, reporting 44%
inhibition and below. In a recently published study by Patten and colleagues (2012) a
range of foods were reported on for their levels of ACE-inhibition (Patten et al., 2012).
Although not all herbs and spices in the current study were reported on, cinnamon,
cloves, ginger, oregano, and turmeric were. In agreement with the findings of the
current study Patten et al. (2012) reported oregano, cinnamon, and cloves to have some
of the highest levels of ACE-inhibition at 100%, 100%, and 66.1% respectively. Levels of
ACE-inhibition were shown to positively correlate with levels of total polyphenolic
content. Additionally, a low level of ACE-inhibition was shown for ginger and turmeric,
9.9% and 15.1% respectively. Methods of ACE-inhibition analysis were similar but did
vary, and this may account for variation in results, along with variation found between
the herb and spice samples alone. To the best of our knowledge ACE-inhibition capacity
of amla, black pepper, and red chilli powder have not yet been reported.
All herbs and spices were also measured for antioxidant content by an ORAC activity
assay. All herbs and spices were high in ORAC units and ranked from highest to lowest in
the following order: Turmeric (164,515 μMol TE/100g), chilli powder (158,570 μMol
TE/100g), amla (158,480 μMol TE/100g), ginger (143,490 μMol TE/100g), cloves (142,204
μMol TE/100g), oregano (137,561 μMol TE/100g), black pepper (136,329 μMol TE/100g),
and cinnamon (124,836 μMol TE/100g). These values do vary from those reported by
the USDA in 2010, which ranks these herbs and spices in ORAC units from highest to
lowest in the following order: cloves (290,283 μMol TE/100g), oregano (175,295 μMol
TE/100g), cinnamon (131,420 μMol TE/100g), turmeric (127,068 μMol TE/100g), ginger
(39,041 μMol TE/100g), black pepper (34,053 μMol TE/100g), chilli powder (23,636 μMol
TE/100g), and amla (3,332 μMol TE/100g), (USDA, 2010a). ORAC values for amla were
reported in its fruit form, rather than the concentrated powder form, and had a much
lower reported value by the USDA than that reported in the current study. The variation
between the USDA reported values, and the values reported in the current study, is
large for most of the herbs and spices. This may be due to a variation between samples
analysed, as the values given by the USDA are calculated from a range of different
samples of each herb and spice, whereas the current study has analysed just one
sample.
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According to Patten et al. (2012) levels of ACE-inhibition positively correlate with levels
of total polyphenolic content, and due to the antioxidant nature of polyphenols
(Stevenson & Hurst, 2007), the relationship between the ORAC units and ACE-inhibition
percentage of the herbs and spices were checked for a correlation effect. There was no
significant correlation between the two factors. The polyphenol phytochemical is a
group of antioxidants defined as having two or more phenolic hydroxyl groups
(Stevenson & Hurst, 2007). Despite there being no correlation between ORAC units and
ACE-inhibition percentage of the herbs and spices, polyphenolic content correlation is
still possible.
The addition of a herb and spice mix containing amla, cinnamon, cloves, and oregano
(high level of ACE-inhibition activity) resulted in a body weight difference of >5g in the
CON+ group (0.26% salt) compared to the CON group. Weight loss was seen regardless
of the level of salt in the diet, with the HS+ group (3.2% salt) displaying a body weight
difference of >3g compared to the HS group. Body weight results also show the HS
treated mice to have a significantly lower body weight in comparison to the control;
however, this finding is in conflict to the previous chapter’s findings where there was no
significant difference in body weight between the high salt treatment group (2.0% NaCl
in drinking water) and the control. This difference may have occurred due to the high
salt delivery method, by liquid in the previous study and by feed in the current study,
possibly affecting feed intake. The feed intake in the HS+ treatment group was
significantly higher than the CON treatment group, this may be due an increased
palatability due to the salt content, as there was no significant difference in feed intake
in the previous study between the high salt treatment group (2% NaCl in drinking water)
and the control (0.0% NaCl in drinking water), however, in the current study it is not
possible to distinguish between palatability and appetite.
It appears that herbs and spices may offer a possible alternative treatment for obesity,
and this effect is also independent of feed intake in the presence of a high salt diet, as,
despite a consistently lower feed intake in the HS+ treatment group, the two high salt
treatment groups consumed a non-significantly different amount of feed per day, yet
the HS+ treatment group were significantly lighter than the HS treatment group. This
was not the case in the normal salt groups, as the CON+ treatment group did show a
significantly lower feed intake in comparison to the CON treatment group. It is possible
that one of the mechanisms by which herb and spice treatment reduces body weight
may be via appetite suppression. By day seven both feed intake and body weight were
significantly reduced in the CON+ treatment group compared to the CON group, and
although the HS+ treatment group did not consume significantly less feed than the HS
treatment group overall, by day seven both feed intake and body weight were
significantly lower than the HS treatment group. Feed intake was not significantly
different from day 14 onwards. It is not clear whether the reduction in feed is actually a
reflection of reduced basal metabolic requirements, due to weight loss, or an initiator of
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weight loss. Further investigation into metabolic changes during days zero to seven
should be conducted to clarify the sequential order of these changes.
Fluid intake was highest in the high salt treatment group which would be anticipated as
salt has been shown to increase thirst (Holmes & Gregersen, 1947). In comparison, the
previous study in Chapter 3 showed no effect of salt intake on fluid intake, and this may
be due to the delivery method of salt, as in the previous study the delivery method of
salt was via a saline solution. A possible explanation for the variation in fluid intake
between the two studies may be the ability for the HS and HS+ treatment groups in the
current study to control blood osmolality by ingesting water, whereas, the previous
study prohibited the ability of the 2.0 and 2.0+ treatment groups to control blood
osmolality, due to the hypertonic saline solution provided. This may have led to an
increase in arterial pressure in the 2.0 and 2.0+ treatment groups, and hence, a reduced
thirst, as shown to occur by Stocker and colleagues (2001). The addition of herbs and
spices to the high salt diet induced a significant reduction in fluid intake, however, not to
the level of the control treatment group. Suppression of thirst may be due to a
reduction, although non-significant, in feed intake between the HS and HS+ treatment
groups and hence salt intake. However, the ratio of water intake/gram feed intake
between the HS and HS+ treatment group was similar (data not shown).
The addition of herbs and spices to the control treatment group (CON+) resulted in a
significant reduction in FAS mRNA expression in adipose tissue, however this change was
not seen in the high salt treatment group (HS+) in response to herbs and spices. This
may have initiated some of the weight loss changes seen in this treatment group as a
reduction in FAS expression is involved in lipogenesis (Wakil, 1989). Additionally, the
inhibition of FAS by treatment with cerulenin was reported to induce body weight in
mice via the suppression of feed intake (Loftus et al., 2000). These results are in
agreement with the current study, as the CON+ treatment group also showed a
significant reduction in feed intake, furthermore, the HS+ treatment group did not show
a reduction in feed intake nor in FAS mRNA expression in adipose tissue. Hence, some
other mechanism of action may underlie the change in body weight between the two
treatment groups.
It is possible the change in body weight in the HS+ treatment group was due to the
increase and decrease in SIK2 and ATF3 mRNA expression respectively, in comparison to
the HS control. An increase in SIK2 expression was possibly the initiator of suppression
of ATF3 expression via suppression of CREB activity, as CREB activity regulates activity of
the transcription factor ATF3 (Hai et al., 1999; Qi et al., 2009). As ATF3 is involved in the
release of inflammatory cytokines such as MCP-1 and IL-6 (Zmuda et al., 2010), and
captopril treatment has been shown recently in mice to suppress both of these
inflammatory cytokines (Premaratna et al., 2011), it is possible that weight loss was
induced due to anti-inflammatory properties of the herbs and spices. We suggest the
mechanism underlying these changes is the upregulation of SIK2 mRNA expression in
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adipose tissue. A possible reason for the lack of changes seen in SIK2 and ATF3
expression in the CON+ treatment group is the lower intake of feed in comparison to the
HS+ treatment group, hence a lower intake of herbs and spices. However, due to
significant weight loss in both treatment groups the lack of SIK2 and ATF3 expression
changes in the CON+ treatment group suggests the SIK2 pathway to not be the sole
mechanism of action underlying these body weight changes.
The aims of this study were to identify a herb and spice mix rich in natural ACE-Inhibitory
compounds, and to investigate whether this mix would induce weight loss in mice. We
aimed to investigate the possibility of an interaction effect with dietary salt, and also
whether weight loss changes were accompanied by an increase in adipose tissue SIK2
mRNA expression. We found high levels of ACE-inhibition in response to amla,
cinnamon, cloves, and oregano, and when added to a high fat diet at 0.8% (w/w) these
herbs and spices induced significant weight loss. An anti-obesity effect was not
conditional to dietary salt level. Despite no changes to SIK2 expression in the CON+
treatment group, weight loss in the HS+ was accompanied by a significant increase in
SIK2 mRNA expression in adipose tissue.
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Summary
The aims of the current study included the identification of herbs and spices rich in
natural ACE-Inhibitors, and to investigate the effect of these herbs and spices on body
weight in the presence of a high salt and normal salt diet. Also to identify possible
mechanisms underlying any weight loss changes. Analysis of ACE-Inhibitor activity was
conducted using the FRET method. Antioxidant levels were also measured in these
herbs and spices using the ORAC method. In summary, the findings from the current
study identified amla to be rich in natural ACE-Inhibitors, which is not yet reported in the
literature, along with cinnamon, cloves, and oregano. Herbs and spices shown to be low
in natural ACE-Inhibitors from the current study include black pepper, chilli powder,
garlic, and ginger. The addition of herbs and spices, rich in natural ACE-Inhibitors, to a
high fat diet at a level of 0.8% (w/w) reversed DIO regardless of the salt content of the
diet. Potential mechanisms identified included suppression of FAS mRNA expression in
adipose tissue and feed intake in the CON+ treatment group, and upregulation of SIK2
mRNA expression and suppression of ATF3 mRNA expression in adipose tissue in the HS+
treatment group.
Despite significant weight loss in response to the addition of these herbs and spices to
both the high salt and control salt diet, the potential mechanisms may have been
different in each case. The suppression of feed intake appears a likely explanation of
weight loss seen in the CON+ treatment group, as along with a reduction in feed intake
suppression of FAS mRNA in adipose tissue was also reported. Body weight changes in
the HS+ treatment group were accompanied by increased expression of SIK2 mRNA in
adipose tissue, potentially reducing one factor of inflammation via suppression of the
stress response and in turn a range of inflammatory cytokines, supported by a reduction
in expression of the transcription factor ATF3 as was reported.
The changes in SIK2 and ATF3 mRNA expression in adipose tissue shown in response to
HS+ treatment in conjunction with a reduction in body weight, is in agreement with the
findings reported in response to 0.0+ and 0.1+ treatment, but not the 2.0+ treatment, as
shown in Chapter 3. However, the current study shows these mRNA expression changes
to occur in response to herb and spice treatment only in the high salt treatment group,
despite weight loss occurring in both the HS+ and CON+ treatment groups, whereas the
findings reported in Chapter 3 show these changes in response to 0.0+ and 0.1+
treatment, but not the 2.0+ treatment. The ability of herbs and spices rich in natural
ACE-Inhibitors to reduce body weight, regardless of dietary salt levels, appears to be a
promising natural alternative for treatment of obesity without modifications of dietary
salt intake.
Further studies investigating the effect of treatment with herbs and spices rich in natural
ACE-Inhibitors as a natural weight loss solution should be conducted in humans.
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CHAPTER 5

The effect of herbs and spices rich in natural ACE-Inhibitors on body weight, body
composition, blood pressure, and blood lipid profile in humans; a preliminary clinical
trial.

Abstract
We have shown herbs and spices rich in ACE-Inhibitory compounds to effectively reduce
body weight in an animal model of diet induced obesity (Chapter 4). However, the
effectiveness of this herb and spice mix rich in ACE-Inhibitory compounds containing
amla, cinnamon, cloves, and oregano in humans is yet to be investigated. The aims of
this study were to explore the effects of the herb and spice mix rich in ACE-inhibition
activity (HighACEI), on body weight, body composition, blood pressure, and blood lipid
profile in obese and overweight participants, in comparison to the effect of a herb and
spice mix containing black pepper, chilli powder, ginger, and turmeric (LowACEI). This six
month intervention study was conducted on participants with a BMI>25. Measurements
included DEXA for body composition analyses. The results of the study show neither of
the herb and spice mixes to have an effect on body weight. However, the HighACEI herb
and spice mix are reported to significantly reduce blood pressure in participants after
three months of treatment, and maintain a significant reduction after six months. The
LowACEI herb and spice mix is shown to reduce body fat mass and reduce blood
triglyceride levels in comparison to the HighACEI mix after six months of treatment. This
study, despite showing a lack of an anti-obesity effect in response to herb and spice
treatment, shows potential for our HighACEI herb and spice mix as natural antihypertensive. The study also shows potential for our LowACEI herb and spice mix to be
an alternative treatment for the treatment of obesity and hypertriglyceridaemia.
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Introduction
Herbs and spices have been used to treat and manage disease in Indo-Asia as part of
Ayurvedic medicine for over 1000 years (Scartezzini & Speroni, 2000). ACE-Inhibitors
such as captopril are regularly prescribed for hypertension, and research has shown
there to be potential for ACE-Inhibitor medications, such as captopril, to have an antiobesity effect and improve insulin sensitivity (Weisinger et al., 2009). Amla, cinnamon,
cloves, and oregano have been shown to have a high level of ACE-inhibition comparable
to captopril (See Chapter 4) and should be considered as potential natural alternatives
for treatment of metabolic disorders associated with the metabolic syndrome.
The anti-obesity effect of herbs and spices, selected for the ACE-Inhibitory potential, has
been shown in mice (See Chapter 4) but has not yet been investigated in humans. A
comparison of the anti-obesity potential of herbs and spices selected for ACE-Inhibitory
potential to herbs and spices low in ACE-Inhibitory potential has yet to be investigated.
The aims of this study included investigation of the effect of herbs and spices high and
low in natural ACE-Inhibitory compounds on body weight, body composition, blood
pressure, and blood lipid profile in humans.
We hypothesized that herbs and spices high in natural ACE-Inhibitory compounds would
reduce body weight, body fat mass, blood pressure, and blood lipids, based on the
findings from Chapter 4 and from the literature. In order to investigate this hypothesis
we conducted an intervention study on obese and overweight humans, and assessed
their response to treatment with herb and spice mix capsules high in ACE-Inhibitory
activity (HighACEI) in comparison to their response to a herb and spice mix low in ACEInhibitory activity (LowACEI).
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Materials and Methods
Human study design
Obese and overweight participants were recruited and were randomly allocated into
one of two treatment groups. This was done by allocating the first participant assessed
into the HighACEI treatment group, and the following participant into the LowACEI
treatment group, and so on. One treatment group received capsules containing a mix of
four herbs and spices selected for their high ACE-Inhibitory activity (HighACEI), and the
other group received capsules containing a mix of herbs and spices selected for their low
ACE-Inhibitory activity (LowACEI). Participants in both treatment groups were instructed
to take one capsule three times daily with main meals, and were advised to maintain
their normal diet and lifestyle habits throughout the study. Participants’ measurements
were taken at three intervals; before commencing treatment, after three months of
treatment, and at the end of the study after six months of treatment. The intervention
was for a total of six months. Three capsules per day equated to 1,800 mg of the
selected herb and spice mix per day. Ms. Elyse Marinaccio and Ms. Nicola David assisted
in data collection for this study. My involvement was in the design of and data collection
of the study, analysis, and interpretation of data.

Recruitment
After approval from the La Trobe University Human Research Ethics Committee was
received (HEC10-061) recruitment was initiated. Recruitment methods included
advertisement in the local paper the ‘Leader’ – distributed in Heidelberg, Preston, and
Whittlesea, also advertisement was placed around La Trobe University Campus notice
boards.

Inclusion and exclusion criteria
After participants were checked for eligibility including a good understanding of English,
aged between 18 and 65 years, not pregnant, prescription drug free, BMI greater than
25, they were then invited to a baseline assessment. There was no upper BMI limit;
however, 130 kg was the maximum weight suitable for DEXA analysis.
Assessment method
A total of three assessment appointments were held during the study, one initial
(baseline), one at three months, and the final at six months. Each assessment involved
measurement of blood pressure, measurement of height, waist circumference, hip
circumference, weight, and body fat percentage, also a three day food diary was
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collected from participants at the time of assessment. In the first and final assessment
participants were given a pathology request and instructed to have the first blood test
done after an overnight fast and before commencement of taking the herb and spice
capsules and the final blood test after an overnight fast and before they ceased taking
the herb and spice capsules. Participants were given six months’ supply of the herb and
spice capsules, three months’ supply at the first assessment and three months’ supply at
the second assessment, and instructed to take three capsules per day, one with
breakfast, lunch, and tea.
In the first assessment 26 of the 55 participants’ bone mineral density (BMD), bone
mineral content (BMC), body fat mass, body fat percentage, and lean mass was analyzed
by dual energy X-ray absorptiometry DEXA. In the third assessment, of the 27
participants who completed the six month study, 14 participants’ BMD, BMC, body fat
mass, body fat percentage, and lean mass was analyzed by DEXA. Each assessment was
conducted during a 20-30 minute appointment.
Measurements protocol
Waist and hip measurements were taken in accordance with the WHO standards for
waist-hip ratio measurements (WHO, 2008), using a Sure Measure tape measure (Tough1, USA). Blood pressure was recorded with a wrist blood pressure monitor (Model# SBM
03, Sanitas, Germany); three readings were taken during each assessment to check for
consistency, with the value recorded being an average of the two closest values. Body
fat percentage was measured by bioelectrical impedance analysis (BIA) using body fat
scales (Tanita®, Japan). Analysis of BMD, BMC, body fat mass, body fat percentage, and
lean mass was conducted with a Lunar Prodigy Pro™ DEXA bed (GE Healthcare, United
Kingdom) owned by Southern Cross Medical Imaging (SCMI) and stored at Bundoora
Health, Grimshaw Street, Bundoora, Victoria. Blood samples were collected by
Dorevitch Pathology (DP). Two blood samples were collected per participant; one whole
blood and one serum sample. Bloods were collected in serum-separating tubes (SST),
allowed to clot for 10 minutes after collection then transported to the main DP Lab in
Heidelberg, Victoria. Whole blood samples were stored at 4°C and serum samples,
produced by centrifugation at 5,000 × g for 10 minutes, were stored at -20°C until
collection. Samples were collected at the end of each collection period; period one was
baseline sample collection and period two was endpoint sample collection. Both
samples were then kept at -20°C until further analyses.
Capsule production
Herbs and spices for capsule production were selected based on the results of an ACE
inhibition assay and an ORAC activity assay (See Chapter 4). Two varieties of capsules
were produced one included four herbs and spices rich in ACE inhibition capacity
(HighACEI) and four herbs and spices relatively low in ACE inhibition capacity (LowACEI).
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Both groups of herbs and spices were rich in antioxidants as measured by ORAC activity
(See Chapter 4). The herbs and spices were purchased in bulk from Hindustan Imports,
Dandenong South, Victoria, and included Origanum vulgare (oregano), Syzygium
aromaticum (cloves), Emblica officinalis (amla), and Cinnamomun verum (cinnamon)
(HighACEI capsule contents), also Zingiber officinale (ginger), Capsicum frutescens L. (red
chilli powder), Curcuma longa L. (turmeric), and Piper nigrum L. (black pepper) (LowACEI
capsule contents). Capsules were manufactured and de-identified by BJP Laboratories
Pty Ltd, QLD. Identification of capsule contents was given by the company after
completion of the study. Capsules contained 150 mg of each of the four selected herbs
and spices to a total of 600 mg herb and spice per capsule.
Diet analyses
Nutritional intake data collected was self-recorded over a three day period at time zero,
three, and six months by participants using a 3-day food diary with foods recorded in
household measures. Subjects were provided with detailed instructions on how to
record their intake data and were advised to include as much detail on the food item as
they could (e.g. Brand name of product). Diet information was then analysed using
FoodWorks 2007, Version 5 Service Pack 1 (Xyris, Australia), which includes the NUTTAB
2010 Australian-Standard database.
Results were checked for significant variances between treatment groups and within
treatment group at time zero, three and six months using the SPSS software, PASW
Statistics 18.
Data collection and storage
Data collected from participants was de-identified for storage, being identifiable to only
the investigator. Samples were also de-identified for storage in the University
Laboratory -20°C freezers.

Blood lipid profiling
Dorevitch Pathology blood request forms were given to participants at the beginning
and the end of the study. Instructions given to participants were to do an overnight fast
and have bloods taken at any local DP first thing in the morning before any food or
drinks were consumed, except for water. Blood samples collected by DP were first
allowed to clot in 8.5 ml SST tubes then centrifuged at 5,000 × g for 10 minutes to
separate serum. Lipid analyses were conducted on serum samples. Lipid analyses
included total cholesterol, HDL and LDL cholesterol, and triglycerides. The samples were
analysed using commercial kits (Siemens, Germany), and using a Siemens Advia® 2400
Clinical Chemistry System analyser (Siemens, Germany).
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Participant withdrawal
Participants participated voluntarily and were given the opportunity to withdraw at any
time for any reason throughout the study.

Statistics
Results for treatment groups were analysed by 2-way repeated measures analysis of
variance (ANOVA), with herb and spice treatment and time as factors. The software
package used was SPSS Inc. software (Version 14.0). Level of significance was chosen as
5%. Data in text, tables and all figures is expressed as the mean ±standard error of mean
(SEM) except where stated otherwise. Correlations between DEXA body fat percentage
and BIA body fat percentage were calculated using the Pearson’s product-moment
correlation (r) (SPSS Inc. software Version 14.0). Statistical significance was accepted at P
< 0.05.
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Results
Table 5-1 shows all major results for the participant characteristics, DEXA, and blood
lipid measurements. Significant changes were documented in systolic and diastolic
blood pressure, DEXA fat mass and body fat percentage, and serum triglyceride levels,
these data are also represented in Figures 5.1 to 5.8. No significant changes were
reported both within treatment groups and between treatment groups for weight, waist
and hip circumference, BIA body fat percentage, DEXA lean mass, BMD, and BMC, serum
cholesterol, LDL cholesterol, and HDL cholesterol.
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Table 5-1 Measurement results for herb and spice treatment at T0, T3, and T6
Treatment
Group

Time 0
Months
(T0)

Systolic Blood Pressure

HighACEI

146.6±4.3

(mmHg)

LowACEI

139.5±4.5

Measurement

Time 3
Months
(T3)

Time 6
Months
(T6)

T6-T0

N
Value

†

-12.6±4.5

14

132.2±4.1

131.6±5.2

-7.8±4.7

13

†

Participant
Characteristics
131.0±4.0

†

134.0±5.0

Diastolic Blood

HighACEI

86.5±3.5

82.1±3.8

-11.9±3.9

14

Pressure (mmHg)

LowACEI

80.8±3.6

80.4±4.0

76.7±2.9

-4.1±4.0

13

Weight (kg)

HighACEI

94.0±4.3

94.0±4.3

94.7±4.4

0.7±0.9

15

LowACEI

95.2±4.4

93.8±4.4

94.6±4.6

-0.6±1.0

14

Waist Circumference

HighACEI

105.7±3.3

103.8±3.4

105.7±3.5

-0.5±2.1

15

(cm)

LowACEI

101.8±3.4

98.6±3.5

101.8±3.6

0.4±2.2

14

Hip Circumference (cm)

HighACEI

118.8±3.4

119.1±3.5

119.3±3.5

0.5±1.0

15

LowACEI

117.0±3.6

115.1±3.6

115.7±3.6

-1.3±1.1

14

HighACEI

36.6±2.3

36.4±2.2

36.6±2.2

0.1±0.8

15

LowACEI

37.9±2.4

37.5±2.2

37.5±2.3

-0.5±0.8

14

HighACEI

37.1±4.5

-

38.1±4.4

1.0±0.7*

9

LowACEI

33.9±6.0

-

31.5±5.9

-2.4±1.0*

5

HighACEI

54.0±5.2

-

53.5±5.1

-0.5±0.6

9

LowACEI

59.0±7.0

-

58.7±6.9

-0.3±0.8

5

HighACEI

1.2±0.0

-

1.2±0.0

0.0±0.0

9

LowACEI

1.3±0.1

-

1.3±0.0

0.0±0.0

5

HighACEI

3.1±0.2

-

3.1±0.2

0.0±0.0

9

LowACEI

3.6±0.3

-

3.6±0.3

0.0±0.1

5

HighACEI
LowACEI
HighACEI
LowACEI

40.7±3.5
36.7±4.7
33.5±2.9
35.9±3.9

-

41.4±3.3
35.3±4.4
34.0±2.9
33.9±3.9

0.7±0.5*
-1.4±0.7*
0.5±0.8
-2.0±1.0

9
5
9
5

Cholesterol

HighACEI

4.91±0.26

-

4.84±0.26

-0.08±0.18

8

(mmol/L)

LowACEI

4.21±0.24

-

4.08±0.24

-0.13±0.17

9

LDL Cholesterol

HighACEI

3.05±0.23

-

2.83±0.23

-0.23±0.16

8

(mmol/L)

LowACEI

2.66±0.21

-

2.62±0.23

-0.03±0.15

9

HDL Cholesterol

HighACEI

1.20±0.07

-

1.18±0.07

-1.88±0.22

8

(mmol/L)

LowACEI

1.02±0.07

-

1.03±0.07

-1.62±0.21

9

-

1.81±0.24

††

0.35±0.18*

8

0.93±0.23

††

-0.26±0.17*

9

BIA Body Fat (%)

74.6±2.8

DEXA Measurements
Fat Mass (kg)
Lean Mass (kg)
BMD (kg)
BMC (kg)
DEXA Body Fat (%)
BIA Body Fat (%)
(DEXA only)
Blood Lipid
Measurements

Triglycerides
(mmol/L)

HighACEI
LowACEI

1.46±0.24
1.19±0.23

-

(† P<0.05 compared to T0 within treatment groups, †† P<0.05 between HighACEI and LowACEI treatment
group at T6, * P<0.05 between T6-T0 HighACEI compared to T6-T0 LowACEI)
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HighACEI herb and spice mix reduced systolic and diastolic blood pressure
Analysis of blood pressure data using a 2-way repeated measures ANOVA indicated a
significant effect of time (F(4)=2.89, P <0.05). The HighACEI herb and spice mix reduced
systolic blood pressure from 146.6±4.3 mmHg to 131.0±4.0 mmHg by three months, and
remained significantly lower (134.0±5.0 mmHg) after six months of treatment (P<0.05).
Diastolic blood pressure was lower at three months, 82.1±3.9 mmHg compared to an
initial reading of 86.5±3.5 mmHg, but did not reach significance, however after six
months of treatment diastolic blood pressure was further reduced to 74.6±2.8 mmHg,
significantly lower compared to the initial diastolic blood pressure reading (P<0.05)
(Figure 5.1). Neither systolic nor diastolic blood pressure was significantly reduced in
response to treatment with the LowACEI herb and spice mix (Figure 5.2).
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Figure 5.1 Effect of herbs and spices (HighACEI) on systolic and diastolic blood pressure
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Figure 5.2 Effect of herbs and spices (LowACEI) on systolic and diastolic blood pressure
Results are expressed as mean ± SEM in mmHg (n=13).

118

LowACEI herb and spice mix reduced body fat mass as measured by DEXA
Analysis of fat mass data using a 2-way repeated measures ANOVA indicated a
significant interaction between treatment and time (F(1)=8.01, P <0.05) on fat mass.
There was no significant difference in body fat mass within treatment group and
between the LowACEI and HighACEI treatment groups neither at time zero months, nor
at time six months (Figure 5.3). However, there was a significant difference in the
change in body fat mass between the two treatment groups, with the HighACEI
participants gaining an average of 1.0±0.7 kg and the LowACEI participants losing an
average of 2.4±1.0 kg body fat mass (P<0.05) (Figure 5.4).
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Figure 5.3 Effect of herbs and spices on body fat mass
Results are expressed as mean ± SEM in kg (n=5).
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Figure 5.4 Effect of herbs and spices on body fat mass change
Results are expressed as mean ± SEM in kg (n=5). (* P<0.05 in comparison to the HighACEI treatment
group)
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LowACEI herb and spice mix reduced body fat percentage as measured by DEXA

DEXA Body Fat Percentage (%)

Analysis of body fat percentage data using a 2-way repeated measures ANOVA indicated
a significant effect of treatment (F(1)=6.06, P <0.05) on body fat percentage. There was
no significant difference in body fat percentage within treatment group and between
the LowACEI and HighACEI treatment groups neither at time zero months, nor at time six
months (Figure 5.5). However, there was a significant difference in the change in body
fat percentage between the two treatment groups, with the HighACEI participants
gaining an average of 0.7±0.5% and the LowACEI participants losing an average of
1.4±0.7% body fat (P<0.05) (Figure 5.6). As shown in Table 5-1 body fat percentage, as
measured by BIA in this subgroup, was not significantly different.
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Figure 5.5 Effect of herbs and spices on body fat percentage
Results are expressed as mean ± SEM as a percentage (n=5).
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Figure 5.6 Effect of herbs and spices on change in body fat percentage
Results are expressed as mean ± SEM as percentage change (n=5). (* P<0.05 in comparison to the
HighACEI treatment group)
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Correlation between DEXA and BIA body fat percentage
Body fat percentages, as calculated by DEXA and BIA, were checked for correlation.
There was a significant correlation between these two body fat measures (P=0.01)
(Figure 5.7).
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Figure 5.7 Correlation between DEXA and BIA body fat percentage
Results are expressed as mean values as a percentage (n=28). (DEXA and BIA data points reported are
from DEXA subgroup only)
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Low ACEI herb and spice mix reduced blood triglycerides
Analysis of blood triglycerides (TGL) data using a 2-way repeated measures ANOVA
indicated a significant interaction between time and treatment (F(15)=5.74, P <0.05).
There was no significant difference in blood TGL within treatment groups at time six
months compared to time zero months (Figure 5.8). However, the LowACEI treatment
group showed significantly lower blood TGL at time six months compared to the
HighACEI treatment group (P<0.05). There was a significant difference, correcting for
baseline, in blood TGL changes between treatment groups. The HighACEI treatment
group showed an average blood TGL increase of 0.35±0.18 mmol/L compared to an
average decrease of 0.26±0.17 mmol/L in the LowACEI treatment group (P<0.05) (Figure
5.9).
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Figure 5.8 Effect of herbs and spices on serum triglyceride levels
Results are expressed as mean ± SEM in mmol per Litre (n=8). (*P<0.05 compared to the HighACEI

treatment group at T6)
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Figure 5.9 Effect of herbs and spices on serum triglyceride change
Results are expressed as mean ± SEM in mmol per Litre (n=8). (*P<0.05 in comparison to the HighACEI
treatment group)
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Herbs and spices did not significantly reduce body weight
There was no significant effect of time or treatment on body weight. There were no
significant differences in body weight both between treatment groups and within
treatment groups at any of the time points throughout the study (Figure 5.10).
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Figure 5.10 Effect of herbs and spices on body weight
Results are expressed as mean ± SEM in kg (n=14).

Diet analyses
Table 5-2 shows all major results of the dietary analysis. Significant differences were
documented for polyunsaturated and monounsaturated fat percentage, cholesterol,
carbohydrate, starch, calcium, iron, and iodine dietary intake, these findings are
reported in more detail below. No significant changes were reported both within
treatment groups and between treatment groups for protein, fat, saturated fat,
polyunsaturated fat, monounsaturated fat, sugars, dietary fibre, energy from protein,
energy from fat, energy from carbohydrate, sodium, potassium, magnesium, and
phosphorous dietary intake (Table 5-2). There was also no significant differences
documented for alcohol, thiamin, riboflavin, niacin, vitamin C, vitamin D, vitamin A, beta
carotene, zinc, energy from saturated fat, energy from alcohol, energy from fibre, omega
3 fatty acid, omega 6 fatty acid, and caffeine dietary intake, these values are not shown.
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Table 5-2 Dietary intake results for herb and spice treatment at T0, T3, and T6
Nutrition
Information

Treatment
Group

Time 0
Months (T0)

Time 3
Months (T3)

Time 6
Months (T6)

Energy (kj)

HighACEI

7274±845

7227±845

7055±845

-219±823

9

LowACEI

8803±958

7744±958

7969±958

-833±934

7

HighACEI

95.2±11.0

79.1±11.0

87.1±11.0

-8.2±11.1

9

LowACEI

97.0±12.4

88.8±12.4

93.0±12.4

-4.0±12.6

7

HighACEI

67.8±10.6

64.7±10.6

72.5±10.6

4.7±13.3

9

LowACEI

74.6±12.1

61.2±12.1

70.2±12.1

-4.5±15.1

7

HighACEI

24.2±4.8

24.7±4.8

30.0±4.8

5.8±6.4

9

LowACEI

25.9±5.4

23.7±5.4

28.4±5.4

2.5±7.2

7

Polyunsaturated

HighACEI

12.7±2.2

11.4±2.2

9.2±2.2

-3.6±2.9

9

Fat (g)

LowACEI

13.4±2.5

9.7±2.5

11.0±2.5

-2.4±3.3

7

Monounsaturated

HighACEI

25.7±4.0

24.0±4.0

27.3±4.0

1.6±4.4

9

Fat (g)

LowACEI

29.8±4.5

23.3±4.5

25.3±4.5

-4.5±5.0

7

180.4±65.3

9

T6-T0

N
Value

Macronutrients
Protein (g)
Fat, Total (g)
Saturated Fat (g)

Cholesterol (mg)
Carbohydrate (g)
Sugars (g)
Starch (g)

††

HighACEI

262.6±47.3

202.9±47.3

443.0±47.3 *

LowACEI

264.4±53.6

231.0±53.6

304.2±53.6

39.8±74.1

7

HighACEI

168.3±24.9*

185.3±24.9

152.1±24.9

-16.2±17.6

9

LowACEI

231.9±28.2

215.1±28.2

208.0±28.2

-23.9±19.9

7

HighACEI

79.3±17.6

67.7±17.6

53.9±17.6

-25.4±10.0

9

LowACEI

93.1±20.0

97.9±20.0

79.6±20.0

-13.5±11.4

7

†

HighACEI

88.3±13.7*

116.4±13.7

97.1±13.7

8.8±14.2

9

LowACEI

137.4±15.5

115.6±15.5

127.6±15.5

-9.9±16.1

7

HighACEI

20.5±3.0

19.8±3.0

17.0±3.0

-3.5±2.5

9

LowACEI

26.9±3.4

21.1±3.4

22.6±3.4

-4.4±2.8

7

Energy from

HighACEI

22.3±1.6

19.2±1.6

22.1±1.6

-0.2±2.0

9

Protein (%)

LowACEI

18.9±1.9

19.0±1.9

20.6±1.9

1.7±2.3

7

Energy from Fat (%)

HighACEI

33.1±2.5

33.5±2.5

36.2±2.5

3.1±3.2

9

LowACEI

30.7±2.8

28.9±2.8

30.9±2.8

0.2±3.6

7

Energy from

HighACEI

39.2±2.8

41.7±2.8

35.7±2.8

-3.4±3.4

9

Carbohydrate (%)

LowACEI

43.5±3.2

46.4±3.2

43.7±3.2

0.2±3.8

7

Fat as Saturated (%)

HighACEI

38±3

42±3

42±3

4±3

9

LowACEI

38±3

41±3

43±3

5±3

7

Dietary Fibre (g)

†

Fat as

HighACEI

25±2

22±2

19±2

-6±2

9

Polyunsaturated
(%)

LowACEI

23±2

23±2

22±2

-1±3

7

Fat as

HighACEI

41±2

40±2

43±2

2±2

9

Monounsaturated
(%)

LowACEI

44±2

41±2

40±2

-4±2

7

HighACEI

2177±282

2364±282

2548±282

371±409

9

LowACEI

2563±320

2493±320

1927±320

-636±464

7

HighACEI

3039±388

2870±388

2475±388

-564±239

9

LowACEI

3330±440

2913±440

2853±440

-477±271

7

HighACEI

302±45

281±45

254±45

-48±33

9

LowACEI

379±51

325±51

342±51

-37±38

7

†

Micronutrients
Sodium (mg)
Potassium (mg)
Magnesium (mg)

124

Calcium (mg)
Phosphorous (mg)
Iron (mg)
Iodine (µg)

HighACEI

599±126

647±126

496±126 *

-103±97

9

LowACEI

811±143

813±143

844±143

33±110

7

HighACEI

1396±170

1277±170

1302±170

-94±153

9

LowACEI

1569±193

1438±193

1497±193

-72±173

7

HighACEI

11±1

10±1

10±1 *

-1±1

9

LowACEI

13±1

11±1

13±1

-0±2

7

HighACEI

82±15*

88±15

83±15

1±11

9

LowACEI

120±17

110±17

112±17

-8±13

7

† P<0.05 compared to T0 within treatment groups
†† P<0.05 compared to T0 and T3 within treatment groups
* P<0.05 between HighACEI compared to LowACEI (T0 vs. T0/T3 vs. T3/T6 vs. T6)
Values are given as an average daily value calculated from a 3 day food diary at T0, T3, and T6

Percentage of fat intake from polyunsaturated and monounsaturated fats
Contribution of polyunsaturated fat to total fat intake was significantly lower at T6
(19±2%) compared to T0 (25±2%) in the HighACEI treatment group (P<0.05) (Table5-2).
No other differences were documented in relation to polyunsaturated fat percentage
either within or between treatment groups.
Contribution of monounsaturated fat to total fat intake was significantly lower at T6
(40±2%) compared to T0 (44±2%) in the LowACEI treatment group (P<0.05) (Table 5-2).
No other differences were documented in relation to monounsaturated fat percentage
either within or between treatment groups.

Cholesterol intake
There was no significant difference in cholesterol intake at T3 compared to T0
(202.9±47.3 mg and 262.6±47.3 mg respectively) within the HighACEI treatment group,
but the cholesterol intake at T6 (443.0±47.3 mg) was significantly higher compared to
both T3 and T0 within the HighACEI treatment group (P<0.05) (Table 5-2). The
cholesterol intake at T6 in the HighACEI treatment group was also significantly higher
than the LowACEI treatment group’s cholesterol intake at T6 (304.2±53.6 mg) (P<0.05).

Total carbohydrate intake and carbohydrate intake in the form of starch
There was no significant difference in carbohydrate intake at T3 and T6 compared to T0
(185.3±24.9 g, 152.1±24.9 g, and 168.3±24.9 g respectively) within the HighACEI
treatment group, however the carbohydrate intake at T0 in the HighACEI treatment
group was significantly lower compared to the LowACEI treatment group at T0
(231.9±28.2 g) (P<0.05) (Table 5-2).
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Of the 2 forms of carbohydrate measured including sugars and starch, only starch was
significantly different between the LowACEI and HighACEI treatment groups. The starch
intake in the HighACEI treatment group at T0 (88.3±13.7 g) was significantly lower than
the LowACEI treatment group at T0 (137.4±15.5 g) (P<0.05) (Table 5-2). The starch
intake in the HighACEI treatment group at T0 was also significantly lower than at T3
(116.4±13.7 g) (P<0.05), but was not different to the starch intake at T6 (97.1±13.7 g).

Micronutrient intake
Micronutrients, specifically calcium, iron, and iodine, were significantly lower in the
HighACEI treatment group compared to the LowACEI treatment group. Both calcium
and iron intake (496±126 mg and 10±1 mg respectively) were lower at T6 in the
HighACEI treatment group in comparison to the calcium and iron intake (844±143 mg
and 13±1 mg respectively) in the LowACEI treatment group at T6 (P<0.05) (Table 5-2).
Iodine intake was lower in the HighACEI treatment group at T0 compared to iodine
intake in the LowACEI treatment group at T0 (82±15 µg compared to 120±17 µg)
(P<0.05) (Table 5-2).

Dietary sodium intake
There was no significant difference in dietary sodium intake between the LowACEI and
HighACEI treatment groups and within the treatment groups (Table 5-2). The sodium
intake for the HighACEI treatment group at T0, T3, and T6 was 2177±282 mg, 2364±282
mg, and 2548±282 mg per day respectively. The sodium intake for the LowACEI
treatment group at T0, T3, and T6 was 2563±320 mg, 2493±320 mg, and 1927±320 mg
per day respectively. The average sodium intake reported across this study was
2,348±120 mg per day.

No significant difference in the change in nutrient intakes
As shown in Table 5-2, there were no significant differences between the change in
nutrient intakes, from baseline (T0) to endpoint (T6), between the HighACEI and
LowACEI treatment groups.
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Discussion
The current study has identified that a HighACEI herb and spice mix, despite no effect on
body weight, body fat mass, and blood lipids, has an anti-hypertensive effect in obese
and overweight humans. This study also showed a LowACEI herb and spice mix
containing black pepper, red chilli powder, ginger, and turmeric, to reduce serum
triglycerides and, in comparison to the HighACEI, to reduce body fat mass. These
findings show potential for herbs and spices in treatment of disorders of the metabolic
syndrome.
Although the mean blood pressure values for the HighACEI treatment group were higher
at baseline than the LowACEI treatment group, they were not significantly different.
Significant reduction of systolic blood pressure was evident by three months in
participants treated with the HighACEI herb and spice mix. The HighACEI treatment
group’s average systolic blood pressure of 146.6±4.3 mmHg classified the group Grade 1
mild hypertension status and the reduction after three months re-classified the group
high-normal status according to the National Heart Foundation of Australia (NHFA,
2010). Reduction in diastolic blood pressure was also significant in the HighACEI
treatment group however only after six months of treatment. There were no significant
changes in blood pressure in the LowACEI treatment group. Of the herbs and spices in
the HighACEI mix, support for the anti-hypertensive properties of amla has already been
reported (Yokozawa et al., 2007a; Kim et al., 2009), however, it has not yet not been
linked to ACE-inhibition activity.
A study by Joffres and colleagues (1987) on the influence of dietary factors on blood
pressure assessed 61 dietary variables, and reported eight major nutrients which had
consistent significant inverse correlations with blood pressure. These included
magnesium, calcium, phosphorous, potassium, fibre, vegetable protein, starch, vitamin
C, and vitamin D (Joffres et al., 1987). It is unlikely that differences in dietary intake
within the HighACEI treatment group may have resulted in these blood pressure
changes, as apart from vegetable protein intake which was not measured and calcium
intake, these nutrients did not change as reported throughout the study. Calcium was
significantly lower at T6 in the HighACEI treatment group compared to the LowACEI
treatment group and had this had an effect we would expect to see an increase in blood
pressure in the HighACEI treatment group, which was not observed. Vegetable protein
intake was not measured as an independent food category, and thus cannot be ruled out
as a confounding factor; however, given that total protein intake was not significantly
different, and it is likely vegetable protein did not vary also. Sodium is also regarded to
have a major impact on blood pressure (Sacks et al., 2001), yet there were no significant
differences in sodium intake observed. However, sodium intake can be difficult to
measure in the diet as discretionary salt use can not be easily captured in this nature of
a study.
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This suggests that the HighACEI herb and spice mix rich in natural ACE-Inhibitors may
offer a true anti-hypertensive potential. The inclusion of herbs and spices rich in natural
ACE-Inhibitors may become part of the hypertension treatment or prevention plan. In
order to potentiate these changes I believe terming natural ACE-Inhibitors found in
herbs and spices, and other plant derivatives yet to be reported, phytoacei
(phy·to·ace·i), meaning plant (phyto) ACE-Inhibitors (acei), may increase ease of
remembrance and improve awareness. There are many plants rich in plant ACEInhibitors (phytoacei) which have already been reported (Patten et al., 2012), however
many more plants are yet to be screened for phytoacei content. Further research
should be conducted in order to confirm that the mechanism of action underlying the
reduction of blood pressure in response to treatment with these herbs and spices is due
to the phytoacei content.
Although there were no significant changes in body weight within and between
treatment groups, the change in fat mass over the duration of the study as measured by
DEXA was significantly different, with the LowACEI treatment group showing an average
fat mass loss of 2.4±1.0 kg and the HighACEI an average gain of 1.0±0.7 kg. This fat mass
change also resulted in a significant change in body fat percentage as measured by
DEXA. As not all of the participants’ body compositions were analyzed by DEXA, only 14
out of 29 completing participants, body fat percentage was also measured in all 29
participants using BIA. There was no significant difference within and between
treatment groups in regards to BIA body fat percentage using data from all 29
participants as shown. Body fat percentage as calculated by DEXA and BIA was checked
for correlation, and a significant correlation was reported. However, body fat
percentage, as calculated by BIA, from the 14 DEXA participants was analysed. These
BIA values, despite reflecting a similar trend and correlating significantly with the DEXA
results, were not significant. It is likely that the DEXA body fat results are more reliable
than the BIA, but it is also possible that the changes in body fat percentage of the 14
participants scanned were not reflective of the whole study group. Future studies
assessing body fat mass reductions in response to this herb and spice treatment should
include DEXA analysis of all participants. Incomplete DEXA analysis in the current study
was due to restricted DEXA access times conflicting with participants’ time of availability.
Analysis of the blood lipid profile showed no significant differences in total cholesterol,
LDL cholesterol and HDL cholesterol, but there was a significant difference in the change
in triglycerides from T0 to T6, as well as values at T6, between the treatment groups.
Over the six month treatment period the LowACEI treatment group showed an average
decrease in triglycerides of 0.26±0.17 mmol/L and the HighACEI treatment group
showed an average increase in triglycerides of 0.35±0.18 mmol/L. Also, TGL levels were
significantly lower at T6 in the LowAECI group compared to the HighACEI group,
0.93±0.23 mmol/L and 1.81±0.24 mmol/L respectively. The decrease in serum
triglycerides and the decrease in body fat mass in the LowACEI treatment group
compared to the HighACEI treatment group supports evidence of a significant
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correlation found between body fat mass as measured by DEXA and fasting blood
triglyceride levels (Lindsay et al., 2001).
The herbs and spices in the LowACEI mix included black pepper, ginger, red chilli
powder, and turmeric, and of these we need to consider which may have initiated the
changes in fat mass and TGL in the LowACEI treatment group. These herbs and spices
have previously been reported as having a potential effect on body fat mass and TGL
levels.
Black pepper may be responsible for the fat mass and triglyceride changes evident, as a
study by Shah and colleagues (2011) reported both these changes in SD rats fed a high
fat diet supplemented with 40 mg/kg black pepper with no significant reduction in food
intake (Shah et al., 2011). However, in the aforementioned study other changes were
also noted including changes in body weight, total cholesterol, LDL cholesterol, and HDL
cholesterol, yet these changes were not seen in the LowACEI treatment group
suggesting it may be more likely that the changes seen were due to another of the herbs
and spices rather than black pepper.
It also appears unlikely that the ginger and turmeric were the cause of the changes in fat
mass and TGL, as it has been shown that ginger reduces not just TGL, but also total and
LDL cholesterol, and possibly increases HDL cholesterol (Bhandari et al., 1998), yet only a
change in TGL were noted in the LowACEI treatment group. Similarly, in response to
turmeric, aside from a decrease in adiposity, we may also expect a decrease in body
weight and total cholesterol (Ejaz et al., 2009) which were not seen.
A study by Kawada and colleagues (1986) reported that, despite no changes in food
intake, there was a significant reduction in fat mass and triglycerides in rats fed a high
fat diet containing 0.014% capsaicin (red chilli powder), without any changes in body
weight (Kawada et al., 1986). These findings are consistent with the results of the
current study. Hence, we suggest the changes in body fat mass and serum triglycerides
are due to the red chilli powder provided in the LowACEI capsules. Although the study
by Kawada and colleagues (1986) shows similar findings to that of the current study,
another study on capsaicin supplemented to a HFD in rats did not show significant
changes to fat mass, despite a reduction, but did identify a range of proteomic and
genomic changes in adipose tissue in capsaicin treated rats (Joo et al., 2010). Joo and
colleagues (2010) showed a range of molecular changes, in response to capsaicin
treatment, related to thermogenesis and lipid metabolism. A significant increase in
UCP2 mRNA expression in WAT, which was confirmed with protein expression analysis,
was amongst the changes which were reported (Joo et al., 2010).
UCP2 KO ob/ob mice display an improved insulin response to glucose with no body
weight changes (Zhang et al., 2001). Recently published results from a human study
showed UCP2 expression was significantly lower in obese and type 2 diabetics compared
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to non-obese controls (Mahadik et al., 2012). This relationship was found in visceral
(omental) but not subcutaneous WAT (Mahadik et al., 2012). Additionally, after
adjusting for age, the level of UCP2 expression was also found to show a significant
negative association with blood triglyceride levels (Mahadik et al., 2012). These findings
collectively identify a possible mechanism of action governing the reduction in fat mass
and serum triglycerides, in response to the LowACEI herbs and spices, to be an increase
in visceral UCP2 mRNA expression.
It is possible that the doses of black pepper, ginger, and turmeric were insufficient to see
the expected changes, yet that the dose of red chilli powder was sufficient, being
approximately 450 mg/day. However, it is also possible the effects were due to a
synergistic or additive effect. Further studies should investigate the effect of red chilli
powder alone in comparison to the combined effect of these herbs and spices, and
analyse visceral adipose UCP2 mRNA expression changes.
No changes were evident between the two groups in relation to body weight. The lack
of effect of the HighACEI treatment on body weight was unexpected, as we have
previously shown a weight loss effect of HighACEI herbs and spices in mice (Chapter 4).
Possible explanations for the lack of effect include dosage and difference of effect in
species. Based on an average mouse feed intake of 3 g/day and body weight of 40 g, the
mice in the herb and spice study (Chapter 4) were consuming approximately 24 mg/day
of the HighACEI herb and spice mix. This dose, based on the body surface normalization
method (Reagan-Shaw et al., 2008), equates to a human dose of approximately 3,409
mg/day for a 70 kg human. The actual amount consumed per day in the human study
equated to approximately 1,800 mg/day, and is below the dosage administered in the
mouse study. This lower dose was selected to stay within normal human consumption
ranges, in order to reduce risk in the study. The low dose may be a reason for the lack of
weight loss evident in the current study. Further studies could include careful
monitoring of an incremental increase in dosage in humans, and also lower dose studies
in mice. Another potential reason for the lack of weight loss may be due to the
differences between a mouse model and human model of obesity. This reason would be
difficult to identify as the reason underlying our results, but can not be ruled out as a
possible explanation for the different outcomes between the two studies.
The LowACEI treatment group reported a consistent dietary intake, variation within this
treatment group only seen in the percentage contribution of monounsaturated fat to
total fat intake, being significantly lower at T6 compared to T0. There appeared to be
more variation in dietary intake in the HighACEI treatment group. At T0 the percentage
contribution of polyunsaturated fat to total fat intake was significantly higher compared
to T6 within the HighACEI treatment group. No significant differences were seen in
energy intake either within or between treatment groups, and thus can be ruled out as a
confounding factor in blood pressure, fat mass, and triglyceride changes.
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It is possible that the decrease in percentage contribution of polyunsaturated fat to total
fat intake at T6 was a contributing factor to body fat mass changes, as it has been shown
that a diet high in polyunsaturated fats, in particular those derived from fish, to be antiadipogenic in comparison to other fats (Ruzickova et al., 2004). Additionally,
polyunsaturated fats, such as omega 3 fatty acids, have been shown to reduce blood
triglyceride levels in long term intervention studies (Endres et al., 1995). There was also
a concomitant increase in saturated fat but this was not significant. Fat mass and serum
triglycerides in the HighACEI treatment group did not significantly increase at T6
compared to T0, but this may have played a role in the changes documented between
the HighACEI and LowACEI treatment groups, and can not be ruled out entirely as a
confounding factor. There was no change in the percentage contribution of
polyunsaturated fat to total fat intake in the LowACEI treatment group, and thus can not
have contributed to the change in fat mass and serum triglycerides reported.
The HighACEI treatment group’s cholesterol intake was significantly higher at T6
compared to both T0 and T3, and was also higher compared to the LowACEI treatment
groups cholesterol intake at T6. Although the cholesterol dietary intake was increased in
the HighACEI treatment group at T6, there were no significant changes in total serum
cholesterol, LDL cholesterol, and HDL triglycerides.
Carbohydrate intake was lower in the HighACEI treatment group compared to LowACEI
at baseline, and was accountable to a reduced starch intake at baseline also. A
reduction in carbohydrate intake has been reported to lead to reduced fat mass (Volek
et al., 2002), however, the carbohydrate intake did not remain lower throughout the
study, and there was no significant difference in fat mass between treatment groups
initially.
The HighACEI treatment group reported significantly lower dietary intake of iodine at T0
compared to the LowACEI treatment group at T0 before treatment began, but
throughout the study there were no other significant differences, and hence was
unlikely to have had an impact on physiological changes between the groups.
Although both treatment groups reported calcium intakes below recommendations
(1000 mg/day for males and females aged 19-50 years) (NHMRC, 2006), the HighACEI
treatment group reported significantly lower dietary intake of calcium at T6 compared to
the LowACEI treatment group. Calcium intake has previously been linked to body fat
mass, with an increase in calcium intake shown to correlate with a decrease in fat mass
(Teegarden, 2003). One study grouped people based on calcium intakes, ranges
included low <600 mg/day, medium 600-1000 mg/day and high >1000 mg/day
(Jacqmain et al., 2003). Results showed those with low calcium intake had a significantly
higher fat mass compared to both the medium and high calcium intake groups (Jacqmain
et al., 2003). However, this result was true for women only, and the women also
showed a significantly higher body weight (Jacqmain et al., 2003). The change in
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difference in body weight was also different by a greater percentage than the fat mass
(Jacqmain et al., 2003). As our fat mass result was based on males and females, and that
significant changes were found in fat mass but not total body weight, it is unlikely that
the changes are due to calcium intake. However, calcium intake should be monitored in
future studies to clarify.
Iron intake was also significantly lower at T6 in the HighACEI group compared to the
LowACEI group. Although serum iron was shown to have a significant correlation with
fat mass, iron intake alone did not correlate significantly with fat mass, and decreased
absorption amongst other factors were suggested to lead to decreased serum iron in
obesity (Yanoff et al., 2007). As iron levels were not measured it is not possible to
accept or reject iron as a potential confounding factor regarding the change in body fat
mass.
Although there was no significant difference in sodium intake at any time point between
the two treatment groups, it is interesting to note both groups to report a range of
intakes (1,927±320 mg/day to 2,563±320 mg/day) below those reported by Beard and
colleagues (1997) from a study conducted on Tasmanian males and females (3,910 mg
and 2,714 mg respectively) (Beard et al., 1997). However, the average sodium intake of
all participants (2,348±120 mg/day) was still above the recommendation of 1,600
mg/day set by NHMRC in order to reduce the risk of heart disease (NHMRC, 2006).
Sodium intake, which exceeded recommendations, possibly interfered with weight loss
effects of the herb and spice mixes, and should be controlled for in future studies to
confirm. This research coincidently highlights the importance of strengthening the
message to reduce salt intake in Australia.
The aims of this study were to investigate the effect of the consumption of herbs and
spices high/low in natural ACE-Inhibitory compounds on body weight, body composition,
blood pressure, and blood lipid profile in humans. We have reported here that a herb
and spice mix high in natural ACE-Inhibitory compounds, termed here for the first time
as phytoacei, to have an anti-hypertensive effect. Also, that there is potential for herbs
and spices including black pepper, ginger, red chilli powder, and turmeric to have a fat
mass and serum triglyceride reducing effect. This research identifies a range of herbs
and spices as potential alternatives for treatment of a range of metabolic disorders.
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Summary
The aim of this study was to investigate the effect of the consumption of two herb and
spice mixes, one high in natural ACE-Inhibitors (HighACEI) and one low in natural ACEInhibitors (LowACEI), on body weight, body composition, blood pressure, and blood lipid
profile by a six month intervention study in humans. Dietary analyses were conducted
to check for any confounding factors attributing to outcomes.
The HighACEI treatment group showed a reduction in both systolic and diastolic blood
pressure, and diet appeared not to play a role in the blood pressure changes reported.
The LowACEI treatment group showed a significantly greater reduction in fat mass in
comparison to the HighACEI treatment group (-2.4±1.0 kg and 1.0±0.7 kg respectively)
and a significantly greater reduction in serum triglycerides in comparison to the
HighACEI treatment group (-0.26±0.17 mmol/L and 0.35±0.18 mmol/L respectively).
Changes documented in response to the LowACEI treatment were suggested to be due
to the effect of red chilli powder. The dosage of red chilli powder consumed per day in
the LowACEI treatment group was approximately 450 mg. Although unlikely, it was
suggested that a possible confounding factor due to dietary differences was a decrease
in dietary iron intake after six months of herb and spice treatment in the HighACEI
treatment group. Future studies should analyse serum iron levels to rule this factor out.
Finally the average sodium intake reported across the study was 2,348±120 mg/day and
is above the NHRMC recommendations.
These results show that herbs and spices have a significant impact on symptoms of the
metabolic disorder including reduction of body fat, blood pressure, and triglyceride
levels. In particular herbs with high levels of ACE-inhibition, or phytoacei, including
amla, cinnamon, cloves, and oregano, appear to be effective at reducing blood pressure.
A reduction of body fat mass and serum triglycerides shows potential for a combination
of herbs and spices, including black pepper, ginger, red chilli powder, and turmeric, in
the treatment of disorders of the metabolic syndrome. Hence, this research shows
certain herbs and spices to have the potential to assist in treatment of obesity,
hypertension, and hypertriglyceridemia, symptoms of the metabolic syndrome, clearly
demonstrating the need for further research in this area.
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CHAPTER 6

Thesis summary, key findings, methodological limitations, future directions, and
conclusions

Thesis summary
Literature review
The literature review presented the current literature on obesity, insulin resistance, and
the metabolic syndrome with focus on molecular pathways linking these metabolic
disease states. The potential role of SIK2 expression and phosphorylation states was
highlighted in relation to lipogenesis, gluconeogenesis, and stress pathway activation.
Autophagy dysregulation in response to the obese condition was also introduced.
Sodium was reviewed including reported intakes of sodium in Australia in comparison to
current recommendations. The disparity between the sodium content of the typical
Western diet and that of the high fat feed used in DIO animal studies was highlighted.
The link between sodium, the RAS, and hypertension was introduced, leading to the
current use of the ACE-Inhibitor captopril as an anti-hypertensive medication, and
suggesting captopril as a possible treatment for obesity in the presence of a low salt
diet.
Natural ACE-Inhibitors such as herbs and spices were introduced, and the findings on
their potential as treatment for obesity, insulin resistance, and other disorders of the
metabolic syndrome reviewed. The summary concludes that the level of salt at which
captopril is still an effective anti-obesity treatment need be investigated, as well as the
potential for natural ACE-Inhibitors, such as herbs and spices, as anti-obesity treatment.
Furthermore, whether or not there is a salt interaction effect with herbs and spices, and
finally, whether or not herbs and spices rich in natural ACE-Inhibitory compounds are a
more effective anti-obesity treatment compared to other herbs and spices low in ACEInhibitory compounds but still high in antioxidants.

Materials and methods
The materials and methods chapter simply describes methods which were used in
several of the studies, and was a point of reference throughout the thesis. These
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included: Animal euthanization, Gene expression, Herb and spice selection, and
Statistical analyses.

Interaction effect of dietary salt and captopril on: body weight, body composition, gene
expression, protein expression, hormones, and metabolomes in mice. Finding the “on
switch” and identifying the mechanism(s) of action (Chapter 3)
This chapter reported that salt did interfere with the anti-obesity potential of captopril,
and concluded that approximately 0.086 g/day of salt was the maximum dietary intake
in C57BL/6J mice which still allowed for significant weight loss. A potential mechanism
of action was identified, with adipose SIK2 mRNA expression increasing in treatment
groups which responded to captopril, low salt treatment groups only. This increase in
SIK2 expression was shown in conjunction with suppression of adipose ATF3 mRNA
expression and suggested a reduction in inflammation via suppression of the stress
response transcription factor ATF3.

Interaction effect of dietary salt on the effects of a herb and spice mix rich in ACE
inhibition on body weight, ingestion behaviour, and gene expression in mice; finding a
natural alternative to captopril (Chapter 4)
This chapter identified amla, cinnamon, cloves, and oregano to be rich in ACE inhibition,
of which amla ACE-inhibitory activity has not yet been reported in the literature. A herb
and spice supplement high in ACE inhibition consisting of amla, cinnamon, cloves, and
oregano, was reported to reverse DIO when added to a HFD at a level of 0.8% (w/w).
This finding was shown in the presence of both a LSD and a HSD. Despite weight loss in
both the herb and spice treatment groups, it appeared that the mechanism underlying
the low salt herb and spice treatment group to be related to a suppression of feed
intake. Whereas, the high salt herb and spice treatment group showed a possible
mechanism of action to be an increase in adipose SIK2 mRNA expression potentially
reducing inflammation via suppression of the stress response transcription factor ATF3,
as was reported.

Effect of herbs and spices rich in ACE-Inhibitors on body weight, body composition, blood
pressure, and blood lipid profile in humans; a preliminary clinical trial (Chapter 5)
This chapter reported herbs and spices rich in natural ACE-inhibitory compounds,
including amla, cinnamon, cloves, and oregano, to effectively reduce systolic and
diastolic blood pressure after six months of treatment in obese and overweight humans.
For the first time “phytoacei” was a term given to denote plant ACE-Inhibitors in this
chapter, and herbs and spices rich in phytoacei were suggested as a natural alternative
anti-hypertensive to the pharmacological ACE-Inhibitor captopril.
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Other herbs and spices low in phytoacei, including black pepper, ginger, red chilli
powder, and turmeric, despite not having an effect on blood pressure, did reduce body
fat mass and serum triglycerides in comparison to the phytoacei rich herb and spice
treatment. It was suggested that the red chilli powder was the main contributor to
these changes at a dosage of 450 mg/day. Overall, this chapter showed potential for
herbs and spices to be used as treatment for disorders of the metabolic syndrome,
highlighting the need for further research into these herbs and spices.

Key findings
Captopril is a potential treatment for obesity
The results of the captopril animal study showed clear cut weight loss in response to
captopril treatment, and are in agreement with current literature (de Kloet et al., 2009;
Weisinger et al., 2009; Premaratna et al., 2011), suggesting captopril be considered as a
potential treatment for obesity.

Salt interferes with the potential for captopril as a treatment for obesity
The novelty of the captopril animal study is the finding that salt interferes with the
potential for captopril as a treatment for obesity. A range of dietary salt levels was
investigated and it was reported that 0.086 g/day was the average maximum intake of
salt which still allowed for a significant reduction in body weight in mice. This finding
suggests that a high level of dietary salt, common in the typical Western diet in the
United States (USDA, 2010b) and in Australia (Beard et al., 1997), could help explain the
lack of weight loss evident when treating humans with ACE-Inhibitors such as captopril.
This opens up a potential basis for future clinical studies investigating modification of
dietary salt intake in combination with captopril treatment as a solution to the obesity
epidemic.

SIK2 expression identified as a potential mechanism underlying the anti-obesity effect of
captopril in conjunction with a low salt diet
The findings in this thesis highlight SIK2 expression as a potential mechanism of action
by which captopril in conjunction with a low salt diet induces weight loss. This was
shown by the increase in SIK2 expression in two treatment group which received low
levels of dietary salt and captopril and exhibited significant weight loss. Also, a lack of
change in SIK2 expression was shown in the high salt treatment group which received
captopril but failed to exhibit any significant changes in body weight.
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The regulatory effect of SIK2 on CREB activity (Screaton et al., 2004), shows SIK2 to be a
potential modulator of gluconeogenic (Herzig et al., 2001), lipogenic (Du et al., 2008;
Yoon et al., 2009), and stress response pathways (Hai et al., 1999; Qi et al., 2009), and
highlights the importance of the thesis findings relating to SIK2 expression changes. A
reduction in ATF3 expression, as was reported in this study, suggests that captopril and a
low salt diet reduce activation of the stress response pathway. This is in agreement with
findings that captopril treatment reduced expression of adipose tissue mRNA of the
inflammatory cytokines MCP-1 and IL-6 (Premaratna et al., 2011) which are known to be
regulated by ATF3 (Zmuda et al., 2010).

Herbs and spices high in ACE-inhibitory activity are functional food compounds with
potential as a natural alternative for treatment of obesity
The findings from the herb and spice animal study showed potential for herbs and
spices, selected due to their high level of ACE-inhibitory activity, to be a natural
alternative for the treatment of obesity. The use of herbs and spices as medicine is a
practice which dates back over 1000 years in Ayurvedic medicine (Atal et al., 1981;
McQuate et al., 2009; Abdel Aziz et al., 2012), and the findings from this thesis support
the continuation of using food as medicine.

Salt does not interfere with the potential for ACE-Inhibitory rich herbs and spices as
treatment of obesity
Despite the selection of herbs and spices based on their ACE-Inhibitory activity, there
was no interaction effect with salt and the selected herbs and spices on weight loss, yet
this was the case when the pharmacological ACE-Inhibitor captopril was used. This
suggests potentially different mechanisms of action between the herbs and spices and
captopril treatment in weight loss.

Herbs and spices increased SIK2 expression in response to a high salt diet treatment only
Findings showed SIK2 expression increased in response to herb and spice treatment in
conjunction with only the high salt diet. The increase in SIK2 expression was supported
by the decrease in ATF3 expression in this treatment group, and supports the mRNA
changes found in the captopril and salt study. This finding along with the finding from
the captopril study in relation to SIK2 expression changes suggests a change in SIK2
expression is a potential mechanism underlying the weight loss effect. However, the
lack of change in SIK2 and ATF3 mRNA expression in the control plus herb and spice
treatment group, despite weight loss, suggests other mechanisms are likely involved in
these body weight changes.
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Herbs and spices high in plant ACE-Inhibitory compounds (phytoacei) are functional foods
with potential as an alternative for treatment of hypertension, but not of obesity
When herbs and spices selected for their high level of plant ACE-inhibitory compounds,
termed “phytoacei” in this thesis, were further investigated in a human study, it was
demonstrated that, like the pharmacological ACE-Inhibitor captopril, these herbs and
spices significantly reduced systolic and diastolic blood pressure. This is an encouraging
finding considering reports from the ABS showing over 3.1 million Australians in 20112012 to have hypertension (ABS, 2012). We have now unveiled a possible natural
alternative to pharmacological treatment of hypertension without the undesirable side
effects associated with pharmacological ACE-Inhibitors.
Despite anticipation of a weight loss effect in response to herbs and spices rich in
phytoacei, no changes in body weight were reported. This may have been due to the
dosage of herbs and spices received in the human study, approximately 1,800 mg/day,
being less than received in the animal study, which, based on body surface normalization
(Reagan-Shaw et al., 2008), equated to a human dose of approximately 3,409 mg/day.
This lower dose was selected to stay with normal human consumption ranges of the
herbs and spices. Higher dosages of herbs and spices rich in phytoacei should be
investigated.

Herbs and spices low in phytoacei, but high in antioxidants, as a potential treatment for
disorders of the metabolic syndrome including obesity and hypertriglyceridaemia
Findings from our human study showed that herbs and spices which were selected due
to their low levels of phytoacei, but that were still high in antioxidants, significantly
reduced fat mass and serum triglyceride levels in comparison to the herbs and spices
rich in phytoacei. This result was unanticipated, but supports current literature on these
herbs and spices, and in particular supports previous findings on red chilli powder
(Kawada et al., 1986). The average dosage which the participants received of red chilli
powder was 450 mg/day. A potential mechanism may be an increase in visceral adipose
UCP2 mRNA expression changes. Further studies should investigate the individual
effects of these low phytoacei herbs and spices, to identify whether they offer a
synergistic effect or additive effect, or whether just one individual herb or spice resulted
in the body fat mass and serum triglyceride changes, and also include analysis of visceral
adipose UCP2 mRNA expression changes.
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Methodological limitations
Methodological limitations are a part of most research, and the interpretation of
findings presented in this thesis has highlighted several limitations of this research.
Methodological limitations of the studies are addressed to enhance the applicability and
robustness of results in future studies.
One limitation of the animal studies includes the accuracy of measuring feed intake.
Due to the crumbling nature of the high fat feed, it is often scattered in the bottom of
the cage, which is covered with sawdust, and this reduces the accuracy of measures of
feed intake.
Another limitation of the animal studies is the difficulty in prescribing a specific level of
salt intake, as when salt content of the diet is manipulated either in the feed or fluid, the
quantity of feed or fluid consumed affects the total dietary intake of salt. In the first
animal study this led to a significantly different level of salt intake between the 0.0+ and
0.1+ treatment groups compared to their respective controls. Pair-feeding would
overcome this limitation, but as the nature of the study is weight loss, pair-feeding may
interfere with results. Another method may be to use intraperitoneal injections of a
saline solution at a selected range of dosages instead.
The level of contribution of reduced feed intake to weight loss in the animal studies was
affected due to the lack of data over the initial period of the study where weight loss
occurred rapidly. An improvement would be to monitor body weight and feed intake
daily in the first one to two weeks of the study to help identify whether weight loss is
occurring prior to feed intake changes or vice versa.
The investigation into the interaction effect of captopril and salt on SIK2 activity in
adipose tissue in the first study used the level of phosphorylation of the TORC1 protein
as a measure of SIK2 activity. Although the TORC family members TORC1 and TORC2 are
of a similar constitution and function (Screaton et al., 2004), the level of phosphorylation
of TORC2 should be measured, as the TORC proteins may not be phosphorylated by SIK2
in a relative manner. Analysis of protein expression of SIK2 may help confirm the gene
expression changes. The analysis of CREB activity in adipose tissue would also confirm
level of SIK2 activity, as CREB activity was looked at only in liver tissue in the relevant
study. This may shed light on whether SIK2 activity is actually increased in response to
captopril and a low salt diet.
Methodological limitations of the human study include the use of two herb and spice
capsules, rather than one herb and spice capsule and one placebo capsule. A sugar
placebo capsule could be used in future studies as this would eliminate the possibility
that significant changes in body fat mass and triglyceride levels were not due to a
negative effect of the HighACEI treatment group rather than a perceived positive effect
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in the LowACEI treatment group. Future human studies could also include 24 hour
ambulatory recordings of blood pressure, rather than single time point measures, as it is
possible that the time of day when the appointment was held may have affected blood
pressure measures. Finally, in future human studies, body composition data should be
collected via DEXA analysis for all participants, to confirm body fat mass changes in
response to treatment with herbs and spices.

Future directions
Although we have identified a specific intake of 0.086 g/day of salt to be the maximum
intake still allowing for a weight loss effect in C57BL/6J mice, investigation into the range
of salt levels between 0.086 g/day and 0.141 g/day would further define the upper limit
of salt intake per day still allowing for significant weight loss in mice, possibly by
intraperitoneal injections to eliminate variation in dietary salt intake. Measuring feed
intake changes and body weight changes daily for the initial two weeks may help identify
the sequence of changes. Also, keeping mice in cages without sawdust to allow for more
accurate feed intake data would help clarify the effect of feed intake on body weight
changes.
Further investigation into the importance of adipose SIK2 in body weight changes in
response to captopril and a low salt diet would require a closer analysis of SIK2 activity.
This may be achieved by analyzing TORC2 phosphorylation levels in conjunction with
TORC1 phosphorylation levels, and SIK2 protein expression levels. Also, confirmation of
the state of SIK2 and subsequent TORC2 activity would require analysis of CREB activity,
by measuring phosphorylated CREB levels in the adipose tissue.
The effect of individual herbs and spices in comparison to the combined effect should be
looked at to identify: whether the weight loss effect in mice is due to a synergistic effect
of herbs and spices rich in phytoacei or an additive effect, similarly for the blood
pressure effects reported in humans. This should also be done with the herbs and spices
which induced a fat mass and serum triglyceride reduction in the human study. Possible
investigation into a higher, but still tolerable, dosage may help identify whether the lack
of weight loss evident in the human study was due to an insufficient intake of phytoacei,
also conducting the human studies in a placebo controlled manner.
Finally, after identifying the major constituent of the capsules responsible for inducing
changes including reduction of blood pressure, body fat mass, and serum triglycerides,
should be trialed in combination in order to investigate a capsule with the potential to
overcome three factors associated with the metabolic syndrome; hypertension,
abdominal obesity, and hypertriglyceridaemia.
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Conclusions
This thesis supports previous findings that captopril has potential as an anti-obesity
treatment, however it also identifies salt to interfere with this potential when dietary
salt exceeds 0.086 g/day in mice. This finding is a novel contribution of the thesis, not
yet reported in the literature, and may be the factor underlying the lack of weight loss
seen in humans treated with ACE-Inhibitors such as captopril. The suggested mechanism
by which captopril and a low salt diet induce weight loss, identified by the findings
reported in this thesis, is by upregulation of SIK2 expression in adipose tissue, leading to
a reduction of stress pathway activation seen by a reduction in ATF3 expression. This
reduction in ATF3 expression offers an explanation to the reduced inflammatory
cytokine mRNA expression in adipose tissue recently reported in response to captopril
treatment.
An alternative to the pharmacological ACE-Inhibitor captopril is also identified in this
thesis, with findings showing the use of herbs and spices, rich in natural ACE-Inhibitory
compounds termed “phytoacei” in this thesis, to also induce weight loss in mice, yet
with no interaction effect with salt evident. An increase in adipose SIK2 expression is
reported in mice treated with these phytoacei rich herbs and spices also, yet only in the
presence of a high salt diet. When applied to human studies, the phytoacei rich herbs
and spices appear to mimic the anti-hypertensive properties of captopril, leading to a
significant reduction in both systolic and diastolic blood pressure, despite no reduction
of body weight. Finally, this thesis introduces a mix of herbs and spices, low in phytoacei
yet high in antioxidants, to induce a reduction in fat mass and serum triglycerides in
comparison to the herb and spice mix high in phytoacei.
In conclusion, this thesis presents a novel idea that the high level of salt in the typical
Western diet may interfere with the anti-obesity potential of captopril in humans. A
possible mechanism underlying this interaction effect on weight loss is identified in the
thesis as the upregulation of adipose SIK2 expression, and subsequent suppression of
adipose ATF3 expression. Additionally, evidence from a human study is given supporting
the potential of herbs and spices, rich in “phytoacei”, as a natural alternative to
pharmacological treatment of hypertension, along with evidence of weight loss reported
in mice. Furthermore, reporting black pepper, red chilli powder, ginger, and turmeric to
have potential for reducing fat mass and serum triglycerides, with evidence from a
human study. Thus, the thesis identifies a range of herbs and spices with the potential
to overcome three factors associated with the metabolic syndrome; hypertension,
abdominal obesity, and hypertriglyceridaemia, and that the ACE-Inhibitor captopril, in
conjunction with a low salt diet, offers a potential treatment for obesity.
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APPENDICES
Appendix A – Feed composition
SF00-219 Feed composition (including supplement variations)
Calculated Nutritional
Parameters

Calculated Total
Minerals

Protein 19.00%
Total Fat 21.00%
Crude Fibre 4.70%
AD Fibre 4.70%
Digestible Energy 19.4
MJ/kg
% Total calculated
digestible energy from
lipids 40.00%
% Total calculated
digestible energy from
protein 17.00%
Ash 4.20%

Calcium 0.60%
Phosphorous 0.30%
Magnesium 0.10%
Sodium 0.12%
Chloride 0.16%
Potassium 0.40%
Sulphur 0.23%
Iron 80 mg/kg
Copper 7.0 mg/kg
Iodine 0.2 mg/kg
Manganese 20 mg/kg
Cobalt No data
Zinc 52mg·kg
Molybdenum 0.15
mg/kg
Selenium 0.3mg/kg
Cadmium No data
Chromium 1.0mg/kg
Fluoride 1.0mg/kg
Lithium 0.1mg/kg
Boron 2.3mg/kg
Nickel 0.5mg/kg
Vanadium 0.1mg/kg

Ingredients
Casein (Acid) 195g/kg
Sucrose 341g/kg
Clarified Butter (Ghee)
210g/kg
Cellulose 50g/kg
Wheat Starch 154g/kg
DL Methionine 3.0g/kg
Calcium Carbonate
17.1g/kg
Sodium Chloride 2.6g/kg
AIN93 Trace Minerals
1.4g/kg
Potassium Citrate 2.6
g/kg
Potassium Dihydrogen
Phosphate 6.9g/kg
Potassium Sulphate
1.6g/kg
Choline Chloride (60%)
2.5g/kg
SF00-219 Vitamins
10g/kg
Oxicap E2 0.04 g/kg

Calculated Total
Vitamins
Vitamin A (Retinol) 11
650 IU/kg
Vitamin D
(Cholecalciferol) 1,100
IU/kg
Vitamin E (a Tocopherol
acetate) 64mg/kg
Vitamin K (Menadione)
12.5 mg/kg
Vitamin C (Ascorbic
acid) 700 mg/kg
Vitamin B1 (Thiamine)
11 mg/kg
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Vitamin B2 (Riboflavin)
11 mg/kg
Niacin (Nicotinic acid) 50
mg/kg
Vitamin B6 (Pryridoxine)
11 mg/kg
Pantothenic Acid 34
mg/kg
Biotin 200μg/kg
Folic Acid 1mg/kg
Inositol 55mg/kg
Vitamin B12
(Cyancobalamin)
18μg/kg
Choline 2,500mg/kg
Calculated Fatty Acid
Composition
Saturated Fats C12:0 or
less 1.80%
Myristic Acid 14:0 2.6
Palmitic Acid 16:0 7.00%
Stearic Acid 18:0 2.40%
Palmitoleic Acid 16:1
0.40%
Oleic Acid 18:1 5.50%
Linoleic Acid 18:2 n6
0.40%
a Linolenic Acid 18:3 n3
0.20%
Arachadonic Acid 20:4
n6 Trace
EPA 20:5 n3 No data
DHA 22:6 n3 No data
Total n3 0.35%
Total n6 0.41%
Cholesterol 0.15%

Supplements
Animal study
AEC09-54-L
3.2% NaCl (High Salt)
•32.0g/kg Sodium
Chloride
0.26% NaCl (Normal
Salt)
•2.6g/kg Sodium
Chloride
0.8% Herbs & Spice
•8.0g/kg Herb & Spice
2.0g/kg amla
2.0g/kg cinnamon
2.0g/kg clove
2.0g/kg oregano
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Appendix B – Human study advertisement
School of Life Sciences
FACULTY OF SCIENCE,
TECHNOLOGY AND ENGINEERING

WEIGHT LOSS STUDY
We are conducting a weight loss study which will analyse the effects of a herb and
spice mix on body weight. The herb and spice mix will be provided to you for free for 6
months. Herbs and spices are naturally high in antioxidants. During the 6 month
period we will measure your body weight along with other markers of health. If you
are interested in participating in this study contact us now!
Who can participate?
Anyone who:

- Is 18-65 years of age
- Has a body mass index*(BMI) of 25 or greater
- Is not taking any medication
- Understands and can communicate well in English
- Is willing to adhere to a prescribed herb and spice mix for 6 months
- Is available for 2 hours at the beginning of the study, 2 hours after 3
months of treatment and 2 hours after 6 months of treatment for
measurements^ and study information
- Is willing to have a blood lipid analysis, conducted by Dorevitch
Pathology, before and after 6 months of herb and spice treatment
- Is not pregnant

* To calculate your BMI divide your weight in kilograms by your height ² in metres:
E.g. weight: 80kg, height: 1.72m
BMI = 80 / (1.72 x 1.72) = 27, therefore your BMI = 27.
^

Measurements which will be taken include: blood pressure, heart rate, waist
circumference, hip circumference, body weight and height, and body composition (body
fat, fat-free mass, bone mineral density). A 24 hour food recall questionnaire will be
completed. Body composition will be measured by a dual energy X-ray absorptiometry
(DEXA) machine. DEXA uses X-ray radiation in order to determine bone mineral density
(BMD) and fat-free mass.

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au
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Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

Jessica: 9479 1048 or
J.Radcliffe@latrobe.edu.au

CONTACT: Jessica E-mail: J.Radcliffe@latrobe.edu.au | Phone: 03) 9479 1048

Appendix C – Participant information statement

School of Life Sciences
FACULTY OF SCIENCE,
TECHNOLOGY AND ENGINEERING

PARTICIPANT INFORMATION STATEMENT

PROJECT TITLE: Investigation into the effects of herb and spice consumption on body
weight, body composition and blood lipid levels in humans

RESEARCHER:
Jessica Radcliffe, Bachelor of Nutritional Science (Hons), PhD Student, School of Life
Sciences, La Trobe University.
(Telephone: 9479 1048; email: jeradcliffe@students.latrobe.edu.au)

SENIOR RESEARCHERS:
Dr. Markandeya Jois, Senior Lecturer, School of Life Sciences, La Trobe University.
(Telephone: 9479 2127; email: M.Jois@latrobe.edu.au)
Dr. Richard Weisinger, Assoc. Professor/Senior Research Fellow, School of Life Sciences,
La Trobe University.
(Telephone: 9479 2257; email: r.weisinger@latrobe.edu.au)
QUESTIONS OR COMPLAINTS:
Any questions about this project may be directed to the researcher, Jessica Radcliffe. You may
also contact the Senior Researcher Dr. Markandeya Jois.
If you have any complaints or queries that the researchers have not been able to answer to your
satisfaction, you may contact the Ethics Liaison Officer, Human Ethics Committee, La Trobe
University, Victoria, 3086.
(Telephone: 03 9479 1443; e-mail: humanethics@latrobe.edu.au)

Participant explanatory statement
You are invited to participate in a study which will investigate the effect of herb and
spice consumption on body weight, body composition and blood lipid levels. If you wish
to participate in the study, you are required to thoroughly read the information sheet
and consent form, and then sign the consent form. You are encouraged to ask any
questions you may have, and the investigator will allow participation only if the
investigator believes you have a clear understanding of what will be required of you
during the study.
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Once you have been accepted as a participant for the study, you will have your blood
lipid levels, body weight and height, blood pressure, heart rate, waist circumference, hip
circumference, and fat mass (by bio-electrical impedance - BIA) and/or fat mass, fat-free
mass and bone density (by DEXA) measured. Daily average calorie consumption will be
recorded for each participant by a 24 hour food recall questionnaire. A selection of
participants will have their body composition (fat mass, fat-free mass and bone density)
measured using dual energy X-ray absorptiometry (DEXA) which is a non-invasive
machine routinely used in hospitals and laboratories. Participants will be given the
option of having a female or male researcher take their measurements.
Half of all participants will receive a herb and spice mix which contains commonly
consumed herbs and spices, which we have shown to have a weight loss effect in mice
and we believe will induce weight loss in humans, the other half will receive a herb and
spice mix, which is high in antioxidants. During the 6 months of treatment, neither the
investigator nor the participant will know which participants are receiving which herb
and spice mix. However, if during the study we find a significant weight loss in either
treatment group, the participants taking the other herb and spice mix will be offered the
opportunity to switch to the weight loss treatment mix.
Participants will be requested to continue the selected herb and spice mix for 6 months.
During the 6 month study, participants will be required to visit the laboratory for
measurements at the beginning of the study, at the 3 month and 6 month mark of the
study.
Your agreement to participate is completely voluntary. This means that you do not have
to do this study if you do not want, and you can stop at any time without judgment. You
also have the right to demand that data arising from your participation are not used in
the research project, provided that this right is exercised within four weeks of the
completion of your participation in the project. You are asked to complete the
“Withdrawal of Consent Form” or to notify the investigator by e-mail or telephone if you
wish to withdraw your consent for your data to be used in this research project. Please
remember that this study is important, and your participation will help us learn more
about the effect of herb and spice consumption on body weight, body composition and
blood lipid levels.
You will be offered a free voluntary nutritional assessment of your diet after completion
of the study. Please notify the investigator at the beginning of the study if you wish to
receive your personal nutritional assessment.
All of your answers and information will be stored in a locked filing cabinet. You will
have the option as to whether or not your information is de-identified and confidential.
If you request confidentiality, nobody will know your individual questionnaire answers or
analytical results. On the other hand, if you choose to remain identified, no one besides
the researchers will have access to this information. If you would like feedback from
your measurements (e.g. fat mass, bodyweight etc.) your information will be reidentified so that the investigator can provide you with accurate individual feedback.
Obesity contributes to the risk of many chronic diseases including cardiovascular
disease, diabetes and cancer. We hope to find a solution that allows for substantial
weight loss by the aid of simple dietary modifications. This study has the potential to
benefit participants by decreasing body fat, body weight and blood lipid levels. This
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study thus has the potential, upon publishing of results, to substantially reduce the
number of obesity sufferers in Australia.

The data collected from this study is part of a PhD research project
conducted by Jessica Radcliffe and supervised by Dr Markandeya Jois. The
data collected may be used in scientific publications, used to compile a
Doctorate thesis, and used in presentations, to show the effect of herbs and
spices on body weight, body composition and other parameters of health.
The data used for reporting and publications will be in both hard copy and
electronic formats. Participants will be mailed or e-mailed a copy of the
results, if requested.
Who can participate?
Anyone who:

- Is 18-65 years of age
- Has a body mass index*(BMI) of 25 or greater
- Is not taking any medication
- Understands and can communicate well in English
- Is willing to adhere to a prescribed herb and spice mix for 6 months
- Is available for 2 hours at the beginning of the study, 2 hours after 3
months of treatment and 2 hours after 6 months of treatment for
measurements^ and study information
- Is willing to have a blood lipid analysis, conducted by Dorevitch
Pathology, before and after 6 months of herb and spice treatment
- Is not pregnant
* To calculate your BMI divide your weight in kilograms by your height ² in metres
E.g. weight: 80kg, height: 1.72m
BMI = 80 / (1.72 x 1.72) = 27
Therefore your BMI = 27.
^

Measurements which will be taken include: blood pressure, heart rate, waist
circumference, hip circumference, body weight and height, and body composition (body
fat, fat-free mass, bone mineral density). A 24 hour food recall questionnaire will be
completed. Body composition will be measured by dual energy X-ray absorptiometry
(DEXA). DEXA uses X-ray radiation in order to determine bone mineral density (BMD)
and fat-free mass. This radiation is approximately 1/10th of that of a normal X-ray, and
thus the radiation dose is very low. However, there is always risk associated with any
form of radiation.
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What will you be doing?
You will be required for three 2 hour measurement and information sessions, one prior
to the study, after 3 months of treatment, and after 6 months of treatment.
In the first session:
 The investigator will take the following measurements from you: body weight,
blood pressure, heart rate, height, waist circumference, and hip circumference.
 The investigator will also measure either your body fat percentage (by BIA) and/or
body composition (fat mass, fat-free mass and bone density) using DEXA (dual
energy X-ray absorptiometry) which is a non-invasive machine routinely used in
hospitals and laboratories.
 You will complete a 24 hour food recall questionnaire.
 The investigator will randomly allocate you to one of the herb and spice mix
treatment groups.
 You will be free to ask any questions you may still have.
 You will have your blood lipids analyzed by Dorevitch Pathology.
In the second session (after 3 months of treatment):
 The investigator will take the following measurements from you: body weight,
blood pressure, heart rate, waist circumference, and hip circumference.
 You will complete a food recall questionnaire.
 You will be free to ask any questions you may have.
In the third session (6 months of treatment):
 The investigator will take the following measurements from you: body weight,
blood pressure, heart rate, height, waist circumference, and hip circumference.
 The investigator will also measure either your body fat percentage (by BIA) and/or
body composition (fat mass, fat-free mass and bone density) using DEXA (dual
energy X-ray absorptiometry) which is a non-invasive machine routinely used in
hospitals and laboratories.
 You will complete a 24 hour food recall questionnaire.
 You will be free to ask any questions you may still have.
 You will have your blood lipids analyzed by Dorevitch Pathology.
Following the collation and analysis of results:
 You will receive a free personal diet analysis (if you have indicated on this form
that you wish to receive one).
 You will be mailed or e-mailed a summary of the findings.
If you indicate on the consent form that you would like to receive a free nutritional
assessment once the results have been collated and analysed, please select that you
wish your information to be re-identified. Your information will only be accessible to the
researchers. The nutrition assessment will be mailed or e-mailed to you, depending on
which is more convenient for you.
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Possible adverse effects from completing this study
As with any food, intolerances, allergies and side effects to herbs and spices are possible;
hence, if you experience any discomfort, allergic reactions, intolerances or side effects,
please cease taking the herb and spice capsules and contact the researcher as soon as
possible.
DEXA uses X-ray radiation in order to determine bone mineral density (BMD), fat mass
and fat-free mass. This radiation is approximately 1/10th of that of a normal X-ray, and
thus the radiation dose is very low. However, there is always risk associated with any
form of radiation.
Bioelectric Impedance Analysis devices pass an extremely weak electrical signal through
the body when taking a measurement. This electrical signal is not felt and is safe for
individuals without cardiac pacemakers and implanted medical devices. As a precaution,
persons with cardiac pacemakers, electrocardiographs and/or other medical devices
implanted in the body or used for life support should not use Bioelectric Impedance
Devices.
We hope that you will participate in this study!

LA TROBE UNIVERSITY
VICTORIA 3086 AUSTRALIA
TELEPHONE: +61 3 9479 1048
ABN 64 804 735 113
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Appendix D – Participant consent form
School of Life Sciences
FACULTY OF SCIENCE
TECHNOLOGY AND ENGINEERING

CONSENT FORM

PROJECT TITLE: Investigation into the effects of herb and spice consumption on body weight, body
composition and blood lipid levels in humans
I, ................................................................................. (Name of participant), have read and
understood the participant information statement consent form, any questions I have asked
have been answered to my satisfaction. I agree to participate in the project entitled
.............................................................................................……………………………………………………………
……………………………………………………………………………….
……………………………………………………………………………………………………,
being
conducted
by
…………………………......................................................... (Name of researchers), realizing that I may
withdraw from the study at any time and may request that no data arising from my participation
are used, up to four weeks following the completion of my participation in the research, without
penalty or disadvantage. I approve that the research data provided by me during the project
may be used in both hard copy and electronic formats for scientific publications, compilation of a
Doctorate thesis, and in presentations, to show the effect of herbs and spices on body weight,
body composition and other parameters of health, on the condition that neither my name nor
any other identifying information is used.
My agreement is based on the understanding that:

1.

For measurements I request (please circle):
 A male to take my measurements / A female to take my measurements
 Either is fine with me

2.


I would like the information collected in this study to remain:
De-identified and confidential (if you tick this box you WILL NOT receive a nutritional
assessment or measurement feedback).
OR



Identified and accessible to the investigators (if you tick this box you WILL receive a
nutritional assessment and measurement feedback after the conclusion of the study).
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Name of Participant (block letters):………………………………………………
Signature:…………………………………….

Date:……………..

Name of Investigator (block letters):………………………………………………
Signature:…………………………………..

Date……………….

Name of Senior Investigator (block letters):……………………………………..
Signature:…………………………………

Date:………………

Participant number (investigator use only): ……………………………………………
Participant is competent to give consent (investigator use only): YES / NO

Thank You for participating!
LA TROBE UNIVERSITY
VICTORIA 3086 AUSTRALIA
TELEPHONE: +61 3 9479 1048
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Appendix E – Alcohol frequency questionnaire

ALCOHOL FREQUENCY QUESTIONNAIRE
Extracted From Personal Health and Lifestyle Questionnaire
(NHF Risk Factor Prevalence Study 1995).

How many times have you drunk these alcoholic drinks over the last year?
(e.g. If you drink 2-3 glasses of red wine, 2-3 days per week, you would answer 56 glasses per week).

regular beer
(large glass, 250
ml)
low alcohol beer
(can or stubby,
375 ml)
wine cooler
(250 ml)
sparkling wine
(100 ml)
white wine
(100 ml)
red wine
(100 ml)
sherry or port
(60 ml)
spirits or liqueurs
(single nip, 30 ml)
other (specify)
.........

Never
or less
than
once
per
month

1-3
per
month

1
per
week

2-4
per
week

5-6
per
week

1
per
day

2-3
per
day

4-5
per
day

6+
per
day

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o
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Appendix F – 3-Day food diary
ID #:
3-Day Food Diary
Start
date

Finish
date

HOW TO RECORD THE FOOD YOU EAT
Please keep an accurate record of what you eat and drink. So we can record your eating
patterns, please follow these instructions Keep this record for the 3 days before your appointment
 Start with the first thing you eat and drink and end with the last thing that you
eat and drink at bedtime
 Record what you have eaten as soon after eating as possible. Do not rely on
memory later in the day.
 First enter the name of the food
 Then describe the form the food is in (canned, powdered, dried, fresh) and the
brand
 Describe the food served in household measures (teaspoon, tablespoon, cup,
slice bread, biscuit, small, medium, large).
 Describe the food not eaten in household measures.
 Describe your first cup of each prepared drink in detail (amount and type of milk,
sugar in tea and coffee). After that, only record the number of cups of each drink
that you drank each day
 For pre-cooked meals, please list the food ingredients and the amount in the
serve where possible
 For cooked meals, please provide the major ingredients, including quantities,
used in the recipe where possible
 Please remember to bring this diary to your next appointment

We thank-you for all your work in keeping this food diary.
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Example record for one day of a 3-day Food Record
Day Number 1 2 3 4 5 6 7
Sun
Date

Day

Mon

Tues

Wed

Thurs Fri

Sat

January 8 2011

Meal or
Snack

Description of Foods and Beverages
(name, type, brand)

Amount
Eaten

Breakfast Oatmeal, rolled (Uncle Toby)

Fat Used

None

Cooking
Method or
comment
Microwave

(7:00 am)

Snack

Milk, skim liquid (PhysiCAL)

1 cup

Almonds, slivered,

2 tblsp

Apple, fresh

1 med

In oatmeal

(10:00 am) Tea, 1tblsp skim milk (PhysiCAL), 1 tsp 1 cup
sugar
Snack
Banana
1 medium
(11:00 am) Water

1 glass

Lunch

1 med
bowl

Spinach salad w/ veggies

Usual cup

1 tsp
olive oil

2tblsp vinegar
Tossed

(12:30 pm) Tuna canned in water
1 sm can

Baked

2 biscuits

Homemade
soup

Bean and vegetable soup
Whole wheat biscuit (Vita-wheat)
Snack

½ cup

Cottage cheese, skim (Weight
Watchers)

(3:00 pm)
Dinner

1 medium
Orange, peeled
Chicken breast, boneless, skinless

Yogurt, low fat (Ski)

½ medium Cooking Grilled
spray
2/3 cup
2 tspn
½ cup
Canola
margarine
1 cup
dessert

Mango, kiwi and strawberry slices

1 cup

(6:30 pm) Broccoli, steamed
Rice, brown steamed

Water 3 cups / Tea 4 cups
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Day Number 1 2 3
Date
Meal or
Snack

Day

Mon

Tues

Description of Foods and
Beverages
(name, type, brand)

Comments:
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Wed

Amount
Eaten

Thurs Fri

Fat Used

Sat

Sun

Cooking
Method &
comments

Appendix G – Participant pathology request
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Appendix H – Participant appointment schedule
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Appendix I – Herb and spice capsule label

LABELS DESIGNED FOR HERB & SPICE CAPSULE CONTAINERS:

School of Life Sciences
HEC: 10-061
Effect of culinary herbs and spices on the body weight, body composition
and blood lipid profile of overweight and obese subjects
Please take ONE capsule THREE times per day
Should you have any questions, please call 9479 1048 or e-mail:
J.Radcliffe@latrobe.edu.au
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Appendix J – Participant withdawal of consent form

School of Life Sciences
FACULTY OF SCIENCE
TECHNOLOGY AND ENGINEERING
La Trobe University
University Human Ethics Committee

Withdrawal of Consent for Use of Data Form

This form is to be used by participants who wish to withdraw consent for the use of
unprocessed research data.

Project Title: Investigation into the effects of herb and spice consumption on body weight,
body composition and blood lipid levels in humans
I, (the participant), wish to WITHDRAW my consent to the use of data arising from my
participation. Data arising from my participation must NOT be used in this research project
as described in the Information and Consent Form. I understand that data arising from my
participation will be destroyed provided this request is received within four weeks of the
completion of my participation in this project. I understand that this notification will be
retained together with my consent form as evidence of the withdrawal of my consent to use
the data I have provided specifically for this research project.
Participant’s name (printed):
…………………………………………………………
Signature:
…………………………………………………………
Date:
………………………………………………………………
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Appendix K – Publications arising from thesis
Conference paper abstract
The Obesity Society 30th Annual Scientific Meeting, 2012 - Poster presentation abstract
PRESENTATION TYPE: Poster
CURRENT TRACK: Metabolism and Integrative Physiology
CURRENT SUB-CATEGORY: Metabolism and Energy Expenditure – Pharmacologic, Activity, and
Dietary Interventions
TITLE: Anti-Obesity Effects of Captopril are Dependent on the Level of Dietary Intake of Salt
AUTHORS/INSTITUTIONS: J.E. Radcliffe, M. Jois, Department of Agricultural Sciences, La Trobe
University, Bundoora, Victoria, AUSTRALIA;
D.P. Begg, R.S. Weisinger, School of Psychological Sciences, La Trobe University, Bundoora,
Victoria, AUSTRALIA;
KEYWORDS: pharmacotherapy, diet, insulin resistance.
ABSTRACT BODY:
Background: We have previously demonstrated that the Angiotensin Converting Enzyme (ACE)
inhibitor captopril prevents diet-induced obesity and improves glucose tolerance in C57BL/6 mice
fed a high fat diet (Weisinger et al 2009). However, the anti-obesity effects of captopril are not
reported in human subjects although it is a commonly used ACE inhibitor for the treatment of
hypertension. In this report we show that the anti-obesity effects of captopril require a low
intake of dietary salt and that a high salt diet abolishes any anti-obesity effects of captopril in
C57Bl/6 mice. We therefore suggest that the high salt intake which is typical of a Western diet
prevents anti-obesity effects of ACE inhibitors.
Methods: Seventy two 3-week old C57BL/6J mice were fed one of three commercially prepared
21% butter fat isocaloric diets modified to contain three levels of salt: low [LS; 0.06% (g
NaCl/100g diet)]; normal [NS; 0.26% (g NaCl/100g diet)]; or high salt [HS; 3.2% (g NaCl/100g
diet)]. Treatment groups were given captopril added to the drinking water at a dose of
0.05mg/ml. Body weights were monitored weekly and body composition was measured by DEXA
during weeks 9-12. Insulin sensitivity was assessed at 8 weeks by performing glucose tolerance
test (GTT), insulin challenge test (ICT) and pyruvate challenge test (PCT).
Results: The anti-obesity effects of captopril were observed only in LS and NS groups. None of
the anti-obesity effects of captopril were evident in the HS group.
Conclusions: ACE inhibitors are effective anti-obesity agents when combined with low dietary
salt intake.

184

