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ABSTRACT  
 

The incidence of obesity and its related metabolic diseases, such as diabetes, 

cardiovascular disease and hypertension, has escalated dramatically over the past decades 

worldwide, so much so that it has reached epidemic proportions. It has become a 

significant public health issue and a massive burden to the health-care system in 

developed and developing countries. Obesity is the fifth leading risk for human mortality 

around the globe, resulting in 2.8 million adult deaths each year. Another alarming fact is 

that childhood obesity has increased dramatically since 1990. Childhood obesity is one 

of the serious public health challenges of the 21st century, with there expected to be about 

60 million obese children by 2020 globally. 

Obesity is connected with chronic low-grade inflammation manifested by increased 

circulatory levels of several cytokines and acute phase proteins associated with 

inflammation. While many are secreted by adipocytes, it is believed that increased 

adipose tissue mass is either directly or indirectly associated with the increased 

production of inflammation-related factors. 

Several therapeutic options have been used for short-term treatment of obesity, however 

many of these cause unpleasant side-effects, including dizziness, headache, anxiety, 

elevated heart rate and gastro-intestinal issues. There is strong evidence supporting the 

therapeutic use of polyphenols such as stilbenes, flavonoids and curcuminoids, given that 

they show potential in the prevention and/or treatment of obesity and its metabolic 

complications. They are widely accepted in health promotion due to their antioxidant, 

anti-inflammatory, anti-carcinogenic, anti-obesity, anti-diabetic, and anti-ageing 

properties. The actions of their effect are thought to be through the suppression of 

adipocyte differentiation and proliferation, inhibition of fat absorption from the gut, 
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inhibition of lipogenesis, stimulation of β-oxidation, inhibition of production of pro-

inflammatory adipokines, and the stimulation of adiponectin secretion.   

Polyphenols, specifically anthocyanins, present in a novel plum variety, Queen-Garnet 

plums (QGP), have been studied in the first clinical trial. It was hypothesised that 

anthocyanin-rich QGP juice could be effective in reducing body weight and production 

of  adipose tissue hormones (Chapter 4). It was observed that QGPJ significantly reduced 

body weight in humans after 4 weeks of supplementation. Furthermore, anthocyanins had 

significant effects on secretion of adiponectin as well as effects on the production of 

leptin.  

Anti-inflammatory actions of anthocyanins extracted from bilberries (Vaccinium 

myrtillus) and blackcurrant (Ribes nigrum) and their effect on pro-inflammatory markers 

were studied in the second clinical trial. It was hypothesised that high-dose anthocynin 

supplementation, in the form of MEDOX® capsules, would downregulate inflammatory 

adipocytokines in overweight and obese individuals (Chapter 5). Results illustrated the 

significant effect of anthocynins on secretion of MCP1/CCL2 and IL-6 in overweight and 

obese populations, as well as an effect on TNF-α production in obese individuals. 

The anti-obesity effect of anthocynin supplementation on body weight and production of 

adipose tissue hormones was also evaluated in the second clinical trial. It was 

hypothesised that high-dose anthocyanins would regulate the secretion of hormones as 

well as decrease the body weight in overweight and obese populations after 4 weeks of 

supplementation (Chapter 6). It was demonstrated that supplementation with 

anthocyanins resulted in significant increases in adiponectin secretion as well as 

significant decreases in leptin production in overweight and obese individuals. 

Due to the showed beneficial effects of polyphenols on anti and pro inflammatory 

adipocytokine secretion, the influence of anthocyanins present in QGPJ and MEDOX® 
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supplements on the gene expression of these markers was investigated (Chapters 4, 5 and 

6). Interestingly, it was observed that polyphenols did not have a significant effect on the 

modulation of anti and pro-inflammatory markers’ gene expression.  

From the observed effects of polyphenols, specifically anthocyanins, on secretion and 

production of anti and pro-inflammatory markers as well as hormones, further studies 

with a larger number of volunteers and for a longer time are needed. Investigation of other 

anti and pro-inflammatory markers, as well as comparison of anthocyanins supplements 

to current anti-inflammatory and anti-obesity therapies and treatments, could also be 

beneficial. 
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CHAPTER 1: Review of literature 
 

 

 

 

 

ABSTRACT  
The incidence of obesity and its related metabolic disorders has escalated dramatically 

worldwide in the past decades. Defined as abnormal or excessive fat accumulation caused 

by an imbalance between energy intake and expenditure, obesity is the major health 

challenge in all countries and the causative factor of numerous conditions such as heart 

disease, hypertension, hyperlipidemia and type 2 diabetes. The presence of high levels of 

cytokines and acute phase proteins associated with inflammation in obese individuals 

relates obesity to chronic low-grade inflammation. Obesity-induced inflammation has an 

impact on insulin resistance and cardiac health. Polyphenols, including catechins, 

tocopherols, resveratrol, curcumin and anthocyanins, have been shown to reduce adipose 

tissue inflammation. It has been broadly accepted that adipocyte dysfunction plays a 

major role in the development of obesity and obesity related complications. This state is 

characterised by hypersecretion of pro-atherogenic, pro-inflammatory and pro-diabetic 

adipokines as well as decreased secretion of adiponectin. The dietary polyphenols 

described in this review have potential as nutritional strategies for the prevention of 

obesity and its associated inflammation as well as increasing insulin sensitivity in diabetic 

people. 
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1.1 Prevalence of Global Obesity  

 

Defined as abnormal or excessive fat accumulation caused by an imbalance between 

energy intake and expenditure, obesity is the major health challenge in all countries and 

the causative factor of numerous diseases such as cardiovascular disease (CVD), 

hypertension, hyperlipidaemia and type 2 diabetes (T2D) [1-3]. It is linked to an increase 

in certain types of cancers such as colon, renal, breast, and prostate cancers, as well as 

pulmonary diseases [1, 4]. The prevalence of human obesity and its related metabolic 

disorders has escalated dramatically in the past decades worldwide [1]. Obesity is the fifth 

leading risk for human mortality around the globe, resulting in 2.8 million adult deaths 

each year [5]. Furthermore, 44% of the T2D increase, 23% of the ischemic heart disease 

increase, and the 7-41% increase of certain cancers, are related to the overweight and 

obesity epidemic [5]. 

World Health Organisation (WHO) 2018 report revealed that globally by 2016 1.9 billion 

adults were overweight, with 650 million of these obese. Overall, 39% of adults aged 18 

years and over were overweight and 13% were obese [5]. More alarming is that obesity 

in children is on the rise and has increased dramatically since 1990 [5, 6]. Globally, in 

2016, 41 million children under the age of five were overweight or obese, with 92 million 

at risk of being overweight [5, 6]. Overweight children are likely to become obese adults 

and are more likely than non-overweight children to develop T2D and CVD at a younger 

age, which can lead to disability and premature death [5].  Childhood obesity is one of 

the most serious public health challenges of the 21st century and there are expected to be 

approximately 60 million obese children in 2020 [6]. In addition to this, obesity 

prevalence has increased rapidly across Australia. In 2014, 11.2 million Australians aged 

18 years and over were overweight or obese, of these 6.3 million overweight and 4.9 

million obese [7]. Furthermore, overweight and obesity numbers  correlate with increase 
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in age, with 79.4% of men aged 45 years and 65.7% of women the same age being 

overweight or obese in 2014-15 [7]. Moreover, in 2012–13, 66% of Aboriginal and Torres 

Strait Islander people aged 15 years and over were overweight or obese, these being 29% 

and 37% respectively [7, 8]. Of great concern is the health consequence to indigenous 

Australians, who are twice as likely as non-indigenous Australians to be obese and are 

ranked the fourth-highest population in the world to be likely to suffer from type-2 

diabetes [7]. Furthermore, childhood obesity is on the rise in Australia as well, with 27.4% 

of children being overweight or obese [7].  

Obesity rates have tripled in developing countries in the past 20 years, these being 

countries which have accepted a Western lifestyle with decreased physical activity and 

overconsumption of cheap, energy-dense food. Those changes affect children too, 

resulting in increase in prevalence of overweight children from 10% to 20% and obese 

from 2% to 10%  [9].  

 

1.2 Etiology of Obesity and Obesity-induced Inflammation 

 

Obesity is a complex disease controlled by many factors, including genetic, 

environmental and behavioural [2]. Although obesity occasionally found in some animals 

is beneficial to survive in harsh environment, in humans obesity almost always results in 

a disease and disability state. However, this also depends on an individual’s environment 

and genetic variables [1].  

The genetic role in susceptibility of an individual developing obesity was examined in 

several studies involving twins and adopted children [10-12]. They found that weight and 

body-mass index (BMI) are under significant genetic influence [11, 12].  
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Although the genetic role in developing obesity is an important one, behavioural and 

environmental factors such as sedentary lifestyles and excess energy intake are mainly 

responsible for the dramatic increase in obesity [10]. One of  the environmental factors 

that is strongly linked with the development of obesity, which can further lead to insulin 

resistance and development of T2D, is the continuing intake of high fats (HF) in the diet 

[13].  

It has been accepted that obesity is connected with chronic low-grade inflammation [1, 

14]. The basis for this view is that the circulatory levels of several cytokines and acute 

phase proteins associated with inflammation are increased in obesity and many are 

secreted by adipocytes. It is believed that increased adipose tissue mass is directly or 

indirectly associated with increased production of inflammation-related factors [15]. One 

of the first cytokines found to be elevated in obese mice tissue, and which links obesity 

and inflammation, was tumour necrosis factor-α (TNF-α) [16].  Further studies 

investigating this phenomenon found that many other cytokines such as interleukin (IL)-

6, IL-1β and chemokine (C-C motif) ligand 2 (CCL2 – also known as monocyte 

chemoattractant protein 1 (MCP-1)) are increased in adipose tissue in obese animals and 

humans [17, 18]. Furthermore, it has been shown that aside from the adipose tissue, other 

tissues such as liver, pancreas, blood, brain and probably muscle, also experience 

increased levels of these cytokines in the obese state [19-22]. In other words, the state of 

inflammation in adipose tissue in obesity leads to  increased production and secretion of 

inflammation-related factors.  

Obesity-induced inflammation and the activation of the innate immune system are closely 

involved in the pathogenesis of T2D and CVD [23]. There is a proven link between 

obesity-related insulin resistance and increased production of  TNF-α and IL-6 by  
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adipose tissue through the nuclear factor-kappa B (NF-kB) and c-jun terminal NH2-

kinase (JNK) tissue specific signalling pathway [24].  

One explanation of why  inflammation starts in the first place may be the oxidative stress 

of adipocytes. Due to increased delivery of glucose to the adipose tissue, endothelial cells 

in the fat pad may take up increasing amounts of glucose through their constitutive 

glucose transporters. This hyperglycaemic condition causes excess production of reactive 

oxygen species (ROS) in mitochondria, which inflict oxidative damage and activate 

inflammatory signalling cascades inside endothelial cells [25]. Furthermore, 

hyperglycaemia also stimulates ROS production in adipocytes, which leads to increased 

production of proinflammatory cytokines [26].  

There is strong evidence supporting the therapeutic use of antioxidants such as 

polyphenols in the treatment and prevention of obesity and diabetic complications. 

Flavonoids, carotenoids, ascorbic acid and tocopherols have all been used in experimental 

models [27, 28]. It has been reported that these inhibit ROS production by inhibiting 

several ROS producing enzymes such as xanthine oxidase, glutathione-S-transferase, 

mitochondrial succinoxidase, and nicotinamide adenine dinucleotide oxidase; inhibition 

of phospholipases A2 and C; and chelating trace metals [29].  

Understanding the mechanisms of the pathway from obesity to inflammation may have 

important implications for the design of novel therapies to reduce the morbidity and 

mortality of obesity. The prevention of obesity’s associated chronic inflammatory 

disorders could prove extremely beneficial. Many food compounds, such as antioxidant 

polyphenols, vitamins, long-chain unsaturated fatty acids, and carotenoids, have been 

reported to have anti-inflammatory and/or antioxidant effects, resulting in reduction of 

weight and an increase in insulin sensitivity [30]. 
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1.3 Characteristics of Obesity-induced Inflammation   

  
Inflammation is an adaptive response that is triggered by harmful stimuli and 

conditions, such as infection and tissue injury. While the pathological aspects of many 

types of inflammation are well established, their physiological functions are mostly 

unknown. The classic causes of inflammation, infection and tissue injury, trigger the 

recruitment of leukocytes and plasma proteins to the affected tissue site [31]. 

It has been accepted that the inflammatory state induced by metabolic surplus is different 

to classic inflammation, which is characterised by redness, swelling, heat and pain [1, 

14]. Obesity-induced inflammation is metabolic, caused by the surplus of nutrients, and 

the cells which stimulate the inflammatory response are metabolic cells – adipocytes 

(Figure 1) [1]. The metabolic signals start inflammatory intracellular signalling pathways 

such as the kinases c-jun N-terminal kinase (JNK), inhibitor of κ kinase (IKK), or protein 

kinase R (PKR) that facilitate a modest, low-level induction of inflammatory cytokines,  

TNF-α, CCL2, or IL-1β (Figure 1) [32, 33]. 

Another characteristic of obesity-induced inflammation is greater infiltration of immune 

cells into  adipose tissue [1]. Studies revealed that obese mice have a greater macrophage 

population than lean mice [34, 35]. More specifically, the increased macrophage 

population is the proinflammatory M1 type, which has a damaging effect on insulin 

sensitivity (Figure 1) [36]. Additionally, obesity-induced inflammation is characterised 

by its continuity, where the inflammatory pathways continue to reinforce each other from 

metabolic cell signalling to immune cell responses. Therefore, obesity-induced 

inflammation is linked with a reduced metabolic rate in contrast to classic inflammation 

where we see an increase in metabolic rate [1]. 
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Figure 1: Characteristics of obesity-induced inflammation. Abbreviations: TNFα, 

tumour narcotic factor-alpha; MCP-1, monocyte chemoattractant protein-1; VEGF, 

vascular endothelial growth factor; FFA, free fatty acid; JNK, C-jun terminal NH2-

kinase; NF-kB, nuclear factor-kappa B; IL-6, interleukin-6; IL-1β, interleukin 1β.  [68] 

 

It is worthwhile noting that the obesity-induced inflammation seen in animal studies has 

been observed in humans as well. Numerous studies have found induced inflammatory 

cytokines, increased kinase activity, and macrophage infiltration in the adipose tissue of 

obese humans [37-39]. Furthermore, it was demonstrated that normal metabolism and 

proper insulin signalling are affected by activation of the inflammatory pathways, which 

can further result in the development of insulin resistance in adipocytes [1].  

One of the fundamental goals in preventing and/or combating obesity is to ameliorate the 

adipocyte dysfunction which is a characteristic of this disorder. Targeting the 

inflammatory component of obesity to improve insulin sensitivity and reduce body 

weight is a new approach, and a few promising pieces of evidence have emerged. Stanley 

et al have shown that treatment of obese T2D patients with Etanercept, a TNF-α 

antagonist, resulted in decreased blood glucose and increased adiponectin levels [40]. 
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Another study used a recombinant IL-1 receptor antagonist and observed improved 

glycaemia and increased insulin secretion from β cells [41].  

In addition, the use of anti-inflammatory nutrients as a component of  diet, is a novel and 

promising therapeutic tool in the battle against obesity and metabolic disorders [1, 2]. 

Since adipose tissue inflammation is linked with the development of insulin resistance 

and several chronic diseases, improving adipose tissue inflammation through dietary 

interventions could be a useful strategy for improving the overall metabolic profile [42]. 

 

1.4 Adipocyte Dysfunction in Obesity   

  

Previously viewed as a site of energy storage and accumulation of excess triglycerides, 

adipose tissue is a secretory organ which plays a major role in regulating energy 

homeostasis, glucose and lipid metabolism, and inflammation, coagulation and blood 

pressure regulation [15, 43]. Apart from releasing free fatty acids during the fasting state 

and digestive enzymes such as lipoprotein lipase, adipocytes synthesise and secrete 

several active molecules known as adipokines which have pro- or anti-inflammatory 

effects on body homeostasis [43, 44]. Since the BMI is in linear relation with mass of 

adipose tissue,  it is  a crucial endocrine organ in obese individuals where slight metabolic 

change has the potential to impact the organism as a whole [44]. Indeed, adipocyte 

dysfunction plays a major role in the development of obesity and obesity-related 

complications [15, 43, 45]. This state is characterised by hypersecretion of pro-

atherogenic, pro-inflammatory and pro-diabetic adipokines as well as decreased secretion 

of adiponectin, one of the anti-inflammatory adipokines [43, 45]. 

TNF-α, IL-1β, IL-2, IL-6, IL-8, CCL2/ MCP-1, plasminogen activator inhibitor-1 (PAI-

1) and resistin are some of the common pro-inflammatory adipokines which, when 
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overproduced, can contribute to the pathogenesis of inflammation and the development 

of insulin resistance (Figure 2) [46]. In addition, prolonged or chronic inflammation can 

result in the development of CVD [47, 48]. Several studies support a link between 

oxidative stress and inflammation in atherogenesis [49, 50]. On the other hand, 

adiponectin (ApN) and IL-10 are the adipokines known for their anti-inflammatory and 

insulin sensitising properties (Figure 2) [46]. 

It has been recommended  by the International Diabetes Federation (IDF) that raised 

circulatory inflammatory and/or thrombotic markers such as C-reactive protein (CRP), 

TNF- α, IL-6 and PAI-1, and reduced level of anti-inflammatory compounds such as ApN 

be used in further research of obesity and associated diseases such as diabetes and CVD 

[51, 52].  
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Figure 2: Pro-inflammatory and anti-inflammatory adipokines and their level of 

expression in the normal and obese state. Abbreviations: TNFα, tumour necrosis factor 

alpha; IL-6, interleukin 6; MCP-1, monocyte chemotactic protein-1. [31] 

    

1.5 Pro-inflammatory Adipokines 

 

1.5.1 Tumour necrosis factor-α (TNF-α) 

  

TNF-α is overexpressed in adipose tissue of obese individuals, resulting in an elevated 

circulatory level [53]. Two transcription factor-signalling pathways are activated by TNF-

α and have been linked to the pro-inflammatory effects of obesity and insulin resistance: 

the NF-κB pathway and the JNK pathway [54]. It has been shown by Hotamisligil and 

colleagues that not only was TNF-α elevated in the plasma and adipose tissue of obese 

rodents, but neutralisation of TNF-α in obese, hyperinsulinemic, and insulin-resistant rats 
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caused a significant increase in the peripheral uptake of glucose in response to insulin 

[16]. In addition, TNF-α is responsible for propagating inflammation, which is achieved 

by upregulating pro-inflammatory adipokines as well as by the downregulating of anti-

inflammatory ones, such as ApN [53, 55]. 

Furthermore, plasma TNF-α concentration has been linked with degrees of early 

atherosclerosis in a healthy population of middle-aged men [56]. In contrast, disruption 

of the TNF-α gene in  Apolipoprotein E (Apo E) deficient mice prevents them from  

developing atherosclerosis  [57]. 

Since TNF-α is responsible for propagating inflammation through upregulating pro-

inflammatory adipokines and downregulating anti-inflammatory ones such as ApN, 

regulating the secretion and gene expression of TNF-α could be an important step in the 

battle against obesity and obesity-induced inflammation. 

1.5.2. Interleukin-6 (IL-6) 

 

Although IL-6 is produced by many cells such as fibroblasts, endothelial cells and 

monocytes, adipocytes contribute 15-35% of its total systemic secretion [58, 59]. The 

plasma level of IL-6 is elevated in obesity [58]. It has been shown in mice fed on a HF 

diet that production of IL-6 by adipose tissue is increased, leading to hepatic insulin 

resistance [60]. It has also been demonstrated that the mean plasma concentration of IL-

6 was 50% higher in the portal vein than in the radial artery of obese subjects, which is 

in correlation with systemic CRP concentration [61]. It can be concluded from these 

findings that visceral adipose tissues are a vital site for IL-6 secretion in humans, which 

provides potential mechanistic links between visceral fat and insulin resistance as well as 

inflammation  [61].  
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Animal and human studies have found that an acute increase of IL-6 secretion results in 

an increase of skeletal muscle insulin sensitivity, proposing a potential anti-inflammatory 

role of IL-6 in the skeletal muscle [62]. A possible explanation is that chronic rather than 

acute elevation of IL-6 circulatory level has little or no effect in muscle in vivo, whereas 

it can contribute to whole-body insulin resistance, predominantly in the liver and adipose 

tissue [58]. 

1.5.3. Monocyte chemoattractant protein-1 (MCP-1)/Chemokine (C-C motif) ligand 2 

(CCL2) 

 

Macrophages infiltration into adipose tissue is a key event in the inflammatory process in 

obesity. The role of MCP-1, as a powerful chemo-attracter, is to recruit 

monocytes/macrophages onto the adipose tissue suggesting its elevated level in 

circulation and in adipose tissue of obese individuals and the obese-induced inflammatory 

state [63].  

MCP-1 knockout mice fed on a HF diet display fewer macrophages and a lower 

inflammatory gene profile in adipose tissue, as well as increased insulin sensitivity [64]. 

Conversely, mice engineered to express a MCP-1 transgene in adipose tissue displayed 

the reverse result [64]. Regulation of MCP-1 gene expression in adipose tissue can play 

an important role in altering adipocyte function and metabolism, especially in the 

transition from a lean to an obese state.  

Furthermore, elevated MCP-1 levels can lead to the development of CVD due to 

involvement in the recruitment of monocytes/macrophages into the arterial wall, which 

leads to atherosclerotic lesion [65]. Additionally, low density lipoprotein receptor (LDL-

R)/MCP-1 deficient mice (the result of crossed MCP-1-deficient and LDL-R-deficient 

mice) had fewer atherosclerotic lesions [66].  
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It was found that Baicalin, a flavonoid isolated from the Chinese herb Scutellaria 

baicalensis, inhibits the induction of MCP-1,  amongst other proinflammatory cytokines 

[67]. Furthermore, several studies demonstrated MCP-1 downregulation by  anthocyanin 

supplementation [67-69]. 

Thus, inhibition of MCP-1 may have a crucial role in the prevention or treatment of 

chronic inflammatory diseases. 

  

1.6 Anti-inflammatory Adipokines 

 

1.6.1. Adiponectin (ApN) 

Specifically and highly secreted by adipocytes, ApN is one of the most important 

adipokines, and is a modulator of food intake and energy expenditure [70, 71]. In addition, 

adiponectin has an array of anti-inflammatory, anti-atherogenic, anti-diabetic and anti-

obesity properties, which make it  one of the most intensively studied adipokines [72-75]. 

In contrast to most adipokines, the plasma level of ApN is negatively correlated with BMI 

and decreases in the obese and/or insulin-resistant individual [76, 77]. This 

downregulation of ApN secretion is probably due to higher oxidative stress and the pro-

inflammatory state present in obese individuals [55, 78]. Moreover, single-nucleotide 

polymorphisms (SNPs) of the promoter region of the adiponectin gene may lead to the 

development of insulin resistance, obesity, and T2D [79, 80].  

Administration of recombinant ApN to mice improves insulin sensitivity, increases fatty 

acid oxidation and reduces the triglyceride level in liver and muscles [81].  ApN knockout 

mice display increased hepatic-glucose production, development of glucose intolerance 

and insulin resistance when exposed to a HF diet [82]. Moreover, the total lipid profile 

has been improved in ApN transgenic mice by reduction of plasma triglycerides due to 

increased very low-density lipoprotein catabolism in skeletal muscle [83]. 
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Studies on healthy individuals and Pima Indians, knowing to have the highest prevalence 

of T2D of any population, have revealed that elevated ApN plasma concentration is 

strongly related to a reduced risk of incidence of T2D [77, 84]. 

Studies show that enhanced adiponectin bioactivity can be beneficial in reducing 

metabolic risk factors in conditions such as obesity, where adiponectinemia is present 

[70]. Pharmacological drugs such as thiazolidinediones and cannabinoid-1 receptor 

blockers (e.g., rimonabant) up-regulate ApN gene expression and consequently increase 

its plasma concentration level, resulting in increased insulin sensitivity and body weight 

loss [85, 86]. 

Cardiovascular protection by ApN has been demonstrated in transgenic mice 

overexpressing ApN in ApoE-deficient background and ApN-KO mice. Transgenic mice 

displayed protection against atherosclerosis whereas knockout mice showed acceleration 

of neointimal thickening and proliferation of smooth cells in response to arterial injury 

[87, 88].  

The anti-inflammatory and anti-oxidant properties of ApN have been displayed through 

inhibition of TNF-α induced activation of NF-κB in endothelial cells and as such may 

play an important role in preventing the development of CVD and insulin resistance [74]. 

In conclusion, ApN, with its insulin-sensitising, fat-burning, cardioprotective, anti-

inflammatory and anti-obesity properties, may modify obesity-induced inflammation and 

decrease the development of obesity and insulin resistance. 

1.6.2. Leptin  

 

A 16-kD hormone, leptin is secreted by adipocytes and plays a key role in regulating 

energy intake and energy expenditure [89]. Leptin plasma levels increase in obesity, 

analogous with adipose tissue mass, and mirror immediate changes in nutritional status, 
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decreasing soon after the beginning of fasting [90]. It stimulates fatty acid oxidation and 

glucose uptake and prevents lipid accumulation in adipose and other tissues [91, 92]. It 

has been shown that leptin replacement therapy in patients with severe lipodystrophy and 

leptin deficiency can achieve reduced insulin resistance, hypertriglyceridemia and hepatic 

lipid storage [93]. Mutation of the ob gene in mice causes leptin deficiency, hyperphagia, 

hypothermia, morbid obesity and several metabolic and neuroendocrine abnormalities 

[94]. The same can be said for individuals with extreme genetic obesity [94]. However, 

most obese individuals experience hyperleptinemia and appear to be leptin resistant [95]. 

The effects of both the level and type of dietary fat on the level of leptin and leptin-related 

hypothalamic neuropeptide mRNA expression was investigated in C57Bl/6J mice and 

showed a significant decrease in plasma leptin level after four weeks when diet was 

changed from  saturated to n-3 polyunsaturated fatty acids [96].  

Furthermore, significant reduction in blood levels of leptin was demonstrated in rats after 

seven days with epigallocatechin gallate treatment (polyphenols found in green tea) and 

in mice supplemented with sweet cherry anthocyanins [97, 98].  

Additional investigation of the effect of diet, specifically polyphenols, on the leptin level 

is needed in order to reveal its possible health benefits on attenuating obesity. 

 

1.7 Dietary Intervention to Reduce Adipose Tissue Inflammation  

 

Dietary composition and not just reduction in energy intake can influence metabolic and 

endocrine function and overall energy balance [42, 99]. A diet rich in fruit and vegetables, 

recommended by many health professionals, can provide significant amounts of bioactive 

components, enhancing their beneficial effects, mostly due to their anti-inflammatory 

properties [100]. Since adipose tissue inflammation is closely linked to the development 
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of insulin resistance and several chronic diseases, dietary interventions targeting 

attenuation of adipose tissue inflammation could be a beneficial strategy for improving 

the overall metabolic profile.  

In addition, evidence shows that dietary bioactive compounds in the form of 

supplementation provide comparable benefits. Esfahan et al. conducted a literature 

review of 18 human trials with 1362 participants and found that fruit and vegetable 

concentrates increase serum levels of antioxidant pro-vitamins and vitamins such as β-

carotene and vitamins C & E as well as folate [101].  

Reduction of adipose tissue inflammation by dietary bioactive molecules can be achieved 

through different mechanisms either through suppression of the pro-inflammatory 

adipokines production or through stimulation of production of anti-inflammatory 

adipokines such as ApN. Despite some controversy relating to ApN expression under 

different conditions, it is accepted that adiponectin is a powerful anti-inflammatory 

adipokine showing decreased serum levels with increasing body fat. The ApN level is 

also lower in T2D individuals and CVD patients [102]. It has been demonstrated that 

chronic consumption of grape phenols results in reduction of obesity and related 

metabolic pathways as well as increased production of ApN [103].  

 

1.7.1. Polyphenols   

 

Naturally present in plants, polyphenols are compounds with a wide range of biological 

features such as anti-oxidant, anti-inflammatory, anti-cancer, anti-obesity and anti-ageing 

properties [104, 105]. The main classes of polyphenols: phenolic acids, flavonoids and 

the less common stilbenes and lignans, are defined according to their chemical structure 

(Figure 3). Phenolic acids are derivatives of benzoic and cinnamic acids. The most 
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commone benzoic acid derivatives are p-hydroxybenzoic, vanillic, syringic and gallic 

acids, while common cinnamic acid derivatives include p-coumaric, caffeic, ferulic and 

sinapic acids. The products differ in the degree of hydroxylation and methoxylation of 

the aromatic ring. Caffeic acid is the most abundant phenolic acid in berry fruits, while 

coumaric acid is usually present at lower concentrations. Ferulic acid comprises 90% of 

total phenolic acids in cereals. Flavonoids are the most abundant polyphenols in our diets. 

Flavones, flavonols, isoflavones, anthocyanins, flavanols, proanthocyanidins and 

flavanones are all classified as flavonoids according to the degree of oxidation of the 

oxygen heterocycle. Isoflavones are mainly found in soy with the contain of ∼1 mg of 

genistein and daidzein per gram of dry bean. These two isoflavones are known to have a 

role in the prevention of breast cancer and osteoporosis due to their estrogenic properties. 

Citrus fruits are the main food source of flavanones, with the most broadly consumed 

being hesperidin from oranges (125–250 mg/L of juice). The main flavonol in our diet, 

quercetin, is present in many fruits and vegetables as well as in beverages. It is particularly 

prevalent in onions (0.3 mg/g fresh weight) and tea (10–25 mg/L). Flavones are less 

common and are present in sweet red pepper (luteolin) and celery (apigenin). Catechins 

are the main flavanols and are very abundant in tea. Young shoots contain 200–340 mg 

of catechin, gallocatechin and their galloylated derivatives per gram of dry leaves. Green 

tea contains 1 g/L catechins, while in black tea the level is reduced to about half this value 

due to their oxidation into more complex polyphenols during fermentation. Other sources 

of Catechins are  red wine (270 mg/L) and chocolate. Proanthocyanidins are polymeric 

flavanols present in plants as complex mixtures of polymers with an average degree of 

polymerisation between 4 and 11. They are responsible for the astringency of food and 

are usually present in association with flavanol catechins. Common sources are fruits such 

as apple, pear and grape, beverages such as red wine and tea, and chocolate. Anthocyanins 

are pigments of red fruits such as cherries, plums, strawberries, raspberries, blackberries, 
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grapes, red currants, and black currants. Their contents vary from 0.15 (strawberries) to 

4.5 mg/g (cherries) in fresh fruit to an average 26 mg/L in red wines. 

 

 

 

 

Figure 3: Chemical structures of the main classes of polyphenols. 
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Stilbenes are not common in food plants, however resveratrol (one of stilbenes), is present 

in wine and been noted to have  anticarcigenic properties. Lignans have been identified 

in human plasma and urine,thereby establishing their dietary origin, but their actual food 

precursor is still unknown. Flaxseed and flaxseed oil are the only known foods that 

contain considerable quantities of lignans. Humans or animals fed with lignans will 

metabolise them into the “mammalian lignans” through gut microflora. Lignans are 

accepted as phytoestrogens due to their estrogen agonist and antagonist properties [106].  

 

1.7.2. Polyphenols and adipose tissue inflammation 

 

Catechins, anthocyanins, resveratrol, and curcumin are some examples of polyphenols 

that have demonstrated an ability to modulate physiological and molecular pathways 

involved in energy metabolism, adiposity, and obesity [107]. This has been shown by 

numerous studies in cell cultures, animal models of obesity and some human clinical and 

epidemiological studies [107]. It has been proposed that  their beneficial effect may occur 

through several mechanisms such as the suppression of fat absorption, uptake of glucose 

by skeletal muscles, inhibition of angiogenesis in adipose tissue, inhibition of 

differentiation of pre-adipocytes to adipocytes, stimulation of apoptosis of mature 

adipocytes, and reduction of chronic inflammation associated with obesity through the 

regulation of adipokine production (Figure 3) [107]. 
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Figure 4: Effects of polyphenols on pro-inflammatory and anti-inflammatory adipokines 

secretion. Abbreviations: PUFA, polyunsaturated fatty acid; MUFA, monounsaturated 

fatty acid; CLA, conjugated linoleic acid; TNFα, tumour narcotic factor-alpha; IL-6, 

interleukin-6; MCP-1, PAI-1 [31]. 

 

1.7.1.1. Catechins 

 

Well-studied polyphenols present in green tea and cocoa, catechins, have proved to have 

beneficial effects on human health, including antioxidant and anti-inflammatory 

activities, cancer and CVD prevention and anti-obesity effects [107]. Several 

epidemiological and clinical studies have revealed that the routine intake of green tea 

extract is associated with low body fat and low BMI [108, 109]. Its anti-obesity effects 

act through suppression of adipocyte differentiation and proliferation, inhibition of fat 

absorption from the gut, and suppression of catechol-o-methyl transferase [107]. In 

addition, catechin intake decreases the risk of T2D by increased glucose uptake into the 
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skeletal muscles through up-regulating glucose transporter 4 (GLUT 4) and by reducing 

translocation of GLUT 4 and insulin levels in adipose tissues [110, 111].    

1.7.1.2. Resveratrol (RSV) 

 

Resveratrol, a non-flavonoid polyphenol, is found in grapes, red wine, peanuts and some 

berries such as blueberries and cranberries. RSV is a recognised antioxidant and powerful 

anti-inflammatory molecule  [112]. In addition, studies show RSV to be effective in 

inhibiting the development of several diseases, including CVD, diabetes, cancer, and 

obesity [113-116]. Several studies have revealed that RSV treatment considerably 

reduces adipose tissue and total body fat in HF fed and genetically obese mice [117, 118]. 

Another study showed that RSV consumption reduces plasma triglycerides, free fatty 

acids, cholesterol and liver triglycerides [119]. 

Resveratrol’s anti-inflammatory effects, which result in the reduction in adipose tissue 

inflammation, are probably achieved through suppression of NF-κB and extracellular 

signal-regulated kinase activation [120]. In vivo studies demonstrate the ability of RSV 

to attenuate HF diet-induced production of TNFα and IL-6 and their upstream signalling 

molecules [121]. Furthermore, human studies revealed an increase in ApN levels and the 

suppression of lipid accumulation with a diet rich with RSV [122, 123].  

Overall, RSV is a promising dietary bioactive molecule that can be easily encompassed 

into the diet to regulate adipose tissue inflammation and obesity-associated metabolic 

disorders.  
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1.7.1.3. Curcumin  

 

The principal polyphenol found in the plant turmeric, curcumin, is usually used as a spice 

and colourant. Due to its antioxidant, anti-inflammatory, anticancer, anti-angiogenesis, 

chemopreventive and chemotherapeutic properties, it has been used in Asian medicine 

since the second millennium BC, along with its wide use in research [124]. Some of the 

first reports, dating 50 years ago, reveal benefits of curcumin to health and its effect on 

liver cholesterol and weight loss, as well as blood triglyceride and free fatty acid levels 

[125, 126]. This has been verified in some more recent studies on curcumin and its impact 

on body weight, lipid metabolism, adiposity and inflammation. It has been shown that 

two weeks of supplementation of rats’ diet with 2 and 10g/kg of curcumin decreases 

adipose tissue, reduces liver fatty acid synthesis, and increases liver acetyl coenzyme A 

oxidase activity [127]. Supplementation with 500mg/kg of curcumin to the high fat 

hamsters decreases the level of free fatty acids, total cholesterol, triglycerides, leptin and 

the insulin resistance index [128]. Furthermore, consumption of large amounts of dietary 

curcumin by insulin-resistant obese mice resulted in a significant improvement of T2D 

and inflammation in the liver [129].  

Curcumin’s anti-inflammatory properties have been reported in genetic obesity (ob/ob 

mice) and diet-induced obesity models. Reduced macrophage infiltration into adipose 

tissue, which increased ApN production and decreased hepatic NF-κB activation, has 

been demonstrated [129]. Suppression of NF-κB results in suppression of TNF-α, IL-1β 

and IL-6 gene expression in differentiated adipocytes [120].   

The anti-inflammatory and anti-obesity properties of curcumin suggest its potential use 

in the control of adipose tissue growth and inflammation. 
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1.7.1.4. Anthocyanins (ACNs) 

 

Belonging to a family of polyphenols, ACNs are responsible for the red, purple and blue 

colours in plants [130]. There are 600 naturally occurring ACNs, and while they vary 

slightly in the structure, they all play a significant role as dietary antioxidants to prevent 

oxidative damage (Figure 4) [131]. They also have several other biological activities, such 

as anticonvulsant, anticarcigenic, anti-atherosclerotic and anti-inflammatory roles, and 

contribute to lowering the risk of coronary heart disease [130, 132].  

 

 

                   

 

Figure 5: General chemical structure of anthocyanin 

 

Serum triglyceride and cholesterol levels were lower in  rats fed on a HF diet plus black 

soybean ACNs than those on a purely HF diet, and their HDL-cholesterol levels were 

higher [130]. This demonstrates anthocyanins’ possible positive effect on lipid profile.  

Human adipocyte response to ACNs was analysed by microarray assay, revealing 

upregulation of adiponectin level, and downregulation of PAI-1 and IL-6 levels [133]. 

Since high expression of PAI-1 and IL-6 in adipose tissue and low expression of ApN are 

https://www.bing.com/images/search?view=detailV2&ccid=21JSfkxP&id=51080B82BD598BB135014715852B7D254029CA35&thid=OIP.21JSfkxPPbzKlEWR49YzFgHaE2&mediaurl=http://patentimages.storage.googleapis.com/WO2005007088A2/imgf000007_0001.png&exph=563&expw=859&q=general+anthocynins+strycture&simid=608027505690086932&selectedIndex=2
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connected with obesity and T2D, regulation of their expression is a vital therapeutic target 

for treating obesity and its associated disorders.  

Furthermore, Jayaprakasam et al. investigated ACNs’ effect on attenuation of insulin 

resistance in HF fed C575L/6 mice. The mice were supplemented with a mixture of pure 

anthocyanins, cyanidin 3-O-galactoside (CyG), pelargonidin 3-O-galactoside, and 

delphinidin 3-O-galactoside, isolated from Cornelian cherry [134]. They found that  

glucose tolerance improved after 6 weeks of treatment with ACNs. This could be either 

that ACNs increase insulin sensitivity and/or they increase insulin secretion [134]. In 

addition, ACN-fed mice had decreased body weight gain and plasma cholesterol levels, 

which correlates with the results from the two previous studies.  

Anthocyanins are present in abundance in many fruits and vegetables. They show great 

potential to improve health including a very useful role in preventing obesity and obesity 

related disorders.  

1.7.2 Amelioration of obesity-induced inflammation with anthocyanins 

 

A number of studies have shown that ACNs with their anti-inflammatory actions have 

effects on pro-inflammatory molecules such as TNF-α, IL-6 and MCP-1/CCL2. Secretion 

of IL-6 was inhibited after the treatment of peroxynitrite-stimulated bovine arterial 

endothelial cells with malvidin-3-glucoside, while its gene expression in 3T3-L1 

adipocytes was downregulated after treatment of the cells with a purple sweet potato 

extract for 24 hours [135, 136]. Decreased production of TNF-α was reported following 

the treatment of BV-2 mouse microglial cells with ACNs-rich portions from ‘acaı’ fruit 

[137]. Gene expression of TNF-α was downregulated after the treatment of human colon 

epithelial cells and lipopolysaccharide (LPS)-activated macrophages with different 

anthocyanins’ extract, as well as  inhibited upregulation TNF-α and IL-6 in LPS-treated 

human gingival fibroblasts after addition of the anthocyanin-rich Lonicera caerulea fruits  
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[138-140]. The gene expression of MCP-1/CCL2 was downregulated in differentiated 

adipocytes treated with a purple sweet potato extract for 24 hours as well as in human 

renal mesangial cells following treatment with purple corn ACNs [136, 141].  

Findings from numerous in vivo studies support most of the effects described, as well as 

the capacity of ACNs to lower inflammatory cytokine concentrations and gene expression 

in several tissues. TNF-α gene expression in C57BL/6J mice was downregulated after  

12-week supplementation with a C3G-rich purple corn colour [13]. KK-Ay diabetic mice 

showed downregulation of TNF-α as well as MCP-1/CCL2 expression  in adipose tissue 

after 5 weeks’ supplementation with 0.2% C3G to their diet  [142]. Decreased expression 

of TNF-α and IL-6 in the mice lung tissue was reported after ACN treatment [143]. 

Plasma concentrations of TNF-α and IL-6 were decreased in Wistar rats after 6 weeks of 

supplementation with ACN-rich chokeberry extract, as well as in obese Zucker rats after 

8 weeks feeding with an 8% ACN-rich wild blueberry diet [144, 145].  Serum IL-6 and 

its liver gene expression were reduced in C57Bl/6 mice after 10 days of supplementation 

with ACN-rich Jamun fruit extract [146]. 

The beneficial effects of ACNs on inhibition of NF-κB, one of the key transcription 

factors in obesity-induced inflammation, and some NF-κB-regulated pro-inflammatory 

chemokines, have been studied in a human intervention trial using a bilberry and 

blackcurrant supplementation product called MEDOX® [68]. After three weeks of 

supplementation with pure ACNs, decreased plasma levels of TNFα, IL-6 and MCP-

1/CCL2, and several other NF- κB related pro-inflammatory chemokines, cytokines and 

mediators of inflammation responses, were found in the plasma of healthy adult 

volunteers [68].   

The major tissue-specific pathway in the inflammation process is believed to depend on 

NF-κB [24]. The transcription factor NF-κB is activated by oxidative stress and several 
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pro-inflammatory stimuli such as such TNF-α and IL-6 which results in upregulation of 

gene expression of those proinflammatory cytokines [147]. Thus, inhibiting NF-kB 

activation through decreasing secretion of its inducers (such as TNF-α, IL-6) could be 

used as a strategy to prevent inflammatory diseases. 

Although the mechanisms of the inhibition of NF-κB activation are not fully understood, 

one suggestion is that the end products of ACN metabolism serve as redox buffers capable 

of suppressing oxidative stress, resulting in reduced inflammatory response by direct ROS 

scavenging [68]. This may lead to decreased secretion of pro-inflammatory signalling 

molecules and mediators.  

There is a need for further ACN supplementation testing, but it can be hypothesised that 

this could be used as a strategy for the prevention and treatment of chronic inflammatory 

diseases such as obesity-induced inflammation due to its demonstrated anti-inflammatory 

effects, as evidenced by ACNs’ ability to lower the concentration and gene expression of 

pro-inflammatory cytokines.  

 

1.7.3 Amelioration of obesity with anthocyanins  

 

Anti-obesity effects of ACNs have been reported in several studies where they displayed 

potential to regulate adipocyte function and adipokine secretion and gene expression. 

Tsuda et al. showed that anthocyanin-rich purple corn colour (PCC) made from purple 

corn suppresses  body weight gain in HF diet-induced obesity as well as hypertrophy of 

adipose tissue in mice [133]. Similar results have been found in the experiment conducted 

by Kwon et al. where rats on a HF diet were supplemented with ACNs from black 

soybeans, resulting in stable body weight [130].  
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Leptin and ApN, adipocyte hormones, play a crucial role in the development of obesity. 

Their levels are disrupted in obesity, resulting in the development of obesity-induced 

inflammation. Obese individuals display high levels of leptin and low ApN plasma/serum 

levels [94]. 

ACNs can induce changes in adipose tissue, such as  in the expression of adipocytokines. 

One possible mechanisms for the antiobesity activity of ACNs is that they suppress gene 

expression of fatty acid and triglycerides’ metabolic enzymes. Tsuda et al. found that the 

mRNA levels of fatty acid synthase (FAS), acyl-CoA synthase 1 (ACS1) and glycerol-3-

phosphate acyltransferase (GPAT) were significantly lower in mice liver and adipose 

tissues with the presence of PCC in their diet [13].  FAS is the major enzyme in fatty acid 

synthesis, ACS catalyses the formation of acyl-CoA from fatty acids, and GPAT catalyses 

acylation of the glycerol-3-phosphate, which is the first step in triglycerides synthesis 

[13]. This may suggest that suppression of these enzymes could result in suppression of 

triglyceride accumulation in adipose tissue. Lipogenic enzyme gene expression is 

regulated by sterol regulatory element binding protein (SREBP-1), synthesised in the 

endoplasmic reticulum [13]. Tsuda et al. further confirmed that a diet supplemented with 

PCC significantly reduces SREBP-1 mRNA levels, proposing that downregulation of the 

gene expression of lipogenic enzymes by dietary PCC is achieved through a 

downregulation of SREBP-1 gene expression [13]. In addition, metformin, used in  

therapy for T2D mellitus, downregulates SREBP-1 expression, leading to reduction of 

the FAS mRNA level [148]. This downregulation is achieved through the AMP-activated 

protein kinase (AMPK) activation, suggesting that dietary PCC may use the same route 

for downregulation of gene expression of these enzymes [13].  

Leptin and ApN, as well as their mRNA levels, were also increased by ACNs, resulting 

from increased phosphorylated mitogen-activated protein kinase. The mechanism of 
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action of ACNs in the amelioration of obesity can be mediated by upregulation of the 

thermogenic mitochondrial uncoupling protein 2 and the lipolytic enzyme hormone 

sensitive lipase, as well as by downregulation of the nuclear factor PAI-1 [149]. 

Furthermore, it has been demonstrated that ACNs activate AMPK in adipocytes without 

elevation of the AMP/ATP ratio [142]. One of the main functions of AMPK is to act as a 

fuel gauge to monitor cellular energy status. Although AMPK is activated with an 

increase in the AMP/ATP ratio, it can also be activated through other pathways such as 

leptin phosphorylation, which results in increased fatty acid oxidation and suppression of 

triglyceride accumulation. The study showed that treatment of adipocytes with ACNs 

significantly increases the phosphorylation of AMPK independently of the  AMP/ATP 

ratio. Activation of AMPK may be associated with ApN and/or leptin secretion and gene 

expression. 

Another mechanism responsible for amelioration of obesity and reducing the risk of T2D 

with diet is regulation of postprandial glucose by inhibiting starch digestion, delaying the 

gastric emptying rate and reducing active transport of glucose across the intestinal brush 

border membrane. Due to the possibility that they inhibit intestine sodium-glucose 

cotransporter-1, α-amylase and α-glucosidase activity, plant phenols are potential 

candidates for the management of hyperglycemia [150, 151]. It was demonstrated that tea 

extracts and several plant polyphenols inhibit α-amylase and sucrose activity, resulting in 

deceased postprandial glycemia, which may be instrumental in improving insulin 

sensitivity [151].  

Furthermore, it has been shown that ACNs from different sources may also prevent T2D 

and obesity through their action on glucose absorption and insulin level and/or secretion 

and lipid metabolism [149, 152, 153]. Thus far only one human study on anthocyanins 

has been reported and it showed that consumption of chokeberry, which contains as much 
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ACNs as bilberries, decreases fasting glucose and serum cholesterol and decreases 

haemoglobin A1c  in T2D patients [154]. 

Polyphenolic phytochemicals may influence expression of genes regulating glucose 

transport, insulin secretion or action, antioxidant effects, inflammation, vascular function, 

lipid metabolism, the one relevant to the development of T2D. Resveratrol has been found 

to induce protein kinase B, phospho endothelial nitric oxide synthase (p-eNOS), 

thioredoxin -1 (Trx-1), Heme Oxygenase-1 (HO-1), and vascular endothelial growth 

factor (VEGF) in addition to increased activation of manganese superoxide dismutase 

(MnSOD) activity in STA-induced diabetic rat myocardium compared to non-diabetic 

animals through NOS [155]. There is a need to look at gene expression in humans before 

and after consumption of polyphenols, predominantly ACNs. 

 

1.8 Conclusion and Future Directions  

 

Obesity is a complex and multifactorial condition of chronic inflammation and oxidative 

stress. Although there are many diet and exercise programs for weight loss, the results are 

discouraging and disappointing. The use of anti-obesity drugs, and in extreme cases 

bariatric surgery, does not yield sufficient results either. The ineffectiveness of most of 

these programs can be seen in the increase of obese incidence and in weight regain. Novel 

treatments for obesity and its related disease may be possible by targeting the production 

and/or action of specific adipokines, particularly those linked to inflammation [44]. 

Pharmacologically-based approaches include harnessing the anti-inflammatory action of 

the new generation of anti-diabetic drugs the thiazolidinediones, but using anti-

inflammatory nutrients in diet to combat obesity and metabolic disease is attracting more 

and more attention. Examples of this are omega-3 polyunsaturated fatty acids n-3 PUFAs. 



47 | P a g e  
 

With their anti-inflammatory properties it has been shown that these fatty acids improve 

inflammatory diseases such as CVD, atherosclerosis, and inflammatory bowel disease 

[156].  

The dietary polyphenols described in this review have potential nutritional strategies for 

the prevention of obesity and associated inflammation as well as increasing insulin 

sensitivity. Published studies show that obesity-induced inflammation, a major 

contributor to other metabolic disorders such as T2D, can be prevented and partially 

reversed by the dietary polyphenols reviewed. They exert their additive and/or synergistic 

effect through one or more signalling and transcriptional pathways such as those mediated 

by NF-κB, AMPK and proliferator-activated receptor gamma (PPARγ).  

However, most of dietary polyphenols have relatively short half-lives once ingested due 

to rapid metabolism, so it is important that their consumption is maintained throughout 

the life span. Furthermore, other factors, such as ethnicity, genetics and lifestyle, need to 

be taken into account in designing clinical trials. The nutrigenomic approach showed 

heterogeneity in individual responses to nutrition due to genetic factors such as single 

nucleotide polymorphisms (SNPs).  

There is need for more in vivo research on human obese models to further investigate the 

anti-obesity and anti-inflammatory effects of polyphenols and their possible use as a 

novel therapeutic tool in the battle against this disease. 
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CHAPTER 2: Project Aims, Hypothesis and 

Design 
 

 

 

 

2.1 Project Aims and Hypothesis 

 

Obesity-induced inflammation in obese and overweight individuals, like classical 

inflammation, leads to adipose tissue dysfunction and dysregulation of production of 

some important pro- and anti-inflammatory molecules as well as some regulatory 

hormones.  Regulating the secretion and gene expression of adipocytokines may attenuate 

obesity-induced inflammation and obesity. This project aims to investigate the anti-

obesity actions of anthocyanin-rich Queen Garnet plum juice (QGPJ) in a healthy 

population and the anti-inflammatory and anti-obesity effects of anthocyanin 

supplements (MEDOX® tablets) on healthy lean, overweight and obese populations by 

examining secretion and gene expression of pro and anti-inflammatory markers.  

 

Aim 1: To examine the effect of a 4-week supplementation of anthocyanin-rich Queen 

Garnet plum juice (QGPJ) on the body weight and secretion and gene expression of the 

hormones leptin and adiponectin in healthy volunteers. 

Hypothesis: Due to the high anthocyanin content of QGPJ, supplementation for 4 weeks 

will decrease the secretion of leptin and increase the secretion of adiponectin, thus 

possibly resulting in reduction of body weight in general. Also, it is hypothesised that the 

dietary intervention will downregulate gene expression of leptin as well as upregulating 

adiponectin gene expression.   
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Aim 2: To examine the effect of a 4-week supplementation with high-dose anthocyanin 

supplements (MEDOX®) on pro-inflammatory markers; their secretion and gene 

expression in lean, overweight and obese populations. 

Hypothesis: Due to the highly anti-inflammatory properties of anthocyanins present in 

MEDOX®, supplementation for 4 weeks will decreases secretion of TNF-α, IL-6 and 

CCL2 (MCP-1). Also, it is hypothesised that the dietary intervention will downregulate 

their gene expression and thus lead to decreased inflammation. 

 

Aim 3: To examine the changes in  body weight and adipose tissues hormones leptin and 

adiponectin and their secretion and gene expression in lean, overweight and obese 

populations after 4-weeks’ supplementation with high-dose anthocyanin  (MEDOX®). 

Hypothesis: Due to the highly anti-obesity properties of anthocyanins present in 

MEDOX®, supplementation for 4 weeks will decrease secretion of leptin and increase 

secretion of adiponectin in overweight and obese individuals. Also, it is hypothesised that 

the dietary intervention will downregulate gene expression of leptin as well as upregulate 

adiponectin gene expression, thus leading to a decrease in body weight.  
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STUDY 1: Investigate anti-obesity effects of anthocyanin-rich QGPJ on a healthy 

population. 

a) Examine the changes in body weight, BMI, waist and hip circumference.  

b) Examine the changes in serum levels of the adipocytokines adiponectin and leptin. 

c) Examine the relative gene expression of adiponectin and leptin. 

 

STUDY 2: Investigate and compare the anti-inflammatory effects of anthocyanin-

rich tablet supplementation on lean, overweight and obese populations. 

a) Examine the serum level of pro-inflammatory markers TNF-α, IL-6 and CCL2 

(MCP-1). 

b) Examine the relative gene expression of pro-inflammatory markers.  

 

 

STUDY 3: Investigate and compare the anti-obesity effects of high-dose anthocyanin 

supplementation on lean, overweight and obese populations. 

a) Examine the changes in body weight, BMI, waist and hip circumference. 

b) Examine the serum level of the adipocyte hormones adiponectin and leptin. 

c) Examine the relative gene expression of adipocyte hormones.  
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2.2 Project Design  

 

2.2.1 Study 1 

 

A randomised, double blinded, placebo-controlled, cross-over clinical trial was 

performed (Figure 5). A dietary-antioxidant questionnaire (See Appendix 6), a medical 

history questionnaire (See Appendix 3), full blood examinations and biochemical profiles 

were used for the initial screening. Volunteers were randomly assigned into two different 

supplement groups: 1) Queen Garnet plum juice (QGPJ), and 2) sugar and colour matched 

placebo (PBO), using computer-generated arbitrary numbers. The juice supplementation 

bottles, 1 litre each, were identical non-transparent plastic bottles labelled with respective 

volunteer codes, juice codes (A and B), to prevent volunteers from determining what 

product they were consuming. This also helped to ensure that the researchers who 

supplied the bottles were unaware of the product being consumed. The labelling of the 

juice bottles was carried out by a research assistant independent to the investigators.   

During the study period, volunteers followed their usual diet, but consumed 200mL of 

either QGPJ or PBO for 28 days. On day 1, baseline fasting blood samples and 

anthropometric measures were collected. On day 29, after 4 weeks of supplementation, 

the above assays were performed again. This was followed by a two-week wash out 

period in which no juice supplements were consumed before the start of the next round 

of supplementation. This was implemented to avoid potential antioxidant carryover from 

previous supplementation. The second supplementation and cross-overs were performed 

on day 44 for their respective juice supplement. Total time of involvement in the study 

was 73 days. 
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Figure 6: The flow-chart diagram of a double-blind, randomised, placebo controlled, and 

dietary intervention clinical trial. Abbreviations: QGPJ, Queen Garnet plum juice; PBO, 

placebo drink. 

 

 

 

 

 

 

 

 

 

 

Pre-supplementation base-line testing (fasting blood) and collection of anthropometric 

measures-Day 1 

First supplementation for 28 days (QGPJ/PBO) 

Wash-out period (14 days) 

Cross over and pre-supplementation testing (fasting blood) and collection of anthropometric 
measures-Day 44 

Second supplementation for 28 days (QGPJ/PBO) 

Post-supplementation testing (fasting blood) and collection of anthropometric measures-
Day 73 

Post-supplementation testing (fasting blood) and collection of anthropometric 

measures-Day 29 

Random assignment of the volunteer into two groups. QGPJ (n=10) and PBO (n=10) 
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2.2.2 Study 2 & 3 

 

A dietary intervention clinical trial was performed (Figure 6). A dietary-antioxidants 

questionnaire (See Appendix 6), a medical history questionnaire (See Appendix 3), full 

blood examinations and biochemical profiles were used for the initial screening. 

Volunteers were assigned into three different groups according to their initial BMI: 1) 

lean; 2) overweight and 3) obese. During the study period, volunteers followed their usual 

diets, but consumed 320 mg/day of oral anthocyanin supplement. On day 1, baseline 

fasting blood samples and anthropometric measures were collected. On day 29, after 4 

weeks of supplementation, the above assays were performed again. Total time of 

involvement in the study was 29 days. 

 

 

 

 

 

 

 

 

Figure 7: Study 2 & 3 flow-chart diagram 

 

 

Lean (n=15) Overweight (n=10) Obese (n=10) 

Pre-supplementation base-line testing (fasting blood) and collection of 

anthropometric measures 

Supplementation for 28 days 

Post-supplementation testing (fasting blood) and collection of anthropometric 

measures 
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CHAPTER 3: Methods and Materials 
 

 

 

 

3.1 Research Ethics  

 

The dietary intervention study protocols Chapters 4, 5 and 6 were approved by the Griffith 

University Human Research Ethics Committee (HREC), Griffith University, Queensland, 

Australia (GU Protocol No. MSC/02/12/HREC for QGPJ and MSC/07/14/HREC for 

anthocyanins tablets) and registered at the Australian New Zealand Clinical Trials 

Registry (ACTRN12612000674831 for QGPJ and ACTRN12615000293561 for 

anthocyanins tablets trial). 

See Appendix 1 for more details.  

 3.2 Recruitment and Randomisation of Study Subjects 

 

Volunteers for Study 1 were recruited from the healthy general population, male and 

female, aged between 18-65 years, by means of advertisements placed around Griffith 

University, Gold Coast, Australia. Volunteers, as screened by means of questionnaires 

(See Appendix 3), were non-smokers; had no history of medical conditions such as 

cardiovascular diseases, high blood pressure/cholesterol, diabetes, stroke, renal disease 

or allergies; and were not under daily health/energy supplements or anti-inflammatory 

medications during the duration of the study. Volunteers on a high antioxidant diet as 

screened using the dietary antioxidant questionnaire were excluded from the study. 

Volunteers’ baseline full blood counts (FBC), biochemical profile, BMI and blood 

pressure levels were within normal reference ranges. The physical activity status was also 

assessed during the recruitment process and volunteers performing exercises such as 
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walking/running, cycling, swimming or organised sporting activities for at least 30 min 

continuously for more than 3 hours a week were excluded [157]. Other parameters, which 

could affect the reliability of the analysis, such as self-reported alcohol consumption, 

sleeping pattern, bone and joint problems and venepuncture difficulty, were also part of 

exclusion criteria. 

Volunteers for Study 2 & 3 were recruited from healthy, overweight and obese 

populations and assigned into three different groups based on initial BMI. Initial 

screening was performed following the same methods as in the first study. However, BMI 

was not in the normal range for overweight and obese volunteers and was used as a 

differentiating marker. Individuals with BMI (calculated as weight in kilograms divided 

by height in meters squared) 18-25 were considered normal weight, BMI 25-30 

overweight and BMI more than 30 obese. Each participant gave his or her written consent 

prior to participation in the study (See Appendix 4).   

After the initial volunteer recruitment, the participants were provided with the following 

documents: 1) a plain language statement explaining the study protocol in detail and its 

requirements (See Appendix 2); 2) a consent form involving interviews, blood collection 

and disclosure of personal information 3) a dietary antioxidant questionnaire (adapted 

from WINTEC and NZ Academy of Sport) to assess the usual dietary intake pattern of 

volunteers (See Appendix 6). The cut-off figure, which was based on the Nutrient 

Reference Values for Australia and New Zealand-recommended daily nutrient intake 

values, was used in the inclusion criteria for each type of food listed in the Dietary 

Antioxidant Questionnaire. The quantity of respective foods consumed by participants 

being greater than the recommended daily intake led to exclusion; 4) Food diaries to be 

completed once a week for four weeks of the supplementation bout (See Appendix 5). 

The final recruitment of volunteers, based on the responses from the questionnaires, was 
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followed by randomisation of study participants (only for Study 1) to their respective 

analysis groups (QGPJ and PBO supplements). The randomisation was carried out by an 

individual independent to the study and performed using random arbitrary numbers 

generated by Microsoft Excel software to maintain blinding of investigators and the study 

participants. 

3.3 Supplements 

 

3.3.1 Queen Garnet plum juice 

 

QGPJ was made from Queen Garnet plum, which is a Japanese plum (Prunus salicina) 

cultivar that was developed through a Queensland Government breeding program and 

shown to contain very high levels of anthocyanins of up to 272 mg/100 g fruit, with 

cyanidin-3-glucoside and cyanidin-3-rutinoside as the main pigments [158]. The placebo 

drink (PBO) was prepared by diluting a commercial raspberry cordial (Coles, Australia) 

1:4 with water. All juices were heated to 72˚C and held for 5 minutes prior to pack off 

into identical (except for the label being either Beverage A or B) 1 litre, white plastic 

bottles. Juice bottles were stored at 4˚C prior to distribution to participants. 

The juices were measured for anthocyanin content, total phenolic content (Folin-Ciolteau 

method), and antioxidant capacity (ORAC method) [158]. The fibre, total sugar and 

vitamin C content were determined by a commercial laboratory (Symbio Alliance, 

Brisbane, Australia).   

3.3.2 Anthocyanins capsules (MEDOX®) 

 

The MEDOX® capsules (Medpalett Pharmaceuticals) contained purified anthocyanins 

isolated from bilberries (Vaccinium myrtillus) and blackcurrant (Ribes nigrum) (a mixture 

of 3-O-rutinosides of cyanidin and delphinidin, and 3-O-b-galactosides, 3-O-b-
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glucosides, and 3-O-b-arabinosides of cyanidin, peonidin, delphinidin, petunidin, and 

malvidin). The total anthocyanin content was 80 mg per capsule with 3-O-b-glucosides 

of cyanidin and delphinidin constituted at least 40–50% of the total anthocyanins.  

3.4 Monitoring and Evaluation of Dietary Intake 

 

Volunteers were required to record 24-hour food intake once a week on any day of the 

four weeks throughout each supplementation period. Specific guidelines and instructions 

on how to complete a dietary record were provided to ensure absolute accuracy was 

maintained and the dietary pattern was not altered from normal. Participants were asked 

to record the type of food eaten, provide details of how it was prepared, and the amount 

and time of consumption. The dietary records were analysed using FoodWorks® (Xyris 

Software Pty Ltd., Australia) based on the Australian Food Composition database. This 

assisted in monitoring antioxidant rich foods consumption throughout the intervention 

period and ensured dietary antioxidant levels did not surpass the maximum level 

determined in the recruitment questionnaire.  

3.5 Anthropometric Measurements 

 

Anthropometric measurements such as height, weight, hip and waist circumference, 

triceps skinfold and mid-upper arm circumference were taken using following 

procedures. The Segmental Body Composition Monitor was used to collect 

measurements such as weight, percentage of total body fat, metabolic age, and visceral 

fat level and calculated BMI. Height was measured to the closest 0.1 cm using a portable 

height measuring rod stadiometer. All measurements were taken before breakfast in light 

clothing with empty pockets and without shoes, watches, or other accessories. An average 

of two measurements was used for analysis. Weight status was defined as normal (BMI 

18-25), overweight (BMI 25-30) and obese (BMI 30 or more). Waist circumference was 
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measured midway between the lowest rib and the iliac crest, and the hip circumference 

measured at the level of maximum posterior extension of the buttocks. Average blood 

pressure was determined after two readings in sitting position using a validated semi-

automatic sphygmomanometer (Omron HEM-705CP).  

3.6 Blood Sample Collection and Processing 

 

Fasting whole blood samples were collected from the median cubital vein by a trained 

phlebotomist at the School of Medical Science, Griffith University, Australia. The blood 

was collected into an ethylenediaminetetraacetic acid (EDTA) blood tubes, serum 

separating tubes (SST), and  PAXgene® blood RNA tubes. EDTA whole blood was used 

to analyse FBE within two hours of blood collection and SST blood sample tubes were 

centrifuged at 2000 x g for 10 min at 24˚C to collect the plasma for leptin and adiponectin 

analysis and serum samples to measure inflammation markers which were stored at -80 

˚C until there were used for experiments. The blood sample collected for gene expression 

was stored at -80 ̊ C (as per manufacturer’s protocol) until it was used for RNA extraction.  

3.7 Full Blood Examination (FBE)  

 

A full blood cell examination provides an estimate of the levels of blood cells in the 

individual and most importantly helps in diagnosis of disease states. The study protocol 

ensured that the blood cell parameters of volunteers were within healthy reference ranges 

as established by the Royal College of Pathologists of Australia. Whole blood collected 

in EDTA tubes were used to determine the full blood cell counts within 10-15 min of 

venepuncture. The instrument used for the analysis was the Beckman Coulter AcTTM 

5Diff CP haematology analyser (Coulter Corporation, Miami, Florida, USA). The 

analyser was pre-calibrated with the AcT™ 5Diff Cal Calibrator (Beckman CoulterTM, 

Miami, Florida, USA). Before running samples each day, the instrument was validated 
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using three levels of control (low, normal and high) samples (Beckman CoulterTM, 

Miami, Florida, USA). The protocol followed to estimate the full blood cell counts of 

samples were according to the AcT™ 5Diff CP haematology analyser user manual. A 

complete report of blood cell counts in the sample is produced after each sample run. 

3.8 Biochemical Assays  

 

A complete lipid profile and other biochemical analytes were measured, evaluating levels 

of total cholesterol, low-density lipoprotein, high-density lipoprotein, triglycerides; 

glucose; bilirubin; uric acid and inflammation marker – high sensitivity C-reactive protein 

(HS-CRP) using the Cobas Integra 400® plus biochemistry analyser (Roche diagnostics, 

Switzerland). Serum obtained from whole blood collected into SST tubes was used in the 

analysis. Serum samples were thawed to room temperature (25°C) before analysis. The 

samples were analysed according to the Cobas Integra 400® plus biochemistry analyser 

protocol manual with calibration and control samples run prior to sample analysis.   

3.9 Quantification of Adipocytokines  

 

Enzyme-linked immunosorbent assays (ELISA) were performed to measure serum and 

plasma levels of adipocytokines pre- and post-supplementation. Standard procedure was 

followed according to the manufacturer’s protocol using a 96-well plate (ELISA kit; 

Abcam, Australia). After a four-step incubation and washing procedure, an acidic 

stopping solution was added, and the degree of enzymatic turnover of the substrate was 

determined by chromatography.  The reading at 450nm was obtained by Multiskan FC 

(Thermo scientific). The minimal detectable dose was 1.7pg/mL for leptin, 25pg/mL for 

adiponectin, 1.6pg/mL for IL-6, 1.10pg/mL for CCL2 (MCP-1) and 31.2pg/mL for TNF-

α.  
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3.10 RNA Isolation and cDNA Synthesis 

 

Total ribonucleic acid (RNA) was extracted from the PAXgene® blood RNA tubes using 

the PAXgene® blood RNA kit according to the manufacturer’s protocol. Briefly, after 

thawing the PAXgene blood RNA tubes at room temperature, total RNA was isolated 

using stabilisation buffers followed by proteinase K digestion and spin column clean-up 

according to the manufacturer’s protocol (Qiagen). The protocol involves a series of 

centrifuge spins, and the addition/removal of by-products, buffers and various enzymes 

(See Appendix 7). The quality and purity of total RNA in samples was measured by 

absorbance at 260 nm using a Nanodrop (Thermo Scientific, Waltham, MA).  

Synthesis of complementary DNA (cDNA) from total RNA samples was performed using 

an iScriptTM Reverse Transcription Supermix for RT-qPCR (BioRad Laboratories, Inc., 

CA) according to the manufacturer’s protocol. A sample of a single cDNA synthesis 

reaction setup is presented in Table 1. The total RNA input was in the range of 1μg- 1pg. 

Incubation steps are listed in Table 2 and were done using a thermal cycler. The cDNA 

samples were then stored as 10 μL aliquots at -80°C until analysis.  

 

Table 1: Reaction setup for a single cDNA synthesis reaction 

Component Volume per Reaction, μL  

iScript RT Supermix 

RNA template (1μg- 1pg total RNA) 

Nuclease-free water 

4 

Variable 

Variable 

Total volume 20 

Abbreviations: RT, reverse transcription; RNA, ribonucleic acid. 
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Table 2: Reaction protocol 

Priming 5 min at 25OC  

Reverse transcription 20 min at 46OC 

RT inactivation 1 min at 95OC 

Abbreviations: RT, reverse transcription.  

 

 

3.11 Primer Design  

 
The primers, short DNA sequences needed to start DNA amplification for the genes of 

interest (GOI), were designed using PrimerQuest Tool (Integrated DNA Technology) 

following an assay design. The specificity of each primer was verified using the 

Nucleotide Basic Local Alignment Search Tool from the GenBank non-redundant 

nucleotide sequence database (National Centre for Biotechnology Information). Selected 

primers were synthesised by Gene-Works Pty Ltd. Australia. Reference gene selection 

was done through the GENORM program to determine a suitable gene to provide 

reference for the GOI [159]. Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) was 

selected as a suitable reference gene for all genes of interest. The sequence of each primer 

pair and the expected amplicon size is summarised in Table 3. 
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Table 3: Primer sequences, NCBI gene ID and amplicon size 

Gene NCBI 

gene ID 

 Sequence (5’-3’) Amplicon 

size (bp) 

Lep 3952 Forward 

Reverse 

 

Forward 

Reverse 

 

Forward 

Reverse 

 

Forward 

Reverse 

 

Forward 

Reverse 

 

Forward 

Reverse 

GCGGATTCTTGTGGCTTTG 

GGAGACTGACTGCGTGTG 

 

CAGGTCTTATTGGTCCTAAGGGA 

GTAGAAGATCTTGGTAAAGCGAATG 

 

CAGGCAGTCAGATCATCTTCTC 

CTGGTTATCTCTCAGCTCCAC 

 

GATGCAATCAATGCCCCAGTC 

GCTTCTTTGGGACACTTGCT 

 

TGAACTCCTTCTCCACAAGCG 

CTGAAGAGGTGAGTGGCTGTC  

 

GGATTGTTGTTCTGACACTCGTGG 

GAGGTTGGAGCAGTTCATCG 

137 

 

 

200 

 

 

147 

 

 

113 

 

 

150 

 

 

87 

 

 

ApN 

 

 

TNF-α 

 

 

CCL2 

 

 

IL-6 

 

 

GAPDH 

 

9370 

 

 

7124 

 

 

6347 

 

 

3569 

 

 

2597 

Abbreviations: NCBI, National Centre for Biotechnology Information; ID, identification; bp, base 

pair; LEP, leptin; ApN, adiponectin; TNF-α, tumour necrotic factor-alpha, CCL2, Chemokine (C-

C motif) ligand 2; IL-6, Interleukin-6; GAPDH, glyceraldehyde-3 phosphate dehydrogenase. 

 

 

3.12 Initial Primer Check 

 

The initial primer check was completed on the five GOI’s: Leptin, Adiponectin, TNF-α, 

CCL2 and IL-6. It was done by running standard polymerase chain reactions (PCR) on 1 

μL of undiluted cDNA pool sample, then examining the resulting bands by gel 

electrophoresis. The samples were run in duplicates for all five GOI’s with a no-template 

control to ensure no contamination/ dimerisation of the primers was present.  A 1000 bp 

ladder was also used to determine the size of the amplicon.  

 

3.13 Primer Optimisation 

 

Primer optimisation determined the correct amount of primer to be used with each gene, 

with this process promoting accuracy by reducing primer dimerisation. Samples were run 

on the RotorGene at several different primer concentrations (50 nM, 150 nM, 300 nM, 
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900 nM) with pooled 1/50 cDNA for each gene. The lowest concentration of primer with 

acceptable results was used for the analysis to reduce non-specific amplification. The melt 

curve analysis was also checked to ensure that no primer dimers were present. The 

identified optimal primer concentrations for GOI’s can be found in Table 4. The results 

are shown in nano-molar (nM) concentrations. 

 

Table 4: Optimal primer concentrations 

Target (Gene) Optimal Primer Concentration 

LEP  300nM 

AdN  300nM 

TNF-α  150nM 

CCL2  150nM 

IL-6 

GAPDH 

 150nM 

 300nM 

Abbreviations: LEP, leptin; ApN, adiponectin; TNF-α, tumour necrotic factor-alpha, CCL2, 

Chemokine (C-C motif) ligand 2; IL-6, Interleukin-6; GAPDH, glyceraldehyde-3 phosphate 

dehydrogenase. 

 

 

3.14 cDNA Concentration Optimisation and Primer Efficiency Check  

 

Optimal cDNA concentrations were used to regulate and ensure all samples are replicated 

accurately. The cDNA concentrations used in this study included 1/10, 1/20, 1/50, 1/100, 

1/200 and 1/500. The optimal cDNA concentration was found by plotting the crossing 

point (CP) values against the log concentration of the cDNA and determining linearity. 

The efficiency of the reaction for each primer is then determined from the equation m = 

-1/log E, were m is the slope of the linear regression as determined by the previous step 

and E is the efficiency [160]. The genes are checked with the endogenous control to 
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ensure that efficiencies are approximately equal (generally within 10% maximum 

difference); which ensures that the correct internal control is used. 

 

3.15 Real-Time PCR 

 

Real-time PCR was performed using the Corbett RotorGene 3000, and iQ™ SYBR® 

Green Supermix (Bio-Rad) was used for cDNA amplification and quantification. The 

iQ™ SYBR® Green Supermix (Bio-Rad) provides an optimised mixture of SYBR® 

Green I, hot-start iTaq™ DNA Polymerase, fluorescein, buffers and stabilisers. SYBR 

Green allows for accurate qPCR analysis as it provides fluorescence when bound to 

double-stranded DNA. Primer concentrations were used as previously identified (3.13), 

along with optimal cDNA concentration (3.14), resulting in optimal amplification of the 

target gene sequence while minimising non-specific amplification. 

Each reaction on the qPCR consisted of 10 μL of iQ SYBR Green super mix, 2 μL of  

1/50-1/100 cDNA and 4μL of 150-600nM of each of the pair of oligonucleotide primers 

in a final reaction volume of 20 μL. An example of the qPCR reactions can be seen in 

Table 5.  

Table 5: RT-PCR  

 

 

 

 

 

 

 
 

Abbreviations: RT-PCR, real-time polymerase chain reaction; SYBR,; cDNA, 

complementary deoxyribonucleic acid; F, forward; R, reverse.  

Reagent Volume 

iQ SYBR Green 10µL 

cDNA 1/50 dilution 2µL 

Primer F (5mM) Variable  

Primer R (5mM) Variable 

Nuclease-free water Variable 

Final Volume 20µL 
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Non-template samples were used alongside each primer set to act as a negative control 

and a pool of cDNA samples were used as a positive control to confirm primer pair 

amplification and consistency between runs. 

The PCR reaction was performed at 60°C as the annealing temperature and the cycling 

parameters are as follows: 95°C for 10 min, 60 cycles of 95 °C for 15 sec, annealing 

(60°C) for 30 sec, 72°C for 30 sec and ramping from 72°C to 95°C rising by 1°C each 

step. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous 

control for determining ΔCT values, which is the difference between GOI and control. 

Duplicate amplifications were performed for all samples and controls. The amplification 

plot of fluorescence vs. cycle number was used to set the threshold (T) in the exponential 

phase of the reaction above the baseline. This was kept constant between runs to allow 

for analysis between runs. The cycle threshold (CT) was calculated as the cycle number 

of an amplifying PCR product where it crosses the fixed threshold line. Average CT 

values only with a standard deviation of < 0.5 were accepted. 

 

3.16 Statistical Analysis 

 

All statistical analyses were conducted using the GraphPad Prism version 6.0 for 

Windows (GraphPad Software, La Jolla, California, USA). For Study 1 one-way 

ANOVA with Sidak’s multiple comparisons test was performed to analyse the 

significance of the anthropometric data. A paired t-test was used to evaluate leptin and 

adiponectin circulating blood levels and levels of their gene expression (Chapter 4). Two-

way ANOVA with Sidak’s multiple comparisons test was performed to analyse 

significance of data in Study 2 and 3 and one-way ANOVA with Dunnett’s test for 

analysing baseline data (Chapter 5 & 6). Statistical significance was established when p 

˂ 0.05. Values are expressed as mean ± SEM and as mean ± SD for descriptive data 

analysis. 
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CHAPTER 4: The effects of anthocyanins on 

body weight and expression of adipocyte 

hormones in a healthy population  
 

 

 

ABSTRACT 
 

Obesity and its associated metabolic disorders has increased dramatically in past decades 

worldwide. Anthocyanins display an anti-obesity properties and show potency in 

regulating adipocyte function and adipokine expression. The purpose of the study was to 

assess the effects of anthocyanin-rich Queen Garnet plum juice (QGPJ) on body weight 

and gene expression of leptin and adiponectin. Queen Garnet plum is a Japanese plum 

(Prunus salicina) cultivar developed through a Queensland Government breeding 

program with very high levels of anthocyanins (272 mg/100g). Twenty healthy volunteers 

were supplemented with 200 mL/day of QGPJ or placebo drink for 4 weeks. 

Supplementation with QGPJ significantly reduces body weight and BMI (p < 0.05) with 

the average decrease of 0.6 kg in body weight and 0.2 units in BMI over 4 weeks. 

Furthermore, consumption of QGPJ significantly increases adiponectin blood levels (p < 

0.05) (average increase of 3.83µg/mL) and decreases leptin blood levels (average 

decrease of 1.31ng/mL). QGPJ may have potential to be used as a functional food for 

preventing obesity and obesity-related disorders.  
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4.1 Introduction 

 

The prevalence of human obesity and its related metabolic disorders has escalated 

dramatically in past decades worldwide and it has become a leading global public health 

problem [1, 14, 15]. It has been accepted that obesity is connected with chronic low-grade 

inflammation [1, 14, 15]. The basis for this view is that the circulatory levels of several 

cytokines and acute phase proteins associated with inflammation are increased in obesity 

[15].  

Adipose tissue, an important secretory organ, plays a major role in regulating energy 

homeostasis, glucose and lipid metabolism, and inflammation, coagulation and blood 

pressure regulation [15, 43, 161]. Apart from releasing free fatty acids during fasting, and 

digestive enzymes such as lipoprotein lipase, adipocytes synthesise and secrete several 

naturally active molecules known as adipokines, which include hormones such as leptin, 

adiponectin, visfatin, apelin, vaspin, hepcidine, chemerin, omentin and inflammatory 

cytokines such as  TNF-α, MCP-1 and plasminogen activator protein (PAI). These have 

regulatory functions in metabolism and as such may play an important role in combating 

obesity and obesity-induced inflammation [43, 161]. 

The hypersecretion of pro-atherogenic, pro-inflammatory and pro-diabetic adipokines as 

well as the decreased secretion of adiponectin in obesity result in chronic mild 

inflammation [15, 43, 45]. This state of adipose tissue dysfunction will lead to insulin 

resistance and an increased risk of diabetes and vascular disease development [43].  

Leptin, which is often called an anti-obesity hormone, plays a key role in regulating 

energy intake and energy expenditure by spreading a satiety signal through the 

bloodstream to the brain [89]. It stimulates fatty acid oxidation and glucose uptake and 

prevents lipid accumulation in adipose and other tissues [91, 92]. Its plasma levels 
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increase in obesity, analogous with adipose tissue mass, and mirror immediate changes 

in nutritional status, decreasing soon after the beginning of fasting [90]. Hyperleptinemia 

leads to leptin resistance, which is commonly present in obese individuals [162]. 

Furthermore, the low-grade inflammation in obese subjects may be the result of increased 

leptin levels, as leptin stimulates the production of several inflammatory markers and 

cells, such as TNF-α, IL-6 and IL-12, as shown in the study of Loffreda et al. [163]. 

Reducing or stabilising leptin levels could result in a reduction of obesity-induced 

inflammation in general.  

Specifically and highly secreted by adipocytes, adiponectin (ApN) is one of the most 

important adipokines, a modulator of food intake and energy expenditure [70, 71]. In 

addition adiponectin has an array of anti-inflammatory, anti-atherogenic, anti-diabetic 

and anti-obesity properties, making it one of most intensively studied adipokines [72-75]. 

In contrast to most other adipokines, plasma levels of ApN are negatively correlated with 

BMI and are decreased in obese and/or insulin-resistant individuals [76, 77]. This 

downregulation of ApN secretion is probably due to higher oxidative stress and the pro-

inflammatory state in obese individuals [55, 78]. Enhanced adiponectin bioactivity can 

be beneficial in reducing metabolic risk factors in conditions such as obesity, where 

hypoadiponectinemia is present [70]. Furthermore, prospective studies on Pima Indians, 

knowing to have the highest prevalence of T2D of any population, have revealed that an 

elevated ApN plasma concentration is strongly related with reduced risk of incidence of 

T2D [77, 84]. ApN with its insulin-sensitising, anti-inflammatory and anti-obesity 

properties may modify obesity-induced inflammation and prevent development of obesity 

and insulin resistance. 

Belonging to a family of polyphenols, anthocyanins are responsible for red, purple and 

blue colour in plants [130]. There are currently 600 naturally occurring anthocyanins and 
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while they vary slightly in the structure, they all play an important role as dietary 

antioxidants in the prevention of oxidative damage [131]. They also have several other 

biological activities, such as being anticonvulsant, anticarcigenic, anti-atherosclerotic and 

anti-inflammatory agents, and playing a role in lowering the risk of coronary heart disease 

[130, 132].  

Studies have reported that anthocyanins exhibit an anti-obesity effect and display potency 

in regulating adipocyte function and adipokine expression. [130, 133]. Human adipocyte 

response to anthocyanins was observed by microarray assay revealing up-regulation of 

adiponectin levels, and down-regulation of plasminogen activator inhibitor-1 (PAI-1) and 

IL-6 levels [133]. While high expression of PAI-1 and IL-6 in adipose tissue and low 

expression of adiponectin is connected with obesity and type-2 diabetes, regulation of 

their gene expression may become a therapeutic target for treating obesity and its relevant 

disorders.  

Queen Garnet plum juice (QGPJ) was made from a new anthocyanin-rich Japanese plum 

(Prunus salicina) cultivar, Queen Garnet plum (QGP), which was developed in a 

Queensland Government breeding program. It was demonstrated that high anthocyanins 

content (up to 272mg anthocyanins/100 g fresh weight) in QGP has a significant effect 

on thrombosis through reduction of platelet activation and oxidative stress [158, 164]. 

In the present study the effect of anthocyanin-rich Queen Garnet plum juice (QGPJ) on 

body weight and secretion of adipocyte hormones such as leptin and adiponectin as well 

as levels of their gene expression was examined.  It was hypothesised that anthocyanin-

rich QGPJ reduces body weight by modifying gene expression of these hormones  
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4.2 Methods 

 

4.2.1 Recruitment of study subjects 

Study subjects were recruited from the healthy general population, aged between 18-65 

years. After initial screening, twenty-one volunteers (11 men and 10 women) consented 

to participate in the trial. For more details about recruitment and the initial screening 

performed, please refer to Section 3.2 in Methods and Materials Chapter 3. 

4.2.2 Study design 

Data such as fasting blood samples and anthropometric measurements were collected 

before the start of supplementation and after 4 weeks for each supplementation. Please 

refer to Section 2.2.1 in Project Aims and Design Chapter 2 for more details.  

4.2.3 Juice supplements 

QGPJ was made from Queen Garnet plum, shown to contain very high levels of 

anthocyanins, up to 272 mg/100g. The placebo drink (PBO), a commercial raspberry 

cordial (Coles, Australia), was prepared by diluting 1:4 with water.  For more details 

about the supplements’ chemical composition and supplementation procedure please 

refer to Section 3.3.1 in Methods and Materials Chapter 3.  

4.2.4 Monitoring of dietary intake 

Participants completed a record of full food intake over 24 hours once a week on any one 

day of the four weeks during supplementation. Specific guidelines and instructions on 

how to complete a dietary record were provided. The dietary records were analysed using 

FoodWorks® (Xyris Software Pty Ltd., Australia) based on the Australian Food 

Composition database. Please refer to Section 3.4 in Methods and Materials Chapter 3, 

which provides more details.  

4.2.5 Blood sample collection and processing 

Blood samples were obtained from participants before and after supplementation using 

the protocol outlined in the Section 3.6 in Methods and Materials Chapter 3.  
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4.2.6 Anthropometric measurements  

Anthropometric measurements such as body weight and height, and waist and hip 

circumferences were collected before and after supplementation. Please refer to Section 

3.5 in Methods and Materials Chapter 3 for more details. 

4.2.7 Quantification of adipokines  

For the quantification of adiponectin and leptin in plasma, sandwich ELISAs (Leptin and 

Adiponectin Human ELISA Kit) were performed according to the manufacturer’s 

instructions. Section 3.9 in Methods and Materials Chapter 3 provides more detail about 

the quantification procedure.  

4.2.8 RNA isolation and cDNA synthesis 

Total RNA was extracted from the PAXgene® blood RNA tubes using the PAXgene® 

blood RNA kit according to the manufacturer’s protocol and then converted into cDNA 

using an iScriptTM Reverse Transcription Supermix. For more detail of the procedures 

please refer to Section 3.10 in Methods and Materials Chapter 3.  

4.2.9 Real-Time PCR 

To quantitatively measure gene expression of adipokines, real-time PCR was performed 

following the steps outlined in Section 3.15 in Methods and Materials Chapter 3.  

4.2.10 Statistical analysis 

Statistical analyses were conducted using the GraphPad Prism version 6.0 for Windows 

(GraphPad Software, La Jolla, California, USA). One-way ANOVA with Sidak’s 

multiple comparisons test was performed to analyse the significance of the 

anthropometric data. A paired t-test was used to evaluate circulating blood levels of leptin 

and adiponectin and levels of their gene expression. Please refer to Section 3.16 in 

Methods and Materials Chapter 3 for more details.  
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4.3 Results  

 

After initial recruitment of twenty-one volunteers, twenty (10 male and 10 female) were 

randomly assigned into two different supplementation sessions; Queen Garnet plum juice 

(QGPJ) and/or placebo drink (PBO). One volunteer dropped out before the start of the 

first supplementation due to family issues. There were no significant changes in baseline 

characteristics of males and females before the intervention (Table 6). The nutritional 

composition with total amount of anthocyanin compounds, total amount of quercetin 

derivatives, and antioxidant capacity of the two study supplements are presented in Table 

7. There were no significant changes in blood cell counts or biochemical markers before 

and after supplementation with either beverage (Table 8).  

 

Table 6: Baseline parameters of volunteers under study 

Parameters  Male (n=10) Female (n=10) Reference 

ranges 

Age (years) 

BMI (kg/m2) 

BP (mmHg)(S/D) 

Haemoglobin (g/L) 

Haematocrit (%) 

RBC (×1012/L) 

WBC (×109/L) 

Platelets (×109/L) 

MPV (fL) 

TC (mmol/L)* 

HDL (mmol/L)* 

TG (mmol/L)* 

LDL (mmol/L)* 

Glucose (mmol/L)* 

32.9±11.8 

21.2±2.67 

127±9 /76±6 

138.3±5.4 

40.6±1 

4.9±0.1 

6.0±1.7 

227±41 

8.1±1.0 

4.42±0.86 

1.40±0.35 

0.85±0.30 

2.63±0.83 

5.15±0.41 

34.2±10.8 

19.6±1.5 

121±8/74±7 

129.9±9.8 

38.4±2 

4.6±0.3 

7.0±2.0 

262±55 

8.0±0.7 

4.82±0.86 

1.64±0.42 

1.05±0.45 

2.70±0.84 

4.88±0.37 

N/A 

22  – 26  

120/80 

115 –180 

0.37 – 0.54 

3.8 – 6.5 

4.0 – 11.0 

150 – 400 

6.0 – 10.0 

< 5.5 

> 1.2 

< 2.26 

< 3.5 

3.6– 6.05 

  

Values are represented as mean ± SD. Baseline data between men and women were not 

significantly different (p ˃ 0.05).  

Abbreviations: BMI, body mass index; BP, blood pressure; S/D , systolic/diastolic; RBC, red 

blood cell; WBC, white blood cell; MPV, mean platelet volume; TC, total cholesterol; HDL, high 

density lipoprotein; TG, triglycerides; LDL, low density lipoprotein. 

*measured in serum. 
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Table 7: Composition of the two study supplements by analysis 

 

Values are represented as a mean of duplicate analysis. 

Abbreviations: QGPJ, Queen Garnet plum juice; PBO, placebo drink; ND, not detected; C3GE, 

cyanidin-3-glucoside equivalents; GAE, gallic acid equivalents (Folin-Ciocalteu assay); ORAC, 

Oxygen Radical Absorbance Capacity; TE, Trolox equivalents; QGE, quercetin glucoside 

equivalents. 
a  Analysis by one of the authors. 
b Analysis by a commercial laboratory (Symbio Alliance, Brisbane, QLD, Australia). 
c Qualitative analysis only (detectable/non-detectable).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 QGPJ PBO 

Anthocyanins content (mg C3GE/100ml)a 

Quercetin derivatives (mg QGE/100ml)a 

Total phenolic content (mg GAE/100ml)a 

ORAC (µmol TE/100ml)a 

5-Hydroxymethyl-2-furfural a,c 

Vitamin C (mg/100ml)b 

Vitamin B1(μg/100ml)b 

Vitamin B2 (μg/100ml)b 

Vitamin B3 (μg/100ml)b  

Vitamin B6 (μg/100ml)b  

Vitamin B12 (μg/100ml)b 

Fibre (g/100ml)b 

Total sugar (g/100ml)b 

Fat (g/100ml)b 

Protein (g/100ml)b 

Energy (kJ/100ml)b 

pHb 

101 

43.7 

322 

4207 

ND 

<0.05 

13.5 

9 

146 

34.7 

˂5 

<0.1 

8.7 

0.1 

1.1 

213 

3.28 

0.4 

0.4 

7 

ND 

ND 

<0.05 

ND 

ND 

ND 

ND 

ND 

<0.1 

7.3 

0.1 

0.8 

146 

2.70 
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Table 8: Blood cell counts and biochemical parameters at baseline (pre-treatment) and at 

the end of 4 weeks’ intervention (post-treatment)  

Parameters 

 

QGPJ (n=20) 

 

PBO (n=20)  

Haemoglobin (g/L) 

Baseline / 4wk 136±7.00 / 138±9.61 137±10.5 / 140±8.9 

Haematocrit 

Baseline / 4wk 0.39±0.02 / 0.40±0.02 0.39±0.02 / 0.40±0.02 

RBC (×1012/L) 

Baseline / 4wk 4.84±0.27 / 4.90±0.35 4.86±0.37 / 4.95±0.30 

WBC (×109/L) 

Baseline / 4wk 6.04±1.34 / 6.39±1.68 6.27±1.74 / 6.90±1.79 

Platelets (×109/L) 

Baseline / 4wk 244±63 / 249±58 247±60 / 254±55 

MPV (fL) 

Baseline / 4wk 8.11±0.92 / 8.02±0.84 8.16±1.08 / 7.89±0.74 

TC(mmol/L) 

Baseline / 4wk 4.57±0.74 / 4.66±0.62 4.80±0.91 / 4.44±1.28 

HDL (mmol/L) 

Baseline / 4wk 1.45±0.40 / 1.46±0.37 1.47±0.36 / 1.41±0.30 

TG (mmol/L) 

Baseline / 4wk 0.95±0.47 / 0.99±0.48 0.93±0.37 / 1.08±0.55 

LDL (mmol/L) 

Baseline / 4wk 2.67±0.70 / 2.74±0.60 2.32±1.41 / 2.54±1.21 

Glucose (mmol/L) 

Baseline / 4wk 4.76±0.36 / 4.70±0.36 4.92±0.42 / 4.70±0.57 
 

Values are represented as mean ± SD. Abbreviations: RBC, red blood cell; WBC, white blood 

cell; MPV, mean platelet volume; TC, total cholesterol; HDL, high density lipoprotein; TG, 

triacylglycerol; LDL, low density lipoprotein. QGPJ or PBO did not have an effect on blood cell 

counts and biochemical parameters (p ˃ 0.05).  

 

 

 

4.3.1 Effects of QGPJ on body weight, waist and hip circumferences, and BMI 

 

Anthropometric measurements such as weight, waist circumference (WC), hip 

circumference (HC), and body mass index (BMI) were collected before and after QGPJ 

and PBO supplementation (Table 9). There was a significant decrease in weight (p = 

0.0280) overall BMI (p = 0.0315) after supplementation with QGPJ. There was no 

significant change in any of the parameters before and after PBO supplementation (Figure 

8). 
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Table 9: Anthropometric measurements (n=20; male and female) at baseline (pre-

treatment) and end of 4 weeks’ supplementation (post-treatment)  

 

Measurements 

 

QGPJpre 

(n=20) 

 

QGPJpost 

(n=20) 

 

PBOpre 

(n=20) 

 

PBOpost 

(n=20) 

 

Weight (kg) 

 

Waist C. (cm) 

 

Hip C. (cm) 

 

BMI (kg/m2) 

 

71.90 ±9.67 

 

78.35 ±8.61 

 

100.93 ±5.49 

 

24.61 ±2.64 

 

 

71.29 ±  9.26 

 

77.73 ±7.72 

 

100.10 ±5.19 

 

24.41 ±2.57 

 

 

71.12 ±9.26 

 

77.83 ±7.01 

 

100.33 ±4.92 

 

24.34 ± 2.54 

 

71.52 ± 8.83 

 

77.68 ±6.43 

 

99.70 ± 5.81 

 

24.49 ± 2.54 

 
Values are represented as mean ± SD. Abbreviations: WAIST C., waist circumference; HIP C., 

hip circumference; QGPJpre, before Queen Garnet plum juice supplementation; QGPJpost, after 

Queen Garnet plum juice supplementation; PBOpre, before placebo drink supplementation; 

PBOpost, after placebo drink supplementation.  

 

 

 

 

4.3.2 Effects of QGPJ on serum leptin and adiponectin levels 

 

Leptin and adiponectin serum levels were measured by ELISA. Intervention with 

anthocyanin-rich QGPJ for 4 weeks significantly increased adiponectin serum levels (p = 

0.048) and non-significantly decreased leptin serum levels (Figure 9B & 9A 

respectively).  

 

4.3.3 Effects of QGPJ on leptin and adiponectin gene expression 

 

Quantitative real-time PCR analysis was performed to evaluate the expression levels of 

leptin and adiponectin. Supplementation with QGPJ for 4 weeks downregulated leptin 

gene expression and upregulated adiponectin gene expression (Figures 10A & 10B 

respectively).  
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Figure 8: Effect of 4 weeks’ supplementation of QGPJ and PBO on weight and BMI. 

Significant decrease in weight after the supplementation (A) and in BMI (B). The data 

are presented as mean  SE. *p < 0.05. 
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Figure 9: Effect of 4 weeks’ QGPJ supplementation on leptin and adiponectin serum 

levels. There was a decrease in serum leptin level post QGPJ supplementation and 

significant increase in adiponectin after QGPJ supplementation.The data are presented as 

mean  SE.  *p < 0.05. 
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Figure 10: Gene expression before (QGPJpre) and after (QGPJpost) 4 weeks of QGPJ 

supplementation. Levels of leptin gene expression A (p = 0.29) and levels of adiponectin 

gene expression B (p = 0.65). The data are presented as mean 2-ΔΔCt  SE.  
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4.4 Discussion 

 

The development of obesity and insulin resistance is strongly associated with adipocyte 

dysfunction. Several therapeutic options such as phentermine, diethylpropion, 

phendimetrazine, benzphetamine and Lorcaserin have been used as  short-term treatments 

of obesity [165]. Noradrenergic activators, such as phentermine, diethylpropion, 

phendimetrazine and benzphetamine, cause appetite suppression and are used for less 

than 12 weeks. The selective serotonin 2C receptor agonist, Lorcaserin, also causes 

appetite suppression. Despite their positive results in managing obesity, these therapies 

all exhibit unpleasant side-effect such as dizziness, headache, anxiety, elevated heart rate 

and gastro-intestinal issues [165]. Another obesity drug is Orlistat. It is a reversible 

inhibitor of lipases; enzymes responsible for hydrolysing dietary fat in the form of 

triglycerides into absorbable molecules such as free fatty acid and monoglycerides. It can 

cause excretion of up to 30% if dietary fat but, because of its mechanism of action, it can 

result in unpleasant gastrointestinal side-effects if patients do not reduce their fat intake 

[165]. In addition to this several other anti-obesity drugs are undergoing clinical 

development currently, but because of possibly hazardous side-effects and presence of 

high cost, there is demand for more natural and safe anti-obesity drugs [166].  

There is strong evidence supporting the therapeutic use of polyphenols such as stilbenes, 

flavonoids and curcuminoids which show potential in prevention and/or treatment of 

obesity and its diabetic complications. They are widely accepted in health promotion due 

to their antioxidant, anti-inflammatory, anti-carcinogenic, anti-obesity, anti-diabetic and 

anti-ageing properties [2, 3]. The actions of their effect are believed to be through 

suppression of adipocyte differentiation and proliferation, inhibition of fat absorption 

from the gut, inhibition of lipogenesis, stimulation of β-oxidation, and inhibition of 

production of pro-inflammatory adipokines and stimulation of adiponectin secretion.  
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This study investigated the effect of anthocyanins present in QGPJ on adipose tissue and 

secretion of adipokines such as leptin and adiponectin and body weight. The 

anthropometric measurements were collected pre- and post-treatment and showed a small 

decrease in weight, waist circumference, and BMI of 0.9%, 0.1% and 0.24% respectively 

after 28 days of QGPJ supplementation. Furthermore, an increase in weight and BMI of 

0.2%, 0.06% respectively in PBO supplementation was noticed. Although not statistically 

significant, these data show a trend in decrease of obesity markers such as weight and 

BMI after QGPJ supplementation, which is in agreement with some previous in vivo 

studies [130, 133]. 

Tsuda et al. showed that anthocyanin-rich purple corn colour (PCC) made from purple 

corn suppresses body weight gain in  high-fat-diet-induced obesity as well as hypertrophy 

of adipose tissue in mice [133]. Similar results have been found by Kwon et al. where  

rats on a high-fat (HF) diet were supplemented with anthocyanin from black soybeans, 

resulting in stable body weight [130]. Furthermore, serum triglycerides and cholesterol 

levels were significantly lower in the rats fed on HFD plus black soybean anthocyanin 

compared with pure HFD, and their HDL-cholesterol level was higher [130].  

The food records collected and analysed using FoodWork software showed no significant 

difference in average daily energy intake during QGPJ and PBO intervention. 

Furthermore, vitamin consumption was monitored during both interventions and there 

was no significant difference in vitamin consumption during the interventions. This 

indicates that anthocyanins may have a positive effect on the lipid profile which leads to 

a decrease in weight. More human studies are needed to investigate the exact role and 

pathway/s of anthocyanin effects on body weight through targeting body fats.  

Serum leptin and adiponectin was measured using sandwich ELISA technique pre- and 

post-QGPJ supplementation on 20 healthy individuals. The results showed a small 
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decrease in leptin serum level and significant increase in serum adiponectin level 

(p=0.048) (Figure 9). 

Leptin and adiponectin are secreted by adipocytes and while the leptin level is elevated 

in obese individuals,  the adiponectin level is downregulated [167]. The central role of 

leptin is to decrease food intake and modify glucose and fat metabolism, and mutations 

in the leptin gene result in leptin deficiency, hyperplagia, hypothermia and morbid 

obesity, as well as several metabolic and neuroendocrine abnormalities  [167, 168].  It 

has been shown that patients with severe lipodystrophy and leptin deficiency treated with 

leptin replacement therapy reduce insulin resistance, hypertriglyceridemia and hepatic 

lipid storage [93].   

It has been shown that leptin plays an important role in the modulation of inflammatory 

processes. In the study by Loffred et al, leptin-treated cells stimulate macrophage 

phagocytic function only in cells collected from ob/ob (leptin-deficient) but not from 

db/db (leptin-resistant) mice [163]. Furthermore, leptin stimulates the expression of 

monocyte chemoattractant protein-1 and macrophage lipoprotein lipase, a powerful 

atherogenic cytokine in type 2 diabetes, as well as hydrolysis of cholesterol esters in 

macrophages which can directly contribute to foam cell formation, an indicator of plaque 

build-up and  associated with increased risk of heart attack and stroke [55, 169, 170]. 

Administration of recombinant ApN to mice improves insulin sensitivity, increases fatty 

acid oxidation and reduces triacylglycerol levels in liver and muscles [81]. ApN knockout 

mice display increased hepatic-glucose production, development of glucose intolerance 

and insulin resistance when exposed to a high-fat diet [82]. Also, the total lipid profile is 

improved in ApN transgenic mice by reduction of plasma triglycerides due to increased 

VLDL catabolism in skeletal muscle [83]. 
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Pharmacological drugs such as thiazolidinediones and cannabinoid-1 receptor blockers 

(e.g., rimonabant) upregulate ApN gene expression and consequently increase its plasma 

concentration level, resulting in increased insulin sensitivity and body weight loss, 

respectively [85, 86]. 

Anti-inflammatory and anti-oxidant properties of ApN are displayed through inhibition 

of TNF-α induced activation of NF-κB in endothelial cells and may play an important 

role in preventing development of CVD and insulin resistance [74]. 

Furthermore, Jayaprakasam et al. investigated anthocyanins’ effect on attenuation of 

insulin resistance in high-fat-fed C575L/6 mice. The mice were supplemented with a 

mixture of the pure anthocyanins cyaniding 3-O-galactoside, pelargonidin 3-O-

galactoside, and delphinidin 3-O-galactoside, isolated from Cornelian cherry [134]. They 

found that glucose tolerance in the animals improved after 6 weeks of treatment with 

anthocyanins, either because the anthocyanins increased insulin sensitivity and/or insulin 

secretion [134]. In addition to these findings, anthocyanin-fed mice had decreased body 

weight gain as well as decreased plasma cholesterol levels, which is in correlation with 

results from two previous studies mentioned.  
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CHAPTER 5: Anthocyanins’ effects on 

proinflammatory cytokinesis, and cytokine 

secretion and gene expression in overweight 

and obese individuals 
 

ABSTRACT 
Chronic low-grade inflammation in obese and overweight individuals is manifested by 

increased plasma levels of proinflammatory cytokines such as TNF-α, IL-6 and CCL2. 

Gene expressionof these cytokines is upregulated in overweight and obese states as well. 

The anti-inflammatory properties of the anthocyanin-rich supplement, MEDOX® tablets, 

on humans were investigated. Ten lean, eight overweight, and nine obese volunteers were 

recruited in this dietary intervention clinical trial. Participants consumed 320 mg/day of 

anthocyanin supplements for 28 days, following their usual diets. Blood samples were 

collected at baseline and after oral supplementation to evaluate the effect of anthocyanins. 

It was found that anthocyanin-rich MEDOX® tablets significantly decreased CCL-2 

serum levels in lean, overweight and obese groups (p < 0.0001, p < 0.0001 and p = 0.0025 

respectively), with an average decrease of 0.09 ng/mL in the lean, 0.12 ng/mL in  the 

overweight and 0.08 ng/mL in the obese group. In addition, supplementation significantly 

decreased IL-6 serum levels in the obese group (p < 0.05) with an average decrease of 

1.49 pg/mL, as well lowering TNF-α blood levels across all groups, although this was not 

statistically significant. Furthermore, the relative gene expression levels of pro-

inflammatory markers were downregulated across all groups as shown by quantitative 

real-time PCR analysis. These findings suggest a potential use of high dose  anthocyanin 

supplementation as a therapeutic agent in reducing chronic inflammation in obese and 

overweight individuals.   



86 | P a g e  
 

5.1 Introduction 

 

It has been accepted for decades that obesity is connected with chronic low-grade 

inflammation [1, 5]. The basis for this view is the increased circulatory levels of several 

cytokines and acute phase proteins associated with inflammation, and while many are 

secreted by adipocytes it is believed that increased adipose tissue mass is either directly 

or indirectly associated with increased production of inflammation-related factors [6]. 

One of the first cytokines to be found elevated in obese mice tissue, and the one which 

links obesity and inflammation, is tumour necrosis factor-α (TNF-α) [7]. Many studies 

have investigated  this phenomenon and found other cytokines such as interleukin (IL)-

6, IL-1β and chemokine (C-C motif) ligand 2 (CCL2) increased in adipose tissues in obese 

animals and humans [8, 9].   

Naturally present in plants, polyphenols are compounds with a wide range of biological 

features such as anti-oxidant, anti-inflammatory, anti-cancer, anti-obesity and anti-ageing 

properties [104, 105]. Catechins, anthocyanins, resveratrol and curcumin, are a few 

examples of polyphenols that have demonstrated the ability to modulate physiological 

and molecular pathways involved in energy metabolism, adiposity, and obesity [107]. 

There are 600 naturally-occurring anthocyanins to date, and while they vary slightly in 

structure they all play an important role as dietary antioxidants, assisting in the prevention 

of oxidative damage [131]. They also have several other biological activities, such as 

acting as anticonvulsant, anticarcigenic, anti-atherosclerotic and anti-inflammatory 

agents, and playing a role in lowering the risk of coronary heart disease [130, 132].  

Studies in cellular and animal models have shown that anthocyanins inhibit the secretion 

of pro-inflammatory cytokines such as IL-6, MCP-1 (CCL2), IL-1β, and TNF-α after 

inflammatory insults [171-175]. Furthermore, the beneficial effects of  anthocyanins on 
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inhibition of NF-κB, one of the key transcription factors in obesity-induced inflammation, 

have been studied in a human intervention trial using bilberries and blackcurrant 

supplementation product (MEDOX®) [68]. After three weeks of supplementation with 

pure anthocyanins, decreased levels of several NF-κB related pro-inflammatory 

chemokines, cytokines and mediators of inflammation responses (such as IL-6, MCP-1 

TNF-α) were reported [68].  

This study hypothesises that bilberry and blackcurrant anthocyanins exert anti-

inflammatory effects and that these effects can regulate secretion of pro-inflammatory 

markers by downregulating their gene expression.  

Therefore, the present study was undertaken to investigate the direct effects of high-dose 

anthocyanin supplementation (320 mg/day) for 4 weeks on the gene expression and 

protein secretion of the proinflammatory cytokines TNF-α, IL-6 and MCP-1 (CCL2) in  

overweight and obese populations. To our best knowledge this is the first human clinical 

study evaluating gene expression of these markers after anthocyanin supplementation. 

 

 

 

 

 

 

 



88 | P a g e  
 

5.2 Methods 

 

5.2.1 Recruitment of study subjects 

Study subjects were recruited from healthy normal weight, overweight and obese 

populations and assigned into three different groups based on their preliminary BMI. 

After initial screening, 15 lean, 10 overweight and 10 obese volunteers consented to 

participate in the trial. For more detail about recruitment and initial screening please refer 

to Section 3.2 in Methods and Materials Chapter 3. 

5.2.2 Study design 

Baseline data such as fasting blood samples and anthropometric measurements were 

collected before the start of supplementation and recollected after 4 weeks of 

supplementation. Please refer to Section 2.2.2 in Project Aims and Design Chapter 2. 

5.2.3 Supplements 

Oral MEDOX® supplementation tablets containing 80 mg of anthocynin/tablet were 

obtained from Medpalett Pharmaceuticals. The participants consumed 4 tablets daily (a 

total of 320 mg of anthocyanins per day). For more details about the supplements’ 

chemical composition and the supplementation procedure, please refer to Section 3.3 in 

Methods and Materials Chapter 3. 

5.2.4 Blood sample collection and processing 

Blood samples were obtained from participants before and after supplementation using 

the protocol outlined Section 3.6 in Methods and Materials Chapter 3.  

5.2.5 Quantification of adipocytes 

Serum levels of proinflammatory markers before and after supplementation were 

measured using Enzyme-Linked Immunosorbent Assay (ELISA) following 

manufacturer’s procedure. For more details please refer to section 3.9 in Methods and 

Materials Chapter 3.  
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5.2.6 RNA isolation and cDNA synthesis 

Total RNA was extracted from the PAXgene® blood RNA tubes using the PAXgene® 

blood RNA kit according to the manufacturer’s protocol and then converted into cDNA 

using an iScriptTM Reverse Transcription Supermix. For detail of the procedures please 

refer to section 3.10 in Methods and Materials Chapter 3.  

5.2.7 Real-Time PCR 

To quantitatively measure gene expression of proinflammatory markers, real-time PCR 

was performed following the steps outlined in section 3.15 in Methods and Materials 

Chapter 3.  

 

5.2.8 Statistical analysis 

Refer to Section 3.11 in Methods and Materials Chapter 3.  
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5.3 Results  

 

Thirty-five volunteers were assigned into three study groups: lean (n=15), overweight 

(n=10) and obese (n=10) according to their baseline BMI before undertaking 4 weeks of 

anthocyanin supplementation. Three lean, one overweight and two obese participants 

dropped out of the trial after two weeks. The baseline haematological and biochemical 

parameters of the remaining participants are presented in Table 10. All parameters fell 

within normal reference ranges. 

 

Table 10: Baseline haematological and biochemical parameters of the study participants  

Parameters           Lean 

         (n=12) 

       Overweight 

            (n=9) 

         Obese 

          (n=8) 

Haemoglobin (g/L) 139.8  15.1 123.8  42.4 149.8  23.7 

Haematocrit (%) 39.4  5.1 38.6  3.5 43.9  7.5 

RBC (x1012/L) 4.8  0.7 4.6  0.5 5.5  1.3 

WBC (x109/L) 5.4  1.4 5.8  1.3 4.6  0.4 

Platelets (x109/L) 219.0  55.0 243.4  60.3 195.8  64.1 

TC (mmol/L) * 4.1  1.7 4.7  2.4 3.9  1.7 

HDL (mmol/L) * 1.2  0.7 1.1  0.5 1.0  0.4 

TG (mmol/L) * 0.9  0.7 1.6  1.0 0.8  0.5 

Glucose (mmol/L) * 4.1 1.0 4.8  1.6 4.2  1.4 

HS-CRP (mg/L) * 0.7  0.7 1.9  1.6 1.4  0.3 

 

Values are represented as mean ± SD.  

Abbreviations: RBC, red blood cell; WBC, white blood cell; MPV, mean platelet volume; 

TC, total cholesterol; HDL, high density lipoprotein; TG, triglycerides; HS-CRP, high 

sensitive C-reactive protein. *measured in serum. 
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The baseline blood levels of pro-inflammatory markers (CCL-2, IL-6 and TNF-α) are 

shown in Figure 11 (A, B and C respectively). There were higher levels of IL-6, TNF-α 

and CCL-2 in the obese group than the lean as well as higher blood levels of CCL2 in the 

overweight group at the start of the clinical trial, although these were not statistically 

significant. 
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Figure 11: Blood levels of pro-inflammatory markers CCL-2, IL-6 and TNF-α at the 

baseline. All three markers showed higher serum levels in the obese group before 

supplementation than the lean group as well as higher levels of CCL2 in the overweight 

group. The data are presented as mean  SE. 
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5.3.1 The effect of anthocyanin supplementation on serum IL-6, TNF-α and CCL-2 

levels 

 

Supplementation with anthocyanin (320 mg/day) for 4 weeks significantly decreased 

CCL-2 levels in all groups (p < 0.0001; p < 0.0001 and p = 0.0025) (Figure 12A) and IL-

6 serum levels in the obese group (p = 0.035) (Figure 12B). The TNF-α blood levels were 

also decreased across all groups, however not statistically significantly (Figure 12C).  

5.3.2 The effect of anthocyanin supplementation on gene expression of IL-6, TNF-α 

and CCL-2 

 

Supplementation with MEDOX® (320 mg/day) for 4 weeks downregulated gene 

expression of all three markers across all groups (Figure 13). 
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Figure 12: Effect of anthocyanin supplementation on serum levels of pro-inflammatory 

markers. There was a significant decrease of serum CCL2 levels in all groups of IL-6 

levels in the obese group, and a decrease of TNF-α level across all groups after 4 weeks’ 

supplementation. The data are presented as mean  SE. *p < 0.05; **p < 0.01; ****p < 0.0001.   

 



95 | P a g e  
 

L
e
a
n

O
v
e
rw

e
ig

h
t

O
b

e
s
e

0

2

4

6

8

1 0

R
e

la
ti

v
e

 E
x

p
r
e

s
s

io
n

 (
2

-


C
t )

B e fo re

A fte r

L
e
a
n

O
v
e
rw

e
ig

h
t

O
b

e
s
e

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

 E
x

p
r
e

s
s

io
n

 (
2

-


C
t )

B e fo re

A fte r

L
e
a
n

O
v
e
rw

e
ig

h
t

O
b

e
s
e

0

1

2

3

R
e

la
ti

v
e

 E
x

p
r
e

s
s

io
n

 (
2

-


C
t )

B e fo re

A fte r

A

B

C

 

Figure 13: Effect of anthocyanin supplementation on gene expression of CCL2 (A), IL-

6 (B) and TNF-α (C) as quantitated by real-time PCR. As shown, anthocyanin 

supplements downregulated gene expression of all three markers across all groups after 

4 weeks of supplementation. The data are presented as mean  SE.  
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5.4 Discussion 

 

Adipocyte dysfunction, which is often present in the obese state, leads to increased 

secretion of pro-inflammatory markers such TNF-α, IL-6 and CCL-2 [3, 176]. Studies 

have shown that anthocyanins display an anti-inflammatory effect and have  potential to 

improve this pathological state in adipose tissues [2] 

The effect of a 4-week supplementation with anthocyanins (320 mg/day) on blood levels 

of TNF-α, IL-6 and CCL-2 and their gene expression in lean, overweight and obese 

populations was evaluated in this dietary intervention clinical trial. It was demonstrated 

that blood levels of CCL2 in all groups and IL-6 in the obese group are significantly 

decreased after supplementation with anthocyanins (Figure 12A & 12B respectively). A 

very small decrease of TNF-α blood levels in the lean, overweight and obese groups was 

also demonstrated (Figure 12C). These findings are in line with several studies in cell 

cultures and animal models where anthocyanins inhibited secretion of pro-inflammatory 

cytokines such as IL-8, MCP-1, IL-1b, cytokine-induced neutrophil chemoattractant-1, 

IL-6, and TNF-α [171-174]. Furthermore, in a clinical study by Karlsen et al. it was 

shown that MEDOX® anthocyanin supplementation on healthy adults for 3 weeks 

resulted in decreased plasma concentration of several pro-inflammatory cytokines [68].  

As mentioned, obesity is closely linked with the presence of mild chronic inflammation, 

resulting in increased levels of pro-inflammatory markers. We observed that baseline 

blood levels of TNF-α, IL-6 and CCL-2 were increased in the obese group compared with 

the lean group, as well as the blood level of CCL2 in the overweight group (Figure 11). 

Also, it was noticed that blood levels of TNF-α and IL-6 were lower in the overweight 

group than the lean group (Figure 11).  One of the reasons for this unexpected result is 

possibly the endogenous body response to the inflammatory state.  
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The effect of anthocyanins on pro-inflammatory cytokine gene expression has been 

studied intensively in cells and animal models. It has been shown that supplementation 

or treatment with anthocyanins downregulates gene expression of several cytokines 

associated with inflammation. Esposito at el. in their study on murine RAW 264.7 

macrophages with lipopolysaccharide-induced inflammation demonstrated that 

polyphenol-rich wild blueberry extracts effectively suppress mRNA biomarkers of acute 

inflammation such as Cox-2, iNOS, and IL-1β [177]. In another study conducted by Fu 

and colleagues the effect of another polyphenol, curcumin, on lipopolysaccharide (LPS)-

induced mice mastitis was investigated. They found that after the curcumin treatments, 

gene expression of TNF-α, IL-6 and IL-1β was downregulated [178]. 

The effect of anthocyanin supplementation on gene expression of TNF-α, IL-6 and CCL2 

was evaluated in this clinical trial. It was observed that supplementation with MEDOX® 

anthocyanin-rich tablets did not significantly modify the gene expression of inflammatory 

markers (Figure 13). This finding does not correlate with the significant result from 

circulatory blood levels of CCL2 across all groups and IL-6 in the obese group (Figure 

12). 

Some of the reasons for the differences in results between circulatory levels of markers 

and their gene expression could be in the moderate inter-individual variability between 

the tests and the relatively small number of participants in gene expression experiments.  

As there are limited human trials examining potential health benefits of anthocyanins, 

more research is needed. This study demonstrated that supplementation with 

anthocyanin-rich MEDOX® tablets for 4 weeks had significant effects of decreasing 

blood levels of some pro-inflammatory markers, suggesting its anti-inflammatory 

properties and illustrating that such supplementation could be used to battle obesity-

induced inflammation.  
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CHAPTER 6: Influence of anthocyanins on 

leptin and adiponectin gene expression in 

overweight and obese individuals 
 

ABSTRACT 
The aim of the study was to investigate the anti-obesity properties of anthocyanin-rich 

supplements, MEDOX® tablets, on humans. Ten lean, eight overweight and nine obese 

volunteers were examined in this dietary intervention clinical trial. Participants consumed 

320 mg/day of anthocyanin supplements for 28 days, following their usual diets. Blood 

samples were collected at baseline and after oral supplementation to evaluate the effect 

of anthocynin addition on body weight, BMI, and secretion and gene expression of the 

hormones leptin and adiponectin. We found that anthocyanin-rich MEDOX® tablets had 

an effect on body weight and BMI. An average decrease of 1.2 kg of body weight and  

reduction of 0.4 units of BMI in the obese group were recorded though not statistically 

significant. Furthermore, significant increases of ApN serum levels in the lean and 

overweight group, as well as a significant decrease in leptin serum levels in the obese 

group, were recorded. The relative gene expression levels were quantitated by real-time 

PCR analysis and showed anthocyanins’ influence in downregulation and upregulation 

of leptin and ApN expression, respectively. These findings suggest a potential use of high 

dose anthocyanin supplementation as an anti-obesity therapeutic agent, as well as 

illustrating their ability to reduce body weight through a decrease in leptin and an increase 

in ApN production.  
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6.1 Introduction 

 

Adipocyte hormones leptin and adiponectin (ApN)  play an important role in regulating 

food intake and energy expenditure [70, 89]. They have been recognised as beneficial 

adipokines in glucose homeostasis, specifically in regulating insulin sensitivity [148, 

155,156]. Furthermore, their beneficial effects on the obese state and regulation of obese- 

induced inflammation have been reported. The anti-inflammatory actions of adiponectin 

are demonstrated by their ability to reduce TNF-α and IL-6 secretion in vivo and in vitro 

studies [179, 180]. Leptin hormone replacement therapy has been shown maintenance of 

weight reduction by attenuating the decline in plasma leptin level [14, 161]. 

Studies have shown that plasma levels of leptin and ApN change in the obese state, where 

an increase in leptin and decrease in ApN levels have been reported [76, 77, 94]. It has 

been demonstrated that prolonged dysregulation of leptin and adiponectin secretion can 

result in increased risk of developing type 2 diabetes, CVD, and other obesity-related 

pathologies [70, 77, 84, 181]. Therefore, bringing plasma levels into the normal 

physiological range may facilitate weight reduction.   

Anti-obesity effects of anthocyanins and their potency in regulating adipocyte function 

and gene expression of adipokines have been reported in several studies. The study 

conducted by Tsuda et al. demonstrated that anthocyanins suppress  body weight gain in 

mice as well as possessing an ability to upregulate adiponectin gene expression in human 

adipocytes [133]. Furthermore, Jayaprakasam et al. showed anthocyanins’ effect on 

reducing insulin resistance in high-fat-fed C575L/6 mice [134].   

Anthocyanins’ effects on leptin serum and gene expression levels have been reported as 

well. Graf et al. have described the reduction of leptin serum levels in a study with Fischer 

rats, after ten weeks of feeding with anthocyanin-rich grape-bilberry juice [182]. In 
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addition, treatment of adipocytes with anthocyanins enhanced leptin secretion and their 

mRNA levels, as reported by Tsuda et al [183]. 

This study hypothesised that bilberry and blackcurrant anthocyanins exert anti-obesity 

effects by regulating secretion and gene expression of the adipocyte hormones leptin and 

adiponectin. The study investigated the direct effects of high-dose anthocyanin 

supplementation (320 mg/day) for 4 weeks on the gene expression and protein secretion 

of leptin and ApN in overweight and obese human groups. 
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6.2 Methods 

  

6.2.1 Recruitment of study subjects 

Study subjects were recruited from healthy normal weight, healthy overweight, and 

healthy obese populations and assigned into three different groups based on their 

preliminary BMI. After initial screening 15 lean, 10 overweight, and 10 obese volunteers 

consented to participate in the trial. For more detail about recruitment and the initial 

screening performed, please refer to Section 3.2 in Methods and Material Chapter 3. 

6.2.2 Study design 

Baseline data such as fasting blood samples and anthropometric measurements were 

collected before the start of supplementation and recollected again after 4 weeks of 

supplementation. Please refer to Section 2.2.1 in Project Aims and Design Chapter 2. 

6.2.3 Supplements 

Oral MEDOX® supplementation tablets containing 80 mg of anthocynin/tablet were 

obtained from Medpalett Pharmaceuticals. The participants consumed 4 tablets daily (a 

total of 320 mg of anthocyanins per day) For more details about the chemical composition 

of the supplements and the supplementation procedure, please refer to Section 3.3 in 

Methods and Materials Chapter 3. 

6.2.4 Monitoring of dietary intake 

Participants completed a record of full food intake over a period of 24 hours once a week 

on any one day of the four weeks during the supplementation period. Specific guidelines 

and instructions on how to complete a dietary food record were provided. The dietary 

records were analysed using FoodWorks® (Xyris Software Pty Ltd., Australia) based on 

the Australian Food Composition database. Please refer to Section 3.4 in Methods and 

Materials Chapter 3 for more details  
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6.2.5 Blood sample collection and processing 

Blood samples were obtained from the participants before and after supplementation 

using the protocol outlined in Section 3.3 in Methods and Materials Chapter 3.  

6.2.6 Anthropometric measurements  

Anthropometric measurements such as body weight and height, and waist and hip 

circumferences were collected before and after supplementation. Please refer to Section 

3.5 in Methods and Materials Chapter 3 for more details about the procedure.  

 6.2.7 RNA isolation and cDNA synthesis 

Total RNA was extracted from the PAXgene® blood RNA tubes using the PAXgene® 

blood RNA kit according to the manufacturer’s protocol and then converted into cDNA 

using an iScriptTM Reverse Transcription Supermix. For detailed procedures please refer 

to section 3.8 in Methods and Materials Chapter 3.  

6.2.8 Real-Time PCR 

To quantitatively measure gene expression of adipose hormones, real-time PCR was 

performed following the steps outlined in section 3.10 in Methods and Materials Chapter 

3.  

6.2.9 Quantification of adipokines 

For the quantification of adiponectin and leptin in serum, sandwich ELISAs were 

performed according to the manufacturer’s instructions. For more details please refer to 

Section 3.7 in Methods and Materials Chapter 3.  

6.2.10 Statistical analysis 

Refer to Section 3.11 in Methods and Materials Chapter 3.  
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6.3 Results 

 

Anthropometric measurements such as weight, waist circumference (WC), hip 

circumference (HC), and body mass index (BMI) of 29 participants (12 lean; 8 

overweight and 9 obese) were collected before and after supplementation (Table 11). The 

baseline weight and BMI measurements across all three groups are shown in Figure 14. 

There were statistically significant differences in weight and BMI before supplementation 

in the overweight (p = 0.0024 and p < 0.0001 respectively) and obese (p < 0.0001 and p < 

0.0001 respectively) groups compared to the lean group (Figure 14A & 14B).  

The baseline blood levels of leptin and adiponectin are shown in Figure 15. There were 

higher levels of leptin in the overweight group and statistically significant higher leptin 

levels in the obese group compared to the lean group (p = 0.0030) (Figure 15B). 

Furthermore, lower adiponectin levels in the obese group were recorded than in the lean 

group (Figure 15A). 

 

Table 11: Descriptive values of anthropometric measurements at baseline (pre-treatment)   

and after 4 weeks of supplementation (post-treatment) 

Measurements Leanpre Leanpost OWpre OWpost OBpre OBpost 

WGT(kg) 65.0  9.5 64.8  9.3 78.3  7.4 78.2  6.7 99.0  7.7 97.8  8.3 

WC (cm) 77.0  7.3 76.5  7.4 94.0  6.8 93.0  7.0 107.5  8.6 105.4  9.4 

HC (cm) 97.8  4.5 97.2  3.8 102.9  3.3 103.4  2.9 116.3  7.0 115.9  7.8 

BMI (kg/m2) 22.9  1.8 22.8  1.8 27.7  1.1 27.7  1.1 34.3  2.7 33.9  2.9 

 

Values are represented as mean  SD. Abbreviations: WGT, weight; WC, waist circumference; 

HC, hip circumference; BMI, body mass index; Leanpre, lean before supplementation; Leanpost, 

lean after supplementation; OWpre, overweight before supplementation; OWpost, overweight after 

supplementation; OBpre, obese before supplementation; OBpost, obese after supplementation.  
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Figure 14: Weight and BMI baseline data. Statistically significant differences in weight 

and BMI in overweight and obese groups compared to the lean group before 

supplementation.  The data are presented as mean  SE. **p < 0.01; ****p < 0.0001.    
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Figure 15: Baseline blood levels of leptin and adiponectin. Lower adiponectin levels 

recorded in the obese group than the lean group (A). Higher leptin levels in the overweight 

group and  statistically significant higher levels in the obese group  were observed (B). 

The data are presented as mean  SE. **p < 0.01. 
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6.3.1 The effects of anthocyanin supplementation on body weight, waist and hip 

circumference, and BMI 

 

After 4 weeks of anthocyanin supplementation (320 mg/day), a small decrease in BMI 

and body weight in the obese group compared with the lean group was recorded (Figure 

16A & B).  
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Figure 16: Effect of 4-week anthocyanin supplementation on BMI (A) and body weight 

(B). The data are presented as mean  SE. 
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6.3.2 The effect of anthocyanin supplementation on leptin and adiponectin serum 

levels 

 

Supplementation with anthocyanins (320 mg/day) for 4 weeks resulted in a statistically 

significant increase of adiponectin serum levels in the lean and overweight group (p = 

0.006 and p = 0.008 respectively), as well as a statistically non-significant increase in 

levels in the obese group (Figure 17A). Statistically non-significant increases in serum 

leptin levels in the lean and overweight group were recorded as well, and a statistically 

significant decrease in the obese group (p = 0.017) (Figure 17B).  

 

6.3.3 The effect of anthocyanin supplementation on gene expression of leptin and 

adiponectin 

 

Quantitative real-time PCR analysis was performed to evaluate the effects of 

anthocyanins on gene expression of leptin and adiponectin. Supplementation with 

anthocyanins (320 mg/day) for 4 weeks downregulated gene expression of leptin and 

upregulated gene expression of adiponectin across all groups (Figure 18). 

 

  

 

 



109 | P a g e  
 

L
e
a
n

O
v
e
rw

e
ig

h
t

O
b

e
s
e

0

1 0

2 0

3 0

4 0

5 0

A
d

ip
o

n
e

c
ti

n
 (


g
/m

L
)

B e fo re

A fte r

* *

* *

L
e
a
n

O
v
e
rw

e
ig

h
t

O
b

e
s
e

0

1 0

2 0

3 0

4 0

L
e

p
ti

n
 (

n
g

/m
L

) B e fo re

A fte r

*

A

B

 

Figure 17: Effect of 4-weeks’ anthocyanins supplementation on leptin and adiponectin 

serum levels. There were significant increases in serum adiponectin in the lean and 

overweight groups and increased levels in the obese group. Increases in serum leptin 

serum levels in the lean and overweight groups as well as a significant decrease in the 

obese group were recorded. The data are presented as mean  SE.  *p < 0.05; **p < 0.01.  
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Figure 18: Effect of 4-weeks’ anthocyanins  supplementation on gene expression of 

leptin (A) and adiponectin (B) as quantitated by real-time PCR. Anthocyanin supplements 

downregulated gene expression of leptin and upregulated adiponectin gene expression 

across all groups. The data are presented as mean  SE. 
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6.4 Discussion 

 

The aim of this human dietary intervention clinical trial was to investigate the effect of 

hig- dose anthocyanin supplementation, 320mg/day of MEDOX® tablets, on  body weight 

and secretion and gene expression of the hormones leptin and adiponectin (ApN) in lean, 

overweight, and obese populations. At the beginning of the trial, higher levels of leptin 

in overweight participants were recorded, as well as statistically significant higher leptin 

serum levels in the obese group compared with the lean group (Figure 15B), and lower 

serum levels of ApN in the obese group (Figure 15A). As mentioned, the increase in 

adipocyte mass in overweight and obese states results in dysregulation of ApN and leptin 

secretion by adipose tissues, which explains low levels of serum ApN being reported in 

obese subjects compared with lean subjects [83]. Furthermore, leptin serum levels were 

higher in obese subjects than in non-obese individuals, as reported by Kazmi and 

colleagues [94, 184]. It has been accepted that this dysregulation of leptin and ApN 

secretion present in the overweight and obese state results in chronic low-grade 

inflammation and further development of type 2 diabetes and/or insulin resistance [75, 

94]. Thus, regulation secretion of these adipose hormones is a vital step in regulating body 

weight.  

Even though promising results have been obtained by numerous studies in animal models, 

the data from clinical trials on the role of anthocyanins in obesity remain controversial 

and limited. To the best of our knowledge, the results presented in this dietary intervention 

clinical trial are the first data collected on the effects of MEDOX® anthocyanin 

supplementation on leptin and ApN secretion as well as its effect on the body weight and 

BMI in overweight and obese subjects. 
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The study showed that supplementation with anthocyanin for 4 weeks decreases the body 

weight and BMI in obese populations. Body weight was significantly higher in 

overweight and obese subjects before supplementation than in the lean group (p = 0.0024 

and p < 0.0001 respectively) (Figure 14A).  Furthermore, BMI levels were also higher in 

the overweight and obese groups at the beginning of the trial than the lean subjects (p < 

0.0001 and p < 0.0001 respectively) (Figure 14B). After the 4-weeks supplementation, an 

average decrease of 1.2 kg of body weight in obese subjects was recorded as well as a 

decrease in their BMI levels by 0.4 units compared with the lean group (Table 11). 

In addition to these anthropometrics outcomes, ApN and leptin serum levels showed 

significant results. ApN serum levels increased across all three studied groups, with a 

significant increases in the lean and overweight groups after anthocyanin supplementation 

(p = 0.006 and p = 0.008 respectively) (Figure 17A).  A significant decrease in leptin 

serum levels in the obese group after the trial was recorded as well (p = 0.017) (Figure 

17B). Due to facts mentioned about the regulatory role of leptin and ApN in food intake 

and energy expenditure, these results are very promising.  Being a hormone which 

regulates appetite and sends a satiety signal to the brain, leptin is a natural weight control 

centre. It stimulates glucose uptake and fatty acid oxidation and stops lipid accumulation 

in adipose tissues [45]. Its plasma levels are often upregulated in the obese state, which 

results in leptin resistance and diminishing of its signals. This state of leptin resistance 

further leads to impaired ability to lose weight. Therefore, stabilising leptin serum levels 

is an important step in restoring its lost function.  

ApN levels are decreased in the obese state, which can be due to an irregular hormonal 

milieu and the presence of low-grade inflammation often seen in obesity.  Its anti-obesity 

effects may result from its ability to increase energy expenditure and impair adipocyte 

differentiation when its secretion is normal [45]. Furthermore, ApN plays an important 
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role as an anti-inflammatory molecule by inhibiting TNF-α-induced activity of NF-κB in 

endothelial cells. As the interaction of the production of ApN and TNF-α by adipose 

tissues is reciprocal, it is important to increase its section in the obese state in order to 

stop this ‘vicious’ cycle [45]. As stated several animal studies have reported positive 

effects of different kind of anthocyanins on leptin and ApN serum levels, however the 

data on humans is very limited.  

The effect of the 4-weeks supplementation of high-dose anthocyanins on leptin and ApN 

gene expression in overweight and obese populations  assessed in this dietary intervention 

clinical trial, is, to the best of my knowledge, providing the first evidence of the in vivo 

nutrigenomic effect of MEDOX® anthocyanin supplementation on leptin and ApN gene 

expression in the selected populations. We demonstrated that 4 weeks’ supplementation 

with  high-dose  anthocyanins did not significantly alter the expression of selected genes. 

However, there is a trend in the upregulation of the ApN gene, evident from increased 

2ΔΔCT across three groups (Figure 18B) and downregulation of the leptin gene manifested 

by a decrease of 2ΔΔCT in all groups (Figure 18A). Although the observed effect on gene 

expression in the present study was not statistically significant, measuring the effect of 

anthocyanin supplementation on gene expression on a larger subject population and for a 

longer period would have been desirable and may have led to a different outcome. It is 

worth mentioning that baseline data on gene expression of these two hormones was in 

correlation with their serum levels before supplementation. Leptin gene expression was 

higher in overweight and obese subjects than in the lean group. The opposite was reported 

for ApN gene expression, with lower expression in overweight and obese groups than in 

lean subjects (Figure 18A&B).  

Dysregulation of secretion and gene expression of leptin and ApN is often present in the 

obese state and this is probably due to the presence of low- grade chronic inflammation 
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in overweight and obese subjects. Many of the pro-inflammatory molecules such as TNF-

α and IL-6, elevated in the obese state, usually either induce or suppress  gene expression 

of many adipocyte hormones as well as leptin and ApN. As the regulation of those 

molecules needed to be stabilised first for these hormones to get back to their healthy 

secretion levels, a trial involving longer supplementation with anthocyanins in a larger 

number of subjects could be beneficial and may result in a more significant outcome.  
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CHAPTER 7: Summary and Future 

Directions 
 

 

The aim of this project was to evaluate the potential of polyphenols, more specifically 

anthocyanins, in attenuating chronic inflammation present in the obese and overweight 

state and their potential in reducing/controlling body weight. Three studies were 

conducted to analyse this. The aim was to investigate a natural dietary antioxidant to 

simultaneously target secretion and gene expression of pro and anti-inflammatory 

markers; the production of which is often dysregulated in the obese state, and to 

complement, if not replace, the current anti-obese therapies that have many side-effects 

such as dizziness, headache, anxiety, elevated heart rate and gastro-intestinal issues. 

The first study investigated the effects of dietary antioxidant polyphenols in vivo on  body 

weight through the regulation of the secretion and gene expression of adipose hormones. 

Dietary supplementation with antioxidants in anthocyanin-rich Queen Garnet plum juice 

(QGPJ) reduced  body weight and BMI in healthy volunteers. Furthermore, anthocyanin-

rich QGPJ increased adiponectin serum levels after 4 weeks of supplementation. 

Although no significant results were observed on leptin, it can be submitted that 

anthocyanins proved their potential to influence body weight through regulating 

adiponectin secretion. Moreover, the effect of anthocyanin-rich QGPJ on gene expression 

of these hormones after 28 days of supplementation was also investigated. Even though 

no significant results were reported on gene expression after supplementation, the trend 

in upregulating adiponectin expression and downregulating leptin expression was 

noticeable. It is worth noting that more significant results could be expected after 

supplementation for a longer period and with a larger number of participants.  
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The effects of high-dose anthocyanin supplementation with MEDOX® tablets on pro-

inflammatory markers such as TNF-α, IL-6 and CCL2 in overweight and obese 

populations were also observed. These markers are often upregulated and over-expressed 

in the obese state, which was observed in the groups presented in this project. Their 

downregulation is one of the crucial steps in regulating the function of adipose tissue. It 

was found that 4 weeks of supplementation significantly decreased serum levels of CCL2 

in all three of the groups. Furthermore, the supplementation decreased IL-6 serum levels 

in the obese group. The supplementation did not have a significant effect on TNF- α levels 

although a decrease in levels was noted across all groups. Additionally, the gene 

expression of these markers was downregulated in all groups. Although these results did 

not match the results of the blood levels, results that are more significant could be 

achieved after a longer period of supplementation and with a greater number of subjects.  

To evaluate the anti-obesity effects of anthocyanins and their influence on body weight, 

secretion and gene expression of the hormones leptin and adiponectin, we supplemented 

overweight and obese individuals with high-dose anthocyanins for 4 weeks. It was 

observed that there was a significant increase in adiponectin plasma levels in the 

overweight group as well as decreased levels of leptin in the obese group. Furthermore, 

gene expression of leptin and adiponectin was downregulated and upregulated 

respectively across all groups. Although 4 weeks of supplementation with high-dose of 

anthocyanins did not significantly decrease body weight, such supplementation may still 

be useful as a promising food factor in regulating body weight, given that there was an 

effect on adipose tissues hormones which have an important role in regulating food intake 

and metabolism.  

Obesity is a complex and multifactorial condition often accompanied by a mild chronic 

inflammation and dysfunction of adipose tissue. The current diet and exercise programs 
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for weight loss yield rather disappointing results, as evidenced by the increase in obesity 

incidence and in weight regain. Novel treatments for obesity and its related diseases may 

be possible by targeting the production and/or action of specific adipokines, particularly 

those linked to inflammation.  

Anthocyanins have a unique therapeutic advantage due to their ability to regulate 

adipocyte function. They are present in many fruits and vegetables and as such can be 

used as a functional food factor and can be an important part of nutritional strategies for 

the prevention of obesity and associated inflammation. There is still need for more in vivo 

research on human obese subjects to further investigate the anti-obesity and anti-

inflammatory effects of polyphenols and their possible use as a novel therapeutic tool in 

the battle against this disease. 
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Figure 18: PAXgene® blood RNA extraction method  

 




